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(renerai introduction
Pectolytic enzymes are involved in the degradation of pectin, a heteropolysaccharide with a
backbone consisting mainly of (l-»4)-a-D-galacturonan which is partially esterified with methanol,
and they have been reviewed several times (Rexová-Benková and Markovic [1976]; Rombouts and
Pilnik 11980]; Whitaker [1990]). Pectinesterase (EC 3.1.1.11) de-esterifies pectin, producing pectic
acid (polygalacturonic acid) and methanol. The depolymerases split the glycosidic bonds of the Dgalacturonan chain of their preferred substrates, pectate or pectin, either by hydrolysis (hydrolases)
or by O-elimination (lyases) and are further classified on the basis of their mode of attack, i.e.
random (endo) or terminal (exo) splitting of the glycosidic bonds. They include
endopolygalacturonase (EC 3.2.1.IS), exopolygalacturonase (EC 3.2.1.67), endopectate lyase (EC
4.2.2.2), exopectate lyase (EC 4.2.2.9) and endopectin lyase (EC 4.2.2.10). Whilst the main chain
of pectin consists mainly of homogalacturonan, it also contains some 1,2-1 ink ed L-rhamnose
residues. A novel enzyme, rhamnogalacturonase, which can split galactopyranosyluronicrhamnopyranosyl linkages has been recently reported (Schols et al. 1990a).
The parent compound of pectin in intact immature plant tissue is protopectin, an insoluble
substance located primarily in the middle lamella that serves as the glue to hold cells together and
in the cell walls. Pectic substances, as they are extracted from various plant sources, are
heterogeneous with respect to composition and molecular weight depending on the plant source and
the method of isolation. For example, more or less of the galacturonate residues may be acetylated
at the С-2 and C-3 positions. Apple pectin contains small xylose side chains and highly branched
arabinogalactan side chains that are linked to relatively short segments of the rhamnogalacturonan
backbone rich in L-rhamnose, the so-called hairy regions (de Vries et al. 1986; Schols et al.
1990b). These hairy regions are also found in other pectins such as sugar beet pectin in which a
phenolic compound, ferulic acid, is ester-linked to the neutral sugar side chains (Rombouts and
Thibault 1986). Rhamnogalacturonan may be covalently bound to other macromolecules of the
plant cell wall through arabinogalactan chains (Keegstra et al. 1973).
Pectolysis is an important phenomenon associated with many biological processes in which plant
material is involved, and pectolytic enzymes are produced by plants, bacteria, fungi, yeasts,
protozoa, insects and nematodes. Plant polygalacturonases (PCs) have been studied in relation to
fruit-ripening (Pressey 1986; Bird et al. 1988; Smith et al. 1988) and pollen-expressed genes,
which encode proteins showing sequence similarity to PG (Brown and Crouch 1990) and pectate
lyase (Wing et al. 1989), have recently been identified. The effects of pectic cell wall fragments on
the morphogenesis of tobacco expiants (Eberhard et al. 1989) further suggest that pectolytic
enzymes play an important role in plant development.
Microbial pectolytic and other plant cell wall-degrading enzymes have been extensively studied
in relation to plant pathogenesis (Misaghi 1982). The involvement of those enzymes which
randomly degrade rhamnogalacturonan in pathogenesis by facultative parasites has been
established. Studies with purified endoPGs and pectic lyases from many plant pathogenic
microorganisms have demonstrated their ability to cause tissue maceration (cell separation) and
simultaneous damage to protoplasts. Also, pectolytic enzymes are the first cell wall-degrading
enzymes secreted by fungal pathogens cultured on isolated plant cell walls and depolymerization of
pectin has been reported to be a prerequisite for further cell wall breakdown (Cooper 1984). The
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molecular biology of bacterial pectolytic enzymes, exploiting the expression of the corresponding
genes in Escherichia colt which does not normally produce pectolytic enzymes, is well developed
compared to that of fungal pathogens The cloned genes have been used to mutate chromosomal
genes in order to study the importance of the encoded proteins in pathogenesis (Collmer and Keen
1986) For example, inactivation of the pehl (endoPG) gene of an Erwinia carotovora strain did
not appear to affect virulence (Willis et al 1987) but a pglA insertion mutant of Pseudomonas
solanacearum did have reduced virulence on tomato plants, indicating that the p£//4-encoded
endoPG is important but not essential for pathogenesis (Schell et al 1988) In contrast, it has been
shown that with Agrobactenum tumefaaens bio var 3 production ot polygalacturonase is required
for root decay in grapes, and that polygalacturonase contributes to, but is not essential tor, tumor
formation by this bacterium on grapes (Rodnguez-Palenzuela et al 1991).
The pectolytic enzymes of Aspergillus mger, which is considered to be a saprophyte, are
amongst the best characterized fungal pectolytic enzymes and detailed kinetic studies have been
reported tor pectin lyase (van Houdenhoven 197S) and polygalacturonase (Rexová-Benková 1973)
Also, A mger derived enzyme preparations have contributed to studies on plant cell wall structure
(Karr and Albersheim 1970) and an A mger PG has been succestully used as a ligand to isolate a
PG-inhibiting protein of French bean by affinity chromatography (Cervone et al 1987) In addition
to the pectolytic enzymes, A mger produces ал array of other extracellular enzymes involved in the
biological decomposition of biomass, such as glucoamylase, α-amylase, hemicellulases and
proteinases
Only a few microorganisms are allowed for use in the food industry, which is probably the
reason why most of the commercial "pectmases" (industrial pectolytic enzyme preparations) are
derived from A mger The applications of pectinases in fruit and vegetable processing have been
further developed from the original use of pectolytic enzymes tor treatment of son fruit to ensure
high levels of juice and pigments upon pressing and for the clarification of raw press juices, and
now also include juice recovery from apples, manufacture of pulpy nectars and isolation of
essential oils and pigments (reviewed by Rombouts and Pilnik [1980] and Voragen [1989]) There
is also interest in the use ot specific pectolytic enzymes to modify commercial pectins, which are
used in food gels and beverages (Rolin and de Vries 1990) Specific applications make different
demands on the enzyme-formulations to be used For example, preparations with both PG and
pectinesterase may be used for clarification and depectimzation of juices, which enables
concentration and avoids gelling ot the concentrates, whereas preparations tree ot pectinesterase
and containing predominantly endoPG are used for the production of pulpy nectars, which requires
only limited pectin degradation particularly in the middle lamella However, commercial enzyme
preparations are generally crude and are often just precipitates of the fermentation liquor, thus
there is a need for novel purification techniques to obtain more specific technical enzyme
preparations and facilitate the development of new applications (Voragen 1989)
Many fungi are known to produce multiple molecular forms or isoenzymes ot
endopolygalacturonase (Cervone et al 1986, Whitaker 1990), but in general there is little
information on the structural differences between these enzymes Different PGs from a single
organism sometimes appear to be highly similar (Waksman et al 1991) and in this regard the most
abundant A mger PG (PGII) isolated from a commercial pectmase was found to be heterogeneous
with respect to its isoelectric point (Kester and Visser 1990) though no other significant differences
were detected between the two most abundant forms of PGII, which are clearly the products ot the
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same gene (unpublished results). However, the second most abundant A.niger enzyme, PGI, is
quite different from PGII in its physicochemical properties. It has a much lower specific activity
and a different mode of action on oligomeric substrates. In addition to these PGs, Kester and
Visser (1990) purified three other PGs that resembled PGI in their physicochemical properties and
represented only a very small fraction of the total PG activity of the pectinase.
The aim of this thesis was to investigate the A.niger PGs and the corresponding gene(s) at the
molecular level. The isolation and characterization of the gene coding for PGII and the analysis of
PGII-overproducing A.niger transformants is described in chapters 2 to 4. In addition, the
corresponding gene of A.tubtgensis, a recently recognized species that is closely related to A.niger
(Kusters-van Someren et al. 1991), was characterized to obtain further information about the
divergence between these species and the consequences for pectolytic enzymes (chapter 3). Further
analysis of PGI indicated that it is encoded by a second gene which was sequenced and used to
obtain PGI-overproducing A.niger strains (chapter S). The efficient expression of A.niger PG genes
in A.nidulans allowed the detection of the products of five other members of the A.niger PG gene
family coding for the less-abundant PGs (chapter 6). The gene encoding PGC, a novel
polygalacturonase, was also sequenced and the results are further discussed in chapters 6 and 7.
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Polygalaciuronasell of Aspergillus mger was fragmented using CNBr and the NH] terminal fragment and another fragment were parually se
quenced The polygalacturonase!! ipgaW) gene was then isolated by using an oligonucleotide mixture based on (he internal amino acid aequence
as a probe The nucleotide sequence of the pgalì structural gene was determined It was found that polygalacturonasell is synthesized as a precursor
having an NH r tenninal prepro sequence of 27 amino acids The cloned gene was u^ed to construct polygalaciuronasell over produang A mger
strains Polygalaciuronasell was isolated from one such strain and was detenmned to be correctly processed and to be fully active
Prepro-peptide processing Polygalacturonase, Transformaüon, Induslnal enzyme Secretion, Aspergillus mger

1 INTRODUCTION
Endopolygalacturonases
(poIy( 1,4-a-D-galacturonide) glycanohydrolase, EC 3 2 I IS), reviewed in [1,2],
hydrolyse pedate m a more or less random Fashion In
nature, pedate is primarily found In its esteri Tied form,
ι e as pectin, in the middle lamella and primary cell
wall of higher plants The microbial degradation of pec
tin is a complex process involving different pectinolytic
activities, e g A mger synthesizes endopolygalacturonase (endo-PG), exo PC, endopectin lyase and pectinesterase
The pectinolytic enzymes of A mger are widely ap
plied in the fruit juice technology as crude and usually
ill-characterized mixtures We have purified and
characterized five different endo PCs of A mger from
a single commercial preparation [3] The importance of
the individual endo-PGs is not understood and at the
molecular level little is known with respect to their
structure as well as to the structure and expression of
the corresponding gene(s) In order to really improve
our knowledge about fungal PCs, it is therefore
necessary to extend the conventional repertoire for en
zyme purification and characterization with the tools
offered by modern molecular biology, and to develop
an efficient expression system for the PG gene(s) in
filamentous fungi [4]

Correspondence address J Visser, Department of Genetics
Agncullural University, Dreyenlaan 2, 6703 HA Wageningen, The
Netherlands
Abbreviations PG, polygalacturonase, pgaW the PGI1 gene, bp,
base pair, DAB1TC, dimethylaminoazobcnzcne isothiocyanate

Here we report on the partial sequencing of an A
mger endo-PG, the cloning and sequencing of the cor
responding gene and the expression of the cloned gene
in transformed A mger strains
2 EXPERIMENTAL
2 1 Purification, detection and sequencing of polygalacturonasell
Purification of polygalacturonasell (РОП) and further protein
analyses were performed as described (see [3] and references herein)
Probing of Western blots with a PGM specific monoclonal antibody
was done according to the relevant manual issued by Bio-Rad
Manual NHi terminal endgroup analysis was earned out according to
[5) Cyanogen bromide fragments were separated by SDS
Polyacrylamide gel electrophoresis and subsequently electroblotted
onto limnobilon Ρ (Milhpore) polyvinylidene difluonde membranes
[6] The relevant pieces of membrane were recovered and then used
for sequence analysis, using a gas phase sequencer equipped with a
PTH analyzer as described [7)
2 2 Manipulation of DNA
Manipulations of DNA were performed according to procedures
[8] and using £ col, strains (NM593, LE392 JM109, DHSaF') well
known in the art Filter hybndization with the oligonucleotide probe
mixture was earned out at 47°C in a buffer containing 2 χ SSC, 10 χ
Denhardi s solution and 0 1 ft SDS followed by Intermittent washes
in 2 x S S C at room lempcrature and a stringent wash at бЗ'С in
6 X SSC, 0 OS ft sodium pyrophosphate for half an hour pEMBL
vectors {9] were used for routine subclonmg Sequenang of recombi
nani single stranded M13 phages and plasmid DNA using the
"Sequencing Kit was according lo the recommendations of the sup
plier (Pharmacia LKB Biotechnology AB), employing three addi
tlonal pnmers
2 3 Transformation and cultivation of A mger
Aspergillus mger N400 (CBS 120 49) and Hs denvalives N402
(ю/>А) and N593 (csp\ pyrK) have been described (lOJ Transforma
tion of A mger N593 was performed essentially as described [10], us
ing pGW63S (1IJ as the selective vector In order lo ensure a high cotransformation frequency, the co-transforming plasmid was added in
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a 20-rold excess The medium used to induce PG synthesis consists of
trace elements |I2|, I 5 g/l KHiPO.. 0 S g/l KCl 0 5 g/I MgSO,, 4 0
g/l NH4CI 10 g/l sugar beet pulp ground 111 a Waring blender and
10 g/l pectin (d e 61 24t Obipektin, Bischofszell, Switzerland)

CB-17

probt

S
S

3 RESULTS

•·η·

9 AIGGCGTTTAGTGTCCAGGCGAATOACATTACGTir Э

PGII, which is identical to endo-II as described by
Rester and Visser [3J, was selected for further analysis
Of the five endo-PGs isolated from a commercial en
zyme preparation, it is the most abundant enzyme and
it has the highest specific activity
Aspartic acid was identified as the NH2 terminal
ammo acid, using the DABITC method [S] Next, PGII
was fragmented using CNBr and partial amino acid se
quences of a S kDa and a 17 к Da fragment were subse
quently determined The Nth-terminal amino acid se
quence of the S kDa fragment is as follows Asp-Ser XThr-Phe Thr-Thr-Ala-Ala-Ala-Ala-Lys-Ala At posi
tion 3 no amino acid residue was detected Since the se
quencing programme used only detects cysteine residues
if the protein is 5-pyridylethylated before, which is not
the case here, it is likely that a cysteine occurs at this
position The sequence of the 17 kDa fragment is shown
in Fig 1 It does not start with aspartic acid, must
therefore be internally located and will thus be preceded
by a methionine This sequence was used to design a
specific 29-mer oligonucleotide probe mixture of 32
components (Fig 1) The number of oligonucleotides in
the mixture was reduced by introducing deoxyinosine at
the third position of four-fold degenerated codons [13]
Initially two mixtures were synthesized with either TCI
or AGI representing the serine codon, but these mix
tures were combined before use
The PGII specific oligonucleotide probe was used to
screen a genomic DNA library of A mger N400 in the
lambda replacement vector EMBL.4 Six positive signals
were obtained among the about 12 000 plaques screen
ed After a rescreening step to purify the positive
phages, their DNA inserts were characterized with
restriction enzymes At least five of these were found to
overlap The hybridizing 4 I kbp and 2 4 kbp XbalEcoRl fragments of two different phages, respectively,
were inserted into pEMBL vectors, resulting in
pGWlSOO and pGW1803, respectively The physical
map of pGWlSOO (Fig 2) is colmear with the map of
part of the A mger DNA, as determined by Southern
blot analysis of restricted chromosomal A mger N400
DNA, using the 1 45 kbp as well as the 2 03 kbp
EcoRV-BglW fragment of pGWlSOO as a probe (data
not shown) pGW1803 was found to have a shorter, but
otherwise identical, insert as pGWlSOO, extending from
the Xbal site at position 1 to just before the Bglll site
at position 2400 Using Southern blot analysis, the
specific sequence which hybridizes
with the
oligonucleotide probe mixture was located in between
the unique Nicol site and the Hindi site at position 20OO
(F'g 2)
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AlarhaSarV«lGlnAl«AinA>pIl«ThrFh·
ATGGCITTrTCIGTICARGCIAAieATAT
**
ATGSCITTYAGIGTICARGCIAAYOAXAT

3
3'

Fig I The NHj terminal amino acid sequence οΓ the 17 kDa CNBr
fragment (CB 17), the oligonucleotide probe mixture u based on this
sequence (probe) and Ihe nucleotide sequence of thcpgall gene mat
ching ihe probe (gene) The asterisks indicale the differences between
the two oligonucleotide mixtures before they were combined Y « C ,
T, R ' A , G, I - т о л п е

The nucleotide sequence of the pgall structural gene
was determined over both strands of DNA (Fig 3) The
coding sequence is interrupted by a 32 bp intron which
changes the reading frame and which contains translational stop codons in all possible reading frames The
pgall gene encodes a protein of 362 amino acids It is
now clear that the NHi-terminal sequence of the 3 kDa
CNBr fragment of PGII is identical to the NHzterminal amino acid sequence of mature PGII The
deduced amino acid sequence has an NHj-terminal ex
tension of 27 amino acids before the start of the mature
protein, and this sequence has all the characteristics of
a secretory signal sequence [14]. The calculated
molecular mass of the deduced mature PGII is 33 kDa,
which agrees well with experimental data [3] An align
ment of the sequences of the mature PGII and the
mature tomato PG [15,16] indicates a low (27%) but
significant homology and also confirms the presence
and location of the intron in the pgall gene (not
shown)

Fig 2 Restriction map of the pgall gene Plasmid pGWlSOO, which
is the 4 1 kbp Xbal Ecokl fragment (thick arrows) containing the
pgall gene inserted into pEMBLie is shown The ampicillin
resistance gene (Ap) is indicated but restriction sues in the vector are
not shown

ATGCACTCGTTTQCTTCTCTTCTCGCCTACGGCCTGSTCGCCOGCGCCACCTTCeCTTCTGCCTCICCTATC
M.tBltS«rPb«Al«S«rL«uL«uAL«IrrGlyL«uV«lAl«Gl7»l«IhrPb«Al«a»iAl»S«rProIl·
GAAGCTCGAGACAGCTGCACeTTCACCACCGCTGCCGCTGCTAAAeCGGGCAAOGCGAAATOCTCTACTATC

72
2«
144

GluAl.Ar.ÂîisîîcÎÎÎhîphiThÎThîÂLÎÂfîÂîiÂÎÎLÎIÂÎiGlTLT.Al.tTMCT.S.rThrll·.

41

ACCCTTAACAACAICGAAOTTCCAGCTGGAACCACCCICGACCTOACCGGTCICACCAGCOOIACCAAGGIC
TbrL>uA>nAinIl*GluValFraAlaGlrThcTbcL»uAipL>uThTGlyL»uThrS«rGl7TbcLjiV·!

216
72

ATCTTCOAGOOCACCACGACCTTCCAOIACGAAGAATaeGCAGOCCCCTTGATCTCCATGAOTOOCGAACAT
Il«Ph«GluGlyThiIhrIbrPh.elnTTrGluGluttpAl«GlyProL«uIl«3«rH«t3«c0lTGluaii

2aa
96

ATCACCOTCACTGOTGCCTCCGGCCACCTCATCAATTGCGAIOGTGCOCGCIOOTGOGATGGCAAOGOAACC
Il«ThcVâlIhrGlrAl«3»rGlyHliI..uIl.AinCy»AipGlTAlâAreIrpIrpAtpGlTL7»GlyTbr

360
120

AGCGGAAAGAAGAAGCCCAAGTTCTITIACGCCCATGOCCITGACTCCTCOTCIAIIACTGGAITAAACATC
SarGlyLyiLyaLyaFroLyaPhaPhaTyrAlaBlaGlyLauAapSarSacSatllaTbrGlyLauAanllt

4 32
14 4

AAAAACACCCCCCTTATOGCOTITAGTOTCCAOOCOAAIGACATTACOTIIACCGAIGTIACCATCAATAAI

50 4

Ly«AtnThrProL«uM»tAÏ«Fh.S.rV«î5înÂ*»ÂÎllÀîpîî«ÎbrPbilhrA«pV«lThcIl«A«nAtn

108

GCGGATGGCOACACCCAGGGIGGACACAACACIGAIOCGTTCGAIOIIGGCAACICGGICGGGGTGAAIAIC
Al«A«pGlyAipIhrGliiGlyGlyBl.A«nIhrA»pAl»Ph«A«pV.lGlyA«n3.rV«lGlyV»lAinIl·

3 70
192

AIIAAGCCTTGGGTCCAIAACCAGGATGACIGTCirOCGGITAACICTGGCOAGGIAAGCAGCICTGCATAI
ll*LyaProTrpVallIlaAinGlnAipAapCyaL*uAlaValABnSar01yaiu<

04 8

AIGCITGAIICGTAATTAIAITOATATTCTATAGAACATCTGGIICACCGGCGOCACCIGCATIGGCGOCCAC
721
Intron
- -» A m i l«Tr p P b . T h r G l y G l y l b r C y »IlaGlyGlyBl • 223
GOTCICTCCAICGGCTCTGTCGGCGACCGCTCCAACAACGTCGTCAAOAACOTCACCAICGAACACTCCACC
GlyLauSarllaGlyaarValGlyAapAtsSarAsnAanValValLraAinValThrllaOluBlaSacThr

793
24 7

GTGAOCAATTCCGAAAACGCCOTCCGAATTAAGACCATCTCTGGCGCCACTGGCTCCGIQTCCOAGATTACG
ValSarAan8acGluAanAlaValAE(IlaLyaThtIl*SacalyAlaThrGlySarValSar01uIl»Tht

00}
271

lACTCCAACATCGTCATGTCTGGCATCICCGATTACGOCGTGGTCATTCAGCAOOATTACGAAGACGGCAAG
TyrSarAinllaValMatSacOlyllaaarAapTyrGlyValValIlaGlnGlnAapTyrGluAapGlyLya

93 7
29S

CCTACOeGTAAOCCeACGAACGGTGTCACTATTCAGGATGTTAAGCTGGAGAOCOTGACTGOTAeCGTGGAT
ProTbrGlyLyaPtoThrAanOlyValThrllaGlDAapValLyaLauGluSarValThrGlySarValAap

1009
3 19

AGTGGGGCTACTGAGATCTATCTTCTTTGCGGGTCTSGIAGCTGCTCGGACTGGACCTGGGACGATGTGAAA
SaEGlyAlaThrGLuIlaTyrLauLauCyaQlySaiGlySarCyaSaEAapTrpThrTEpAapAapValLya

10 01
343

OTTACCGGGGOGAAGAAGTCCACCGCTTGCAAGAACTTCCCTTCGOTGOCCTCTTeTTAG
ValThrGlyGlyLyaLyaSarThrAlaCyaLyaAanPhaProSarValAlaSarCyaEnd

1141
362

Flg 3 The nucleotide sequence of the pgall structural gene The deduced ammo add sequence is also shown The NHj terminal ammo acid se
quence of the mature over produced PGII is underlined and the NHi terminal ammo acid sequences of the 5 kDa and 17 kDa CNBr fragments
of PGII are indicated by asterisks

In order to prove that pGW1800 contains the complete and functional pgall gene of A mger, we introduced pGWlSOO in the A mger genome, since this
would allow analysis of the expression of the cloned
pgall gene To this end, pGW1800 was used as the
unselected co-transforming plasmtd in an experiment m
which the auxotrophic A mger strain N593 was
transformed to undine prototrophy, using a plasmid
containing the functional A mgerpyrA* gene to complement the auxotrophic mutation [10] The resulting
transformants were grown in a medium favouring PG
synthesis and subsequently the amount of PGII in the
culture medium was assayed Previous results showed
that our laboratory strain A mger N400 synthesizes
multiple active forms of PG (to be published elsewhere)
and,
therefore,
that
conventional
activity
measurements per se might not be sufficient to monitor

the expression of the pgall gene However, a
monoclonal antibody (SC24) has become available,
which is specific for PGII (Visser and coworkers, unpublished results) This monoclonal antibody was used
to probe the culture filtrates of the transformed strains
for PGII by Western blotting A typical result clearly
showing overproduction of PGII in the transformed
strain T27 is given in Fig 4 A mger N402 also secretes
PGII reactive with the monoclonal antibody within 48
hours after inoculation (data not shown) The transformant T27 appears to have integrated multiple copies of
pGWlSOO in its genome, as indicated by Southern blot
analysis (data not shown) The PGII secreted by strain
T27 has been purified The specific activity of the
purified recombinant enzyme is identical to the specific
activity of the previously isolated enzyme from the
commercial enzyme preparation [3] and its isoelectric
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Fig 4 Western blot analysis of culture filtrates obtained From A
niger N402 (lanes I-Э) and the transformant T27 (lanes 4-6) with the
PGI1 specific monoclonal antibody The samples were taken at 24 h
(lanes I and 4), 46 h (lanes 2 and 5) and 69 h (lanes 3 and 6) after in
oculation. The previously purified PG11 was applied in lane 7.

point is 5.2. The NHz-terminal amino acid sequence of
the recombinant polygalacturonase was also determin
ed and found to be identical to the amino acid sequence
Asp-28 - Ile-48 as deduced from the nucleotide se
quence (Fig. 3). No signal was observed at positions 3
and 18, corresponding to Cys-30 and Cys-45 in the
deduced sequence, respectively, due to the fact that the
protein had not been S-pyridylethylated. An unam
biguous sequence was obtained, which indicates the
absence of heterogeneity at the NH2-terminus of the
over-expressed PGII.
4. DISCUSSION
The pgall gene of A. niger has been isolated, using a
single specific oligonucleotide mixture. We have pro
vided evidence for this by demonstrating that the cloned
DNA encodes the NHz-terminal ammo acid sequence of
the mature PGII, in addition to the amino acid se
quence which had been used to design the probe. Fur
thermore, we have shown that the cloned gene is ex
pressed in transformed A. niger strains whereas the
resulting gene product is fully active, correctly process
ed and reactive with PGII specific monoclonal an
tibodies. This opens new perspectives to study PG gene
expression and the relationship between PG structure
and function. The pgall gene also provides a DNA pro
be that should be useful to address the question whether
the distinct A. niger PGs observed [3] are encoded by
different genes, and, if so, to isolate these genes for fur
ther characterization. Since there is evidence that
polygalacturonase structural features have been con
served among different fungi [17], it is probably also
possible to use this gene as a heterologous probe for the
isolation of PG genes from phytopathogenic fungi.
As expected for a secreted protein, the PGII is syn
thesized as a precursor with an N-terminal extension of,
in this case, 27 amino acids. However, since the charged
amino acids Glu-25 and Arg-27 severely violate the -1,-3
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rule for signal peptidase cleavage sites [14], it is very
unlikely that processing by a signal peptidase occurs at
Arg-27. We therefore hypothesize that the removal of
the leader sequence is a two step process, in which the
signal peptide is first cleaved by a signal peptidase,
possibly at Ala-19 or Ala-21. The remaining short pro
peptide can subsequently be eliminated by the action of
a trypsin-like protease. Such a mechanism has already
been described for the heterologous processing of the
A. awamon glucoamylase precursor in S. cerevisiae
[18]. The leader sequence of tomato PG, which is much
longer than the prepro-sequence of the fungal PGII and
which does not show sequence homology herewith, has
been suggested to play a role in protein targeting
[IS, 16]. It is now possible to construct specific mutant
. pgall genes in vitro and to introduce and express these
genes in A. niger. This makes it feasible to study the
possible function of the prosequence of PGII during
secretion.
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the Biotechnology Department of Ciba-Ceigy in Basel and the
Agricultural University, Wageningen
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Summary. The structure and expression of the polygalacturonase-encodingpga/f genes of two recently recognized
species, Aspergillus mger and Aspergillus tubigensis was
investigated While the structure of the pgall genes is very
similar, showing 83% DNA sequence identity and 94%
identity at the ammo acid level, they have diverged significantly The NHj-termmal sequence suggests that these
PGs are made as pre pro proteins and the secretory propeptide of the PGII precursors shows sequence homology
with some other fungal pro-peplides The expression of
the pgall genes is strongly regulated by the carbon source
and the A tubigensis gene is expressed and regulated in A
mger transformants The low similarity of the fungal PGs
with those of bacterial and plant origin is discussed in
relation to the possible functional role of specific ammo
acids
Key words: Filamentous fungus - Pectin - Taxonomy Precursor processing
Introduction

Saprophytic and plant pathogenic fungi and bacteria
produce an array of enzymes capable of degrading the
complex polysaccharides of the plant cell wall (Cooper
1984, Misaghi 1982), these include the pectic enzymes
involved in the degradation of pectin, the main constituent of the middle lamella of higher plant cells Pectin is a
heteropolysaccharide consisting of a linear chain of Dgalacturonic acid residues which are partially estenfied
and connected by a-1-4 glycosidic bonds L-rhamnose
residues are found in the main chain and other neutral
sugars like L-arabinose, D-galactose and D-xylose compose the side chains The microbial degradation of pectin
is a complex process, e g , Aspergillus mger synthesizes
endopolygalacturonase (endo-PG), exo-PG, endopectm
lyase and pectmesterase (Rexova-Benková and Markovic

1976, Rombouts and Pilnik 1980) As opposed to fungal
cellulases, which have been extensively studied (Knowles
et al 1987), the other fungal plant cell wall-degrading
enzymes are less well characterized at the molecular level.
The development of the molecular biology of the pectic
enzymes is important in order to increase our knowledge
about their specific roles in the degradation of plant cell
walls, to develop applications in the processing of agricultural products (Rombouts and Pilnik 1980) and, in the
case ofphytopathogenic fungi, to understand host-parasite interactions (Collmer and Keen 1986)
The pectate lyase gene of Aspergillus nuiulans (Dean
and Timberlake 1989) and an A mger pectin esterase
cDNA (Khanh et al 1990) have already been cloned but
we are particularly interested in pectin lyases (EC 4 2 2 3)
and polygalacturonases [poly(l ,4-a-D-galacluronide)glycanohydrolase, EC 3 2 1 15] and wish to use the corresponding genes to study fungal gene structure and expression The molecular cloning and characterization of the
A mger pectin lyase gene family (Gysler et al 1990,
Harmsen et al 1990), the isolation and characterization
of five A mger polygalacturonases (Kester and Visser
1990) and the molecular cloning of the polygalacturonase! I {pgall} gene of A mger (Bussink et al 1990) have
recently been described In the present paper we further
characterize the structure and expression of the pgall
gene

A mger is of considerable economic importance, and
is employed for the production of organic acids and extracellular enzymes to be used in the food industry However, the taxonomy of the black Aspergilli has been difficult and not always reliable The classification of the
black Aspergilli has been recently reinterpreted on the
basis of restriction fragment length polymorphisms, and
it has been proposed that the A mger aggregate consists
of two distinct species, A mger and A tubigensis
(Kusters-van Someren et al 1991) To further demonstrate the divergence between these species, and its conse* The nucleotide sequence reported in this paper will appear in Ihe
quences for plant cell wall-degrading enzymes, we isolatEMBL, GenBank and DDBJ Nucleotide Sequence Databases under
Ihe accession numbers X58893 {A mger) and X58894 {A tubigensis)ed and characterized the pgall gene of an A tubigensis
strain and compared it to that of A mger
Offprint requests to J Visser
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Materials and methods

Results and discussion

Strains, library and plasmids. Aspergillus niger N400 (CBS 120.49).
and its derivatives N402 {cspA) and N593 (cspA. pyrA), have been
described (Goosen et al. 1987). Aspergillus tubigensis NW756 is
identical to the isolate previously designated A. niger NW756
(Kusters-van Someren et al 1991) A niger N593-pGW 1800/27,
which is identical to the transformant T27, and plasmid pGW1800
have also been described (Bussink et al. 1990). The gene library of
A tubigensis NW756 was constructed by ligating partially 5au3AIdigesled genomic DNA fragments into the lambda replacement
vector EM BL3 cut with BamHÌ (Flipphi et al, unpublished). Phage
Mt3 (Yanisch-Perron et al. 1985), pEMBL (Dente and Cortese
1987) and pTZlSR (Pharmacia LKB Biotechnology AB, Uppsala.
Sweden) vectors were used for subcloning. Recombinant lambda
phages were plated on E. coli LE392 and plasmids and recombinant
M13 phages were propagated in E, coli JM109 (Yanisch-Perron
et al 1985) or £ coli DH5aF' (BRL, Life Technologies Inc.,
Gaithersburg. USA).

Polygalacturonase isoenzyme patterns

Growth conditions and analysis of polygalacturonases. The media
used to study PG induction and isoenzyme profiles contained per
litre: 6 g NaNOa. 15 g KH 2 P0 4 . 0 5 g KCl. 0.5 g MgS0 4 7H 2 0,
plus traces of MnCl2. ZnS0 4 , and FeS0 4 . and 10 g of the carbon
source indicated. Dried sugar beet pulp was ground in a Waring
blender before use. The brown-band pectin was a kind gift of Dr.
Rombouts For the other experiments a slightly different medium
was used which contains NH4C1 as the nitrogen source and both
sugar beet pulp (10g/l) and pectin (10g/l; de 61.2%, Obipektin.
Bischofszeil. Switzerland) as the carbon sources (Bussink et al
1990). The liquid cultures were inoculated al 106 spores/ml and
incubated at 30oC in a New Brunswick orbital shaker at 250300 rpm. Purification of PGII and further protein analyses were as
described (Kester and Visser 1990; references therein). PG zymograms were made by isoelectric focusing of culture filtrates
( 10 μΐ). followed by overlaying the focusing gel with a polygalacturonic acid-containing agarose gel. incubating it for about 1.5 h and
staining it with ruthenium red (Ried and Collmer 1985).
Manipulation of DNA. Standard methods were used for plasmid
DNA isolation, nick-translation, preparation of plaque lifts. South
ern analysis and subcloning (Maniatis et al 1982). Sequencing of
recombinant single-stranded M13 phage DNA
and double-strand
ed plasmid DNA was performed using the T7Sequencing Kit (Pharpiacia LK B) or the Sequenase DNA Sequencing Kit (United States
Biochemical Corporation Cleveland, USA), employing additional
synthetic oligonucleotide primers. Nucleotide sequences were con
firmed from both strands of DNA, Nucleotide and amino acid
sequences were analyzed using the computer programmes of Devereuxet a! (1984) and Higgins and Sharp (1989) Aspergillus DNA
was isolated according to de Graaff et al. (1988). Co-transformation
of A niger N593 was carried out as previously described (Bussink
el al. 1990).
Northern blot analysis Total RNA was isolated essentially as de
scribed (Cathala et al 1983). Mycelium was ground in a mortar to
a fine powder under liquid nitrogen The powder was added to
preheated (50 X ) extraction buffer to which /ï-mercaptoethanol had
been freshly added. The mixture was immediately vigorously agitated and further treated as described. Equal amounts of total RNA.
as judged from the intensity of ribosomal RNA bands in ethidium
bromide-stained agarose gels, were glyoxylated and electrophoresed
in a 1.3% agarose gel (Thomas 1983) The RNA was biolied onto
GcneBind 45 membrane (Pharmacia LKB) using IQxSSC as the
transfer buffer. After boiling, to remove the glyoxal (Thomas 1983),
the membrane was hybridized at 650C using the SDS buffer described by Church and Gilbert (1984) Unbound probe was removed by washing at 65 0C in a series of SSC buffers with 0.1%
sodium pyrophosphate and 0 1 % SDS. with a final wash in
0.2 χ SSC.

Five different endo-polygalacluronases have been isolat
ed from a single commercial enzyme preparation derived
from Λ. niger, PGI and PGII being the major activities
(Kester and Visser 1990). The PG activities in the culture
filtrates of ,4. niger N400 and A. tubigensis NW756 were,
therefore, also analyzed, using isoelectric focusing in
combination with activity staining (Ried and Collmer
1985). When A. niger N400 and A. tubigensis NW756
were cultivated in a minimal medium with simple sugars,
such as sucrose (Fig. 1), glucose, xylose or galacturonic
acid, as' the carbon source, they produced only very little,
or no, PG activity. However, when pectin or pectin-con
taining substances, such as sugar beet pulp, were used as
the carbon source, PG production was induced (Fig. 1).
In both strains the PG activity can be attributed to at
least two distinct endo-PGs, with isoelectric points of
between 5 and 6, and about 3.5, respectively. The activity
with the lower isoelectric point probably corresponds to
PGI, since this was also the most abundant low-isoelectric point PG in the commercial enzyme preparation. The
PGs with the higher isoelectric points were partially puri
fied from the culture filtrates of ,4. tubigensis N4/156 and
A. niger N400 and analyzed by Western blotting using an
antibody raised against PGII (Kester and Visser 1990).
Both enzymes react with this antibody and have an ap
parent molecular mass identical to that of PGII, i.e.,
38 kDa (data not shown), which is much lower than the
apparent molecular mass observed for other PGs. How
ever, these two enzymes are not identical, since the
isoelectric point of the A, tubigensis NW756 PGII, about
6.0, is slightly higher than that of the A. niger N400 PGII,
5.2.
The PG isoenzyme pattern depends both on the strain
analyzed and the inducing carbon source used. For in
stance A. tubigensis NW756 always produced more PGII
than A. m^erN400(Fig. 1) and PGII is the major activity
when sugar beet pulp is used as the carbon source, where-

Fig. I. PG isoenzyme profiles produced by A. tubigensis NW756
{lanes i 3) and A. niger N400 {lanes 4-6) on sucrose {lanes 1 and
4), a brown-band pectin {lanes 2 and 5) and sugar beet pulp {lanes
3 and 6). The isoenzymes were separated by isolectric focusing
(pH 4-9) and visualized by activity staining
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as brown-band pectin favours PGI production. In other
experiments we have used a commercially available
pectin (Obipektin) as the sole carbon source; on this A.
niger N400 secreted similar amounts of PGI and PGII
activity, whereas A. tubigensis NW756 produced signifi
cantly more PGII than PGI activity.
Phytopathogenic fungi are also known to synthesize
multiple forms of PG (Cervone et al. 1986), whose ex
pression may be differentially regulated (Durrands and
Cooper 1988). In order to reveal the molecular basis for
the existence of the PG isoenzymes we are continuing
with the characterization of PGI (to be published else
where).
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Molecular cloning of the A. tubigensis NW756 PGII gene
The genomic DNA of both A. niger N400 and /4. tubigen
sis NW756 was analyzed by Southern blotting using the
1.2 kbp ВатШ-Bglll fragment of plasmid pGWl 800 as
a probe (Bussink 1990). This fragment contains most of
the structural pgall gene of A. niger N400 and about
200 bp of the 5' upstream region. In the restricted genom
ic DNA of both strains a single hybridizing sequence is
detected (Fig. 2), but the size of the hybridizing frag
ments is not identical. The Hincil restriction site which is
present in the structural pgall gene of A. niger N400 is
absent in the pgall gene of A. tubigensis NW756, whereas
the .EcoRV restriction site which occurs in A. tubigensis
NW756 is absent in A. niger N400, indicating divergence
of these genes. The pgall gene of A. tubigensis NW756
was isolated by screening a genomic library of A. tubigen
sis NW756 DNA in the phage lambda replacement vector
EMBL3. After a second screening step, DNA was isolat
ed from four positive recombinant phages. These phages
all contained the hybridizing 5.5 kbp Xhol-BglU frag
ment which was also observed on Southern blots of re
stricted A. tubigensis NW756 DNA (data not shown).
This fragment was isolated and ligated into the BamHl
and Sa/I-digested vector pEMBL18. The ligation mix
ture was used to transform E. coli JM109, positive clones
were identified by colony hybridization and plasmid
DNA was then isolated. The resulting plasmid which
carries the pgall gene otA. tubigensis NW756, designated
as pGW1756, was further characterized with restriction
enzymes (Fig. 3). The restriction map of pGW1756 is in
agreement with the hybridizing fragments detected in di
gested chromosomal A. tubigensis DNA (Fig. 2), but it is
very different from the map of the A. niger N400 pgall
gene (Bussink et al. 1990).
Plasmid pGW1756 was used to co-transform A. niger
N593, a uridine auxotrophic mutant of A. niger N402,
employing a plasmid containing the functional pyrA
gene as the selective marker. The transformants were
grown in a previously optimized growth medium with
both 1 % sugar beet pulp and 1 % pectin as PG-inducing
carbon sources, and the amount of PG in the culture
filtrates was subsequently assayed by activity measure
ments. PG activities over ten-fold higher than that oí A.
niger N402 were observed in A. niger transformants, e.g.,
N593-pGWl756/7, from which it is concluded that the
cloned A. tubigensis NWT56 pgall gene is functional.
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Fig. 2. Southern blot analysis oí A. niger N400 (lanes 1-3) and A.
tubigensis NW756 (lanes 4-6) DNA. Genomic DNA was digested
with BamHi and Bglll (lanes J and 4), Htncll (lanes 2 and 5) and
EcoRW lanes (lanes 3 and 6) and electrophoresed in an 0.85%
agarose gel. The blot was hybridized with the radiolabelled 1.2 kbp
BamHl-BglU fragment of the pgall gene of A. niger N400. Size
markers (6 6, 4.4, 2.3, 2 0 and 0.56 kbp) are phage lambda DNA
restricted with //indili
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Flg. 3. Restriction map of the pgall gene of .4. tubigensis NW756.
Plasmid pGWl 756, which is the 5.5 kbp XhoVBglW fragment (thick
arrows) containing the pgall gene inserted into pEMBLlS, is
shown. The ampicilhn resistance gene (Ap) is indicated, but restric
tion sites in the vector arc not shown
Regulated pgall gene expression in PGII over-producing
A. niger transformants
To further investigate the regulation oí pgall gene expression, transcript levels were analyzed by Northern blotting
(Fig. 4). As described in Materials and methods equal
amounts of total RNA were taken. Both A. niger and A.
tubigensis synthesized a single PGII mRNA when cells
were grown with pectin and sugar beet pulp as the carbon
sources (the hybridizing smear in lane 2 is likely to be the
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Fig. 4. Northern blot analysis oípgall transcript levels. Total RNA
extracted from the wild-type strains A. niger N402 (lane 1) and A.
lubigensis NW756 (lane 2) and the transformants A. mger N593pGWI800/27 (lanesS and 5) and A mger N593-pGW1756/7
(lanes 4 andò) was used, Myceha were grown for 42 h on 1 % pectin
and 1% sugar beet pulp (lanes 1-4) or on 2% glucose (lanes 5 and
6) The blot was hybndi/ed with the radiolabelled 12 kbp BamUXBgl\\ fragment of the pgall gene of A. niger N400

result of RNA degradation during the isolation of the
RNA). Transcript levels were increased in A. niger strains
transformed with either the cloned homologous gene (A.
niger N593-pGWl800/27) or the cloned A. tubtgensis
gene {A. niger N593-pGW1756/7). When glucose (2%)
was used as the sole carbon source, very low transcript
levels were observed in the multicopy transformants.
These levels were even lower than those obtained for the
wild-type strains grown on pectin and sugar beet pulp
medium.
These results show, firstly, that pgall gene expression
is strongly regulated, most likely at the level of transcription, and secondly, that the regulatory sequences in the /f
lubigensis pgall gene are recognized by the components
of the A. niger regulatory apparatus. They also indicate
that sufficient 5' upstream sequences are present in both
pGW1800 and pGW1756 to obtain regulated gene expression. In case of pGWISOO, the 5' upstream region
preceding the translation initiation codon is 1 356 bp.

Polygalacturonase gene structure and sequence divergence
The nucleotide sequence of the complete pgalf gene of A.
lubigensis NW756 was determined and the sequence of
the A. niger N400 gene was completed by sequencing of
the 5' and 3' flanking sequences of the structural gene.
The nucleotide sequences, as well as the derived amino
acid sequences, were aligned (Fig. 5). The aligned sequences comprise about 900 bp of the upstream region,
the structural gene, one intron, and 534 bp and 386 bp of
the 3' noncoding regions of the pgall genes of A. niger
N400 and A. lubigensis NW756, respectively.
The structure of the two different pgaíí genes is very
similar and the nucleotide sequences shown are 83%
identical The nucleotide sequence identity in the protein
coding regions, viz. 90%, is higher than in the flanking
sequences Like the A. niger N400 pgaíí (Bussink et al.
1990), the coding sequence of the NW756 pgaíí gene is
interrupted by a 52 bp intron.

Upstream of the ATG there is a possible TATA box at
position-116 (numbering refers to the N400 sequence),
conserved in both sequences. The possible candidates for
a CAAT box (to about - 200 before the TATA box) are
not conserved between the A. niger and A. lubigensis
sequences, suggesting the absence of a functional CAAT
box, which is often observed for fungal promoters (Gurr
et al. 1987). On the other hand pyrimidine-rich sequences, which are frequently observed fungal promoter
elements, are found in the/)ga//genes from position —38
to —18 as well as at several other locations further upstream. The nucleotide sequence identity in the 5' upstream non-protein coding region is 81% with deletions
or insertions of at most four nucleotides at 12 locations.
The degree of homology does not appear to decrease as
one що ев upstream of the ATG.
The intron of both genes shows 79% sequence identi
ty. Its position is confirmed by the cDNA sequence of
Ruttkowski et al. (1990) The 5' splice site of the intron,
GTAAGC, is identical to the splice site found for an
intron of the A. awamori pep A gene (Berka et al. 1990)
and it resembles the filamentous fungal 5' splice consen
sus GTANGT (Gurr et al. 1987). The 3' splice sitze, TAG,
is in complete agreement with the fungal consensus 3'
splice site PyAG. The fungal intron internal consensus
sequence, NPuCTPuAC (Rambosek and Leach 1987) or
PyGCTAAC (Gurr et al. 1987), is not found; but a per
fect match to a more general form of these consensus
sequences, i.e., the consensus sequence PyNPyPyPuAPy
of higher eukaryotes (Lewin 1987), is found in the introns
of both genes with the conserved A at position — 11 with
respect to the 3' splice site. Thus, the putative lariat se
quences TATTGAT (N400) and TGTTGAT (NW756)
differ by one nucleotide at a position which is not usually
highly conserved. It can be seen that the mutations affect
the central part of the intron, whereas the borders remain
unchanged.
The predicted PGII amino acid sequences are 94%
identical, differing at 23 positions. Most of these amino
acid substitutions can be explained by either a single
point mutation (14 times) or by the combination of a
point mutation that changes the amino acid and an addi
tional silent point mutation (six times). However, at posi
tions 44, 307 and 321 the amino acid substitutions cannot
be the result of single, or multiple, point mutations which
directly change the encoded amino acid. Thus, it is likely
that Aspergillus strains exist, or have existed, which pro
duce a PGII with different amino acids at these positions.
In addition to the mutations that lead to amino acid
substitutions, there are 81 silent mutations. We have,
•
Fig. 5. The nucleotide sequences ofthe pgall genes οι A mger N400
(N400) and A lubigensis NW756 (NW756). The deduced amino
acid sequence of the A mger PGII is shown, whereas for the A.
lubigensis PGII only those ammo acids are shown which are differ
ent in ihe A. mger PGII The start of the mature proteins is indicated
by " ^ " . Conserved nucteolides are indicated by asterisks Align
ment improvements by the introduclton of insertions are marked by
points. The " + " and " = " characters indicale the region of repeats
in the A mger gene and the opea spaces in this string indicate the
nucleotides which deviale from the consensus TCGTCTGCT
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-774
CCGGATTIGCTCACCGTTCGCCAAIGGCIICCICCITTCCIGTCITCTCCITCCICTCCTTGACTGGCCCCACICCAGGTTGCTTAITGCCGGCAAGCIIICAACCCTGATIAGCGAGCT
IIGCGCACTATTCCTGATTTAGCTGTCGAAGGAACGGATGGACGCTGCGCIAGTTICAICTCGAATCICIGATATTAACATTGGCTACA

GACTAGCCGATTACGCTCCGGAATCTG
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-770
-658

ITGCACACTATTCCCGATGIAGCIGTCGAAGGAACGGATGGACGCIGCACTAGITICATITCGAATCICTGATAnAATACTAACTACAGAGTGACTAGCCGAICACGCTCCGG ATCIG

-651

N400

GÇAÇACAGGGAGpTAiœACœiTÇAT^TGGMCTAGÇ^rçACCATAAIIGCaKïMACCCT^pTÇAGœ^AGCCTTACT^

-538

NW756

GCACAGAGTGATTTITTGMTCATTCATIGGIGGAAIITGCAAGGCACCATAAATtKCGCAGACCCTGCATATOSAGCTACAGCCITACTGGGAÎTAGTATAGCTGCCATCTCGTACICG

-531

N400

********** ****** *** *** * * * ****** ** *** ************* * ***** ********** ********* ******* * **

-418

NW7S6

NW756

TACACTGCAGAACCGGCTIGG

ATCCCAAGGCCIACGAXGACACCCGIITCCTCCAGGACIGAIGGCTCITTGTGAAGGCGAAIIATAGIACIGCTTGTCAATGTCTIGAGTCAGCGGTA

N400

-298

NW756

TATATCAAICTGTCTTTGTCTT ICCACCTTGACAATAATGTTACGCICAAGAG

N400

TCAGCCACGCACGGCTGGTATAAATTAATCGGCCACTCATGTCGAACIGAGGTTCA

NW756

GGCAITITGCGTICTTTTCATCGACATGOSAACCIGIIOGGICACCCGCGGACCCCGICGGCIGA

ICAGCCAC CACGGCICAIAIATAITAGTIGCCCAC CATGTCGAACTIAAGTICAITAAAAAAAAGGTAACATTTGAGACAATATCITAAIGTGAAACGTCAACCCTGG

-294

CGGGAAAACGCAATATTIGAGACAACACCTCAATAIGAAACGAGGATCCAGGGICCTACATT
******** ******* **** **** * * **** *********** * **
***
**** * ** *********** * ** *** ******* * * **-180
** *
ACTAGCAT

-178

ACTTICCGAICAGAAGAGATGCGCIGAAATIGIGACTATAAGAACCICAAGCCIGCCGAIGCTGAGGTGAGITTGCTCATCATCCTACACTCA

-59

N400
NM756

-412

-60
CICTCCAGAGGCTGTCGGCAGITAIG

MetHlESerPheAlaSerLeuLeuAlaTyrGlyLeuValAlaGlyAlaThrPheAlaSer
CATOCACTCGTTTGCTTCTCTTCTCGCCTACGGCCTGGTCGCCGGCGCCACCTTCGCTTCT

N400

20

********* ************** *********** * **** ******** ********60

NW756

TTTGGCATCAGACCGATTACACTCTTTTTGTCCTTTTTTTCTATCGCTATC

AlaSerProIleGLuAlaArgAspSerCysThrPheThrThrALaALaAlaAlaLyEAlaGlyLysAlHLysCysSerThrlleThrLeuAsnAsnlleGluValFroAlaGlyThrThr
GCCTCTCCTATCGAAGCICGAGACAGCTGCACGITCACCACCGCTGCCGCTGCTAAAGCGGGCAAGGCGAAAIGCTCTACTATCACCCTIAACAACATCGAAGTTCCAGCTCGAACCACC

60

N400

GCCTCCCCCAICGAAGCCCGGGGMGCTGCACCTTCAAAACGGCIGCIGCTGCCAAAGCGGGCAAGGCAGGGTGCICTACCAICACCCITGACAACAICGAAGTCCCCGCIGGAACCACC
Gly
Lys
Gly
Asp

180
60

LeuAspLeuThrGlyLeuThrSerGlyThrLysValllePheGluGlyThlThrlhrPheGlnlyrGluGluTrpAlaGlyProLeuIleSerMetSerGlyGluHlsIleThrValThr
CTCGACCIGACCGGTCTCACCAGCGGTACCAAGGTCAICTTCGAGGGCACCACGACCTTCCAGTACGAAGAATGGGCAGGCCCCTTGATCICCATGAGIGGCGAACAIAICACCGTCACT

100

CICGACCTGACCGGTCTCACCAGCGGTACGAAGGICATCITCGAGGGCACCACGACCTTCGAITATGAAGAAIGGGCAGGCCCCTTGATCICCAIGAGTGGCAAAGATATCACCGTCACT
Asp
LysAsp

300
100

GlyAlaSerGlyHlsLeuIleAsnCysAspGlyAlaArsTrpTrpAspGlyLysGlyThrSerGlyLyGLysLysFroLysPhePheTyrALaHisGlyLeuAapSerSerSerlleThr
GGTGCCICCGGCCACCTCATCAATTOCGATGGTGCGCGCIGGTGGGATGGCAAGGGAACCAGCGGAAAGAAGAAGCCCAAGTTCTTIIACGCCCATGGCCTTGACTCCTCGTCIATTACI

140

GGIGCCTCAGGCCATCTCATCAACIGCGACGGTGCGCGGTGGTGGGACGGCAAGGGGACCAGCGGAAAGAAGAAGCCCAAGTICTTCTACGCICAIGGCCTTGACICCTCGTCCATTACT

420
140

NH7S6

N400
NW756

N400
NW756

ATTGACCATGCACTCCTTIGCTICTCITCTGGCCTACGGCCTAGCCGCCAGCGCCACCCTCGCTTCT
Ala
Ser
Leu
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GlyLeuAsnllaLyaAinThrFroLeuMetAlaFheSeTValGlnAlaAsnAspIlaTbrFheThrAspValThrlleAsiiAmAlaAapGlyAspThtClnGlyGlyBlsABnThrAap
GGATTAAACArcAAAAACACCCœCpATGGOTTTTAGTCTTCAGGCGAATGACATTAœTTTAC^

180
540

GGATIGAAIAICAAGAACACTCCCCITATGGCGIITAGTGIICAGGCGGAIGACAICACTCIGACIGACATTAa^ICAAaWCIXXMACGGTOAIAœCIGGGIGGACACAACACTC
Aap
Leu
Ile
Leu

540
180

AlaFheAspValGlyAsnSerValGlyValAanIleIleLyaProTrpValHlaAanGliiAapAspCysLeuAlaValAanS«lGlyGlu<
^TTOATCTT^MÇT^ICGWTCAATATCATTAAGŒTTGGGTCCATAACCAGGATGACTGTCTTC^

Intron

N400

210
661

NW75e

GOSITTGATGIltMTMCTCTGTCGGTCTCAATATCATCAAAIXGIGGGTœATAACCAGGArGACIGTCTÎTXSATCAACICTGGCG

Intron

210

N400
1M7S6

Ile
N400
NW7 56

N400
NW7S6

N400
NW756

661

<

>A«nIleTrpPheThrGlyGlyThiCyaIleGlyGlyHleGlyLeuSerIleGlySerValGlyABpArgSerAenABnVelValLyaAonValThrIle
MTTApjTOATATOTAI/WMJA^TœTTCACaMO^^IGCAIIGGCGGœA^TCJÇTœ

243
781

ATGIATGITGATAITCTATAGAACAICIGGTTIAIXAGCGGCACCIGCAIIGGaSGCCACGGICTCICC AICGGTTCIGTCGGCGGCCGCTCCAACAACGTTCICAAGAACGICACIAIC
>
S e r
G l y

Zi,3

781

GluHlaSeTThrValSarAanSeiGluAanAlaValArgllaLyaThrllaSaiGlyAlaThiGlySaTValSarGluIlalhiTyTSerABnllaVaUtotSarClylleSerAapTyr
GtóCAC^/AMTCATCMITOTAAAAaXXXSTCroAATTAAGACCATCTCTGGCG^^

283
G01

GAACACTCCACœrcAGCAATTCCSAGAACGaXiaXCATTAAGACœTCTCIGGTGCCACTGGITCCGIGTCIGAGATCACATACTCaiACAIIGTCATOlt^^
Val

901
283

GlyValValIleGlnGlnAspTyxGluAspGlyLysFToThiClyLysFToThrAanGlyValThrlleGlnAapValLyaLeuGluSerValThiGlySerValAspSeiGlyAlaThr
G^T(%|CATTCAKAGGATTACGAAGACGGCMGCCTACGGGTAAGCCGA(XAACGG1GTCACTATTCAGGATGITAAGCTGGAGAGCGTGACITO

323
1021

GGCGTŒITAICCAGCAGGAIIACGAGGATGGCAAGCCTACQGGIAAGCCCAœAACGGIGICACTATTAaSGATGTCAAGCTCGAGAGœiGACTGGIACTCTGGAT^^
Thr
Thr

1021
323

Ly»

GluIleTyrLeuLeuCyaGlySerGlySerCyaSerAapTzpThrTrpAapAapValLyaValThrGlyGlyLyBLyaSeEThxAlaCyaLyaAsnFheProSarValAlaSaiCyaEnd
G№ATCTATCTTCTTTGC^TCTWT^TTCT^ACI№A^T^AC§AppA^mcC»G^^

362
1141

NW7S6

GATAICTAICTCCTTTGCGGATCTGGTAGCTGCTO%ACTGGACTTGGGAOGATGTGAAGGICACTGGAGGAAAGAAGTCTACroCTTGCAAAAACTACCCTTa»TGGCTTCTTGCT№
Aap
Туг

1141
362

N400

GCTGCTAGGTiœTGAGTTGTAGCCCTAGCTGAAATTœTCTGCTTœTCTGCTTCGTCTGCTTCGTCTGCTTœTC

* * ******* * ******** ** *** ***** *** * * * *

1261

ΝΜ756

GTTAGTAGGTIGTTCGGTTGTAGCACTTGCTAACATGCATTTGCCTTGAGGGGT

1195

N400

ICCACTTCGiœACIICGACTGGTIAGATGGGœiIGTAATAGITTITAGAGAGAACAGAATATGTACAGTAAGCCTTAGAGGIGGTACaîAGITGIATATrrATTTAAAATGTTACCTA

1381

N400

-H 11 η I I I

** *********
NW7S6
N400

* ***
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111111111-

ι 1111111

** **** *** *** ******* * ** ***** * ** ****** * * ** ******* **

CAAATGGATITGTGAAATTATCGGIGI
GAAAGAAGAGATGGTGTCCAGTAAGATICAGTGGTGGCAGCG. . .IGTATAGCTCTATACAATGTIATTTA
TCGœiGICTTIATATTTATAGœTTTIACAIATAIAaKAGCIACAGTGGATTAICTTACAGCCCACACTCAIOGIGCTGGeAACTACGltîAATCAATOCTa^ITA^

1290
1501

**** * ** *****

* *** **** *** ** * ***

NW756
N400

TCGCAIAACTCIAIAT
CACTGCCACAACXAACCAGGAACCTTGGCAGGTACATGCTT. .GGGCATTTTTOTCTGGCCCTATCTCTITCCAGAT

AICAAATACICGATTAAGAGAACCTGCC
GGTGGTCTGGATGAGTCACGGCACG

NU756
N400

TTCAGCCACAMTAACCAAOIICCTCGGCAGGTATCAGATICCGGGAACCXXTACCTAGœnACTO^
AGTMATTCAÇÇGÇTAÇTÇÇAAÇCÇGCGCATAAAGCATACGCC AGAAGTGCAAGGGATACAAG ACAGCCAGCTO

1454
1675

NW756

AGCAAATICACCGCTACTCCAACCCGCGCATAAAACATACGCCAGAAGTGCAAGGGATA.AAGACAGCCAGCTG

1527

* ******* ***** * *** ******** * ** *** *

* ** *** ** * ** *****

** *

1334
1601

* *** * *** *

Tibie I Codon utilization in the pgall genes of A tubigenus NW756 and Λ niger N400

NW756

N400

NW756

N400

Ser
Ser
Ser
Ser

M
13
1
3

11
12

Pro
Pro
CCA Pro
CCG Pro

2
6
0
1

UUU
UUC
UUA
UUG

Phe
Phe
Uu
Uu

4
5
0
2

4
8
1
1

UCU
UCC
UCA
UCG

CUU
CUC
CUA
CUG

Uu
Uu
Uu
Uu

6
6
1
5

7
5
0
3

ecu
ccc

AUU
AUG
AUA
AUG

He
He
lie
Mel

6
20
0
4

8
17
0
4

ACU
ACC
АСА
ACG

Thr
Thr
Thr
Thr

15
18
1
6

GUU
GUC
GUA
GUG

Val
Val
Val
Val

4
IS
0
7

6
14
0
8

GCU
GCC
GCA
GCG

Ala
Ala
Ala
Ala

10
10
2
7

25

10

therefore, looked for differences in codon usage Codon
selection has been correlated with the level of gene ex
pression (Bcnnelzen and Hall 1982, May et al 1987) and
the codon usage in different species such as N crassa and
A mdulans is not identical (Gurr et al 1987) The silent
mutations do not significantly change the over-all fre
quency of the four individual bases at the third nucleotide
position, but the frequency of occurrence of specific
threonine, glycine and arginine codons is markedly
changed (Table 1) For glycine (GGN) and threonine
(ACN) the codons with С and U at the wobble position
are preferred and they are used with roughly equal prob
ability in the NW756 pgall gene, whereas in the N400
gene the codons with а С are used more frequently These
changes are largely due to directional U-C transitions at
the third position in the glycine and threonine codons,
and are thus independent of selective pressure on the
protein sequence For example, there are six U(NW756)
to C(N400) transitions in the threonine codons, whereas
there is only one transition in the opposite direction The
CGG arginine codon is used preferentially in the A lubigensispgaH gene, but it is not present in the A niger gene
which contains two CGA codons not present in the A
tubigensis gene In other fungal genes both codons are
often under-represented or not used at ail (Gurr et al
1987)
The highest sequence divergence between the A niger
and A tubigensis pgall genes is observed in the 3' non
protein coding sequences In the last 100 nucleotides of
the aligned sequences the sequence identity is relatively
high (82%), which may indicate its importance for the
termination of transcription However, the sequence in
between this region and the structural gene has substan
tially diverged, and includes two deletions or insertions of
76 and 77 base pairs, respectively Of particular interest
is a region of repeals in the A niger sequence, which is
absent in the A tuhigensis gene The symmetnc element
TCGTCTGCT is repeated six times and six additional
mutant forms of this element with up to two substitutions
are found, whereas two of the four mutant forms are also

26

NW756
UAU
UAC
UAA
UAG

Tyr
Tyr
-

CAU
CAC
CAA
GAG

His
His
Gin
Gin

AAU
AAC
AAA
AAG

Asn
Asn
Lys
Lys

GAU
GAC
GAA
GAG

Asp
Asp
Glu
Glu

2
6
0
1

17
17
14
11

N400

NW756

N400

6
0
1

U G U Cys
UGC Cys
UGA
U G G Trp

8
0
7

2
7
0
7

3
5
0
7

CGU
CGC
CGA
CGG

Arg
Arg
Arg
Arg

0
1
0
3

0
2
2
0

6
16
4
16

AGU
AGC
AGA
AGO

Ser
Ser
Arg
Arg

3
8
0
0

3
7
0
0

12
10
8
5

GGU
GGC
GGA
GGG

Gly
Gly
Gly
Gly

16
17
8
2

10
23
5
5

duplicated Since the A tubigensis pgall gene is also ex
pressed and regulated in transformed A niger strains, this
region of repeats is clearly not essential for pgall gene
expression
The following results support the recognition of two
different closely related species in the Aspergillus niger
aggregate, viz , A niger and A tubigensis (Kusters-van
Somerenet al 1991) The expression of the pgall genes is
regulated in essentially the same way, although there are
quantitative differences which may reflect differences in
the pgall genes, but more probably are due to the differ
ent genetic backgrounds (unpublished result) The nucle
otide sequences, and notably also the ammo acid se
quences, have diverged substantially and this is in strik
ing contrast to the glucoamylase genes of A niger (Boel
et al 1984) and A awamon (Nunberg et al 1984) These
strains could, however, both be A niger species or A
tubigensis species It is also possible that the extreme con
servation of the glucoamylase sequences reflects different
selective pressures on glucoamylases and PGs Korman
el al (1990) have reported a high degree of identity
(greater than 98%) of the a-amylase genes of A niger var
awamon and A oryzae, which are not considered to be
closely related species, whereas the respective acid
prolease genes are only approximately 70% homologous
Apart from the absence of the intron, the sequence of
a PG cDNA clone of A niger RH5344, which has been
recently published (Ruttkowski et al 1990), differs by
only two bases out of the 1 320 from the A tubigensis
NW756 pgall sequence Both diflerences are in the non
protein coding region This indicates that A niger
RH5344 belongs to the A tubigensis group and not to the
A niger group The predicted amino acid sequence from
this cDNA clone is identical to the ammo acid sequence
(Ruttkowski et al 1990) of the PG isolated from the com
mercial pectinase ROHAPECT D5L(Rohm, Darmstadt,
FRG) The PGII isolated from the commercial Pectinase
K.2B 078 (Rapidase, Seclin, France) is identical to the
PGII produced by A niger N400 (Bussink el al 1990)
Consequently, both A niger and A tubigensis have been
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used for the production orpectinases which are employed
commercially in the food and beverage industry Thus,
both appear to have obtained GRAS status ЬеГоге they
were recognized as two distinct species
A homologous domain m polygalacturonases
of plant, bactenal and fungal origin
We have previously reported a low, but significant, ho
mology between the mature tomato polygalacturonase
PG-2A (Gnerson et al 1986) and the A mger PGII
(Bussmketal 1990) Recently, the amino acid sequences
of the polygalacturonases produced by Erwmia carotovora subsp carotovora strain SCRII 93 (PehA, Hinton et al
1990), by Erwmia carotovora subsp carotovora strain
SCC3193 (PehA, Saanlahti et al 1990) and by Pseu
domonas solanacearum (PGA, Huang and Schell 1990),
were derived from the corresponding DNA sequences
and compared individually to the tomato polygalactur
onase The homology between the plant and the bacterial
PGs is low, e g, 26% and 28% with the Erwmia PGs, as
is the homology between the bacterial and the fungal
PGs However, a multiple sequence alignment according
to Higgms and Sharp (1989) reveals a domain of about
12S amino acids which is conserved among all the PGs
sequenced (Fig 6) The sequence identity in this region is
18% and the degree of homology rises to 50% if conser
vative substitutions are allowed The localized homology
suggests a function for this domain in the catalytic reac
tion, or in the binding of the substrate, or in both Chem
ical modification studies, and an analysis of the kinetic
parameters as a function of the pH, have indicated the
presence of an essential histidine in the A mger PG (Rexová-Benková and Slezank 1970, Cooke et al 1976, Rexova-Benková and Mracková 1978) As there is only one
histidine conserved amongst all these PGs, and this histidine is present in the most conserved part of the conserved domain, namely at position 223 in PGII, it is likely
that this histidine is involved in the catalytic reaction
Rexová-Benková and Mrackova (1978) have suggested a
carboxylale group may be a component of the catalytic
site Possible candidates are the carboxyl functions of the
aspartic acid residues at positions 180, 201 and 202, respectively, in PGII The relatively well conserved and
positively charged Arg(256)-Ile-Lys(258) sequence could
be involved in ionic interactions with the carboxylale
groups present in the substrate
Homology in fungal secretory pro-peptides
The start of the mature A mger N400 PGII, namely
Asp28, is not immediately preceded by a signal peptidase

За

Fig 6 T h e homologous domain in the PGs of A mger

N400 (PGII N400), A tubigensls NW756 (PGII NW756),

E carotovora subsp carotovora strain SCRI193 (PEN),
E carotovora subsp carotovora strain SCC3193 (PEHA),
Ρ solanacearum (PGA) and (ornalo (PG 2A) Conserved
a m m o acids are indicated by asterisks, conservative subsli
luttons by points and where alignment has been improved
by the introduction of insertions, (his is marked by dashes

cleavage site (von Heijne 1986) and it has been hypothe
sized, therefore, that the N-terminal extension of the
PGII precursor may be removed in two processing steps
(Bussink et al 1990) The mature A tubtgensts PGII
starts with Gly28 (Ruttkowski et al 1990) and it is likely
that the 27 amino acid-long N-termmal extension of the
precursor comprises a signal peptide as well as a pro-peptide The optimum signal peptidase cleavage site calculat
ed according to von Heijne (1986) is at Ala21 Thus, a
possible sequence of the hypothetical pro-peptide is
Ser(22)-Pro-Ile-Glu-Ala-Arg(27) This sequence is con
served in the A mger and A tubtgensts PGII precursors,
whereas there are three amino acid substitutions in the
signal peptide and there are also two substitutions within
the first six ammo acids of the mature proteins The
cDNA sequence (Oka et al 1990) of α-sarcin, a cytotoxin
with ribonuclease activity produced by Aspergillus gtganteus, indicates that it may also be preceded by a pro-se
quence hexapeptide Ser(22)-Pro-Leu-Glu-Ala-Arg(27),
which is almost identical to the putative PGII pro-peptide In the case of the cellobiohydrolase II of Tnchoderma reesei it has also been hypothesized that the precursor
is proteolytically processed in two steps (Teen et al
1987) Depending on the location of the signal peptidase
cleavage site, a possible pro-peptide could be Val-ProLeu-Glu-Glu-Arg Thus, the precursors of the otherwise
unrelated fungal proteins PGII, z-sarcin and cellobiohy
drolase II have a sequence motif in common before the
start of the mature protein, namely ser-PRO-leu-GLUala-ARG (amino acids in uppercase letters designate
complete conservation and lowercase letters partial con
servation) This similarity in these putative pro-peptides
may indicate a specific biological function A characteris
tic feature of these pro-peptides is the presence of only
one basic ammo acid, always an arginine, preceding the
cleavage site This distinguishes them from the pro-peptides with a dibasic cleavage site found, for example, in
the precursors of the A awamon glucoamylase (Innis
et al 1985) and the Phanerochaete chrysosponum ligninases (Tien and Tu 1987, de Boer et al 1987) which have
no other sequence homology Recently, it has been
shown by heterologous expression in S cerevtsiae that
the glucose oxidase precursor of A mger possesses both
a cleavable signal peptide and a pro-peptide with a
monobasic cleavage site (Frederick et al 1990) Its pro
peptide, Leu-Pro-His-Tyr-Ile-Arg, does not have exten
sive homology with the other pro-peptides This may sug
gest that the sequence requirement of the monobasic pro
cessing enzyme is not very strict with respect to the prima
ry ammo acid sequence cleaved and, thus, that the se
quence similarity between the pro peptides of, for exam-
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pie, PGII and ot-sarcin is not (only) the result of selective
pressure on their proper removal However, it is also
conceivable that the PGII and glucose oxidase precursors
are processed by dilTerent enzymes Benoit et al (1987)
have deduced a pattern for mammalian pro-hormone
cleavage at monobasic sites characterized by the facts
that (1) a second basic amino acid (Arg or sometimes
His) is present three or five or seven amino acids before
the arginine at the cleavage site, (2) a leucine (isoleucine)
or several alanines are virtually always present in the
two ammo acids immediately preceding and the two ami
no acids following the arginine at the cleavage site The
pro-peptide of the glucose oxidase precursor shows this
pattern, but the propeptide of the PGII precursor and
the related pro-peptides do not On the basis of this crite
rion, and due to the lack of homology between the pro
peptides of the PGII precursors, a-sarcin and CBHII, on
the one hand, and of the glucose oxidase precursor, on
the other, it seems reasonable to assume that these are
representatives of two difTerent classes of pro-peptides In
addition, the pro-peptides with dibasic cleavage sites rep
resent a third class
Acknowledgements We thank Gerda Nicolai and Ditte Preker Гог
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Characterization of polygalacturonase-overproducing Aspergillus
niger transformants

Summary. A.niger pyrA cotransformants with multiple copies of the gene (pgall) encoding the
major endopolygalacturonase were characterized in detail. Typically, these transformants produced
tenfold or more polygalacturonase from plasmids that had integrated in most cases at ectopic sites,
in comparison to the untransformed strain. Some mitotic instability was observed upon application
of a positive selection procedure for reversion of the pyrA marker. Analysis of these strains
indicated that the most frequent event involved is the excision of part of the array of tandemly
integrated plasmids, without "scrambling" of the plasmids remaining in the chromosome. From
promoter deletion analysis it was concluded that the pgall gene is subject to positive control. The
putative positive regulatory protein appears not to be limiting for overexpression of the pgall gene.

Introduction
The filamentous fungus Aspergillus niger is one of the major industrial sources of the metabolites
citric acid and gluconic acid, and of food-grade enzymes such as glucose oxidase, amylases and
plant cell wall-degrading enzymes (Barbesgaard 1977). The availability of various transformation
systems for this fungus (see for instance Fincham 1989) has allowed strain breeding by molecular
means, including the expression of heterologous genes (Saunders et al. 1989). We are particularly
interested in the pectinolytic enzymes of Aspergillus niger (reviewed by Rombouts and Pilnik
1980) that are used in the juice and wine industry as crude and usually ill-characterized mixtures.
A pectin lyase gene family (Gysler et al. 1990; Harmsen et al. 1990; Kusters-van Someren et al.
1991) and the genes encoding the two major endo-polygalacturonases (Bussink et al. 1990,
1991a,b) have recently been isolated. Several other enzymes are also involved in the degradation
of pectin, e.g. pectin esterase, for which a cDNA clone has been recently obtained (Khanh et al.
1990). Thus, the genetics of the pectinolytic enzymes of A.niger is very complex. As a first step to
exploit the potential of molecular genetics for the manipulation of the pectinolytic enzyme
spectrum produced by A.niger we report on the characterization of A.niger pyrA co-transformants
overproducing the major polygalacturonase, PGII, and on the regulation of the corresponding
pgall gene.
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Materials and methods
Strains. The A.niger (CBS 120.49) mutants A.niger N402 (cjpAl) and A.niger N593 («pAl,
рутАб) have been described previously (Goosen et al. 1987). The gene referred to as pyrA in the
present paper, is also called pyrG (van Hartingsveldt et al. 1987). T27 (Bussink et al. 1990) and
the other transformants were obtained using a procedure described in detail by Kusters-van
Someren et al. (1991), employing pGW635 as the selectable marker. E.coli JM109 was used for
cloning and Bc/I-digestible pGWISOO was isolated from E.coli JM110 (Yanisch-Perron et al.
1985).
Plasmids and manipulation of DNA. pGWISOO (Bussink et al. 1990), pGW635 (Goosen et al.
1989), pGWllOO (de Graaff et al. 1992) and pEMBLlS (Dente and Cortese 1987) have been
described. pGW1802 was constructed by I ¡gating the 3.7 kbp Xbal-EcoRl fragment, obtained from
the same lambda phage previously used to construct pGWISOO, into the Xbai and £a>RI digested
vector pEMBLlS. Plasmids with deletions in the 5' upstream sequence of the pgall gene were
generated by digesting pGWISOO with enzymes which cut in this sequence and in the pEMBL
polylinker upstream of the ХШ site, and subsequent recircularization with T4 DNA ligase pGW1820 was obtained by using //indili, pGW1830 by using Pstl and pGW1840 by using Sail
and Bell. In the latter case, the sticky ends were filled in with T4 DNA polymerase prior to
ligation. pGW1840 has a unique Pstl site immediately upstream of the destroyed former ВсП site.
A plasmid with an internal deletion in the promoter region, pGW1841, was constructed by ligating
the following three fragments: (i) the 3.3 kbp Pstl-EcoRl fragment obtained from pGW1840,
which contains the pgall structural gene; (ii) the 780 bp Xbal-Pstl fragment of pGWISOO, which
contains the far upstream promoter region; (iii) the Xbal and £coRI digested vector pEMBLlS.
pGW1842 was obtained by digesting pGW1841 with Hindlll and circularizing of the larger
fragment with T4 DNA ligase.
Standard methods were used for plasmid construction, plasmid DNA isolation, nick-translation,
Southern analysis (Maniatis et al. 1982) and isolation of Aspergillus DNA (de Graaff et al. 1988).
In some cases, signals on Southern blots were quantified employing a LKB Ultroscan XL Laser
Densitometer, using the signals obtained with a pGWllOO derived A.niger pici A probe as a
reference. Restriction enzymes and DNA modifying enzymes were purchased from BRL Life
Technologies Inc.
Analysis of PG production. Growth conditions, media and analytical methods have been described
(Bussink et al. 1990, 199lab); PG activity was assayed in 50 mM sodium acetate buffer, pH 4.8,
containing 0.25% polygalacturonic acid. One unit of PG activity was defined as the amount of
enzyme that releases 1 jxmol of reducing end groups (galacturonic acid equivalent) per min.
Differences

in fungal biomass, between transformed and untransformed strains and among

transformants, as determined from weighing after extensive lyophil!ization of mycelium or as
routinely estimated from the packed cell volume after centrifugation, were very small and
considered insignificant. The media used to analyze the expression of the truncated genes contained
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ΚΗ,ΡΟ, (20 g/1) and NH4CI (10 gil) and were supplemented with yeast extract (1 g/l). A
combination of dried and milled sugar beet pulp (10 g/l) and pectin (10 g/l; d.e. 61.2%,
Obipektin, Bischofszell, Switzerland), or glucose alone (30 g/l), were used as carbon sources. The
medium used for colony screening was composed of NaNO, (6.0 g/l), KHjPO, (l.S g/l), KCl (0.S
g/l), MgS0 4 .7H 2 0 (0.S g/l), trace elements, glucose (20 g/l), yeast extract (2.0 g/l), peptone (2.0
g/l), pectin (S.O g/l; d.e. 34.8%, Obipektin), 0.004% (v/v) Triton X-100 and agar (12 g/l). Plates
were inoculated and incubated for two days at 30 "C, followed by staining with a 0.05%
ruthenium red solution in distilled water for 5 min under gentle agitation.
Isolation of reverted transformants. Conidia were harvested from transformants grown on minimal
medium. Appropriate dilutions were plated on minimal medium supplemented with 10 mM uridine
and 0.8 g/l 5-fluoro orotic acid in order to select for spontaneous pyrA-negative revenants.
Incubation was for 12 to 17 days at 30 °C.

Results and discussion
Overproduction of PGII
A.niger N593 was transformed to uridine prototrophy using the pyrA gene on plasmid pGW635 in
the presence of a 20-fold excess of plasmid pGWISOO, which contains the PGII-encoding pgaft
gene. About 200 primary transformants were screened for PG overproduction by a plate assay on a
rich medium which, although not optimal for PG production, was used as it promotes uniform
growth of the colonies, small halo size and an intense staining of undegraded pectin with
ruthenium red. A significantly larger halo size was detected in about 50% of the transformants and
20 of these were selected (TI-T20). In a second experiment 20 transformants were picked at
random and numbered T21-T40. The PG production of both sets of these strains was analyzed by
Western blotting and amongst the second set 70% produced significantly more PGII than A.niger
N402. Thus, much higher cotransformation frequencies can be obtained than previously reported
for the pyrA gene (Goosen et al. 1989). A subset of these transformants was chosen, representing
the whole spectrum of PG levels found. Most strains from the random selection procedure were
positive upon application of the plate screening method and T27 was one of those producing the
largest halos.
When the PG production of the selected transformants was determined using a reducing end
group assay the highest producing strain analyzed, T27, was shown to produce 50-fold higher PG
activity than the control strains A.niger N402 and л pyrA transformant oí A.niger N593 (Table 1).
The extent of PGII overexpression, as determined by the activity measurements, was confirmed by
Western blot analysis of appropiately diluted or concentrated medium samples of some strains
using a PGII specific monoclonal antibody (data not shown). The number of pGWISOO copies of
T27 was estimated at about 40 on the basis of hybridization signals on Southern blots using
dilution series of BamW and Bgl\l digested DNA of T27 and of A.niger N402.
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Table 1. Polygalacturonase production of A.niger N402 and transformed strains.
Strain N593/pGW635 was obtained by transformation of A.niger N593 with
pGW635. Growth conditions were as described previously (Bussink et al.
1990); the culture media were collected 44 h after inoculation.

A.niger strain

Activity
(U/ml)

N402
N593/pGW635
Tl
T12
T25
T27
T29
T30
T33
T37
T39

1.6
1.7
29
73
19
88
4.4
43
15
42
25

Molecular analysis of the transformants
A Southern blot of Βα/πΗΙ digested genomic DNA (Fig. 1A) of the transformants was probed
with radiolabelled 1.2 kbp BamW-BglU fragment of pGWlSOO, which contains most of the pgaM
structural gene. A strongly hybridizing 8.1 kbp ВатШ fragment was observed in the DNA of
some transformants which corresponds to Bo/nHI linearized pGWlSOO, indicating tandem
integration of multiple copies of this plasmid. In addition, many other hybridizing ВатШ
fragments of different sizes were also found. A much simpler hybridization pattern was obtained
with DNA restricted with Nsi\, which does not cut pGWlSOO and pGW635, probed with the same
fragment of pGWlSOO (Fig. IB) and the 3.8 kbp Xbal fragment of pGW635 (Fig. 1С). In all the
transformants the introduced DNA runs as a single high molecular mass band. These results show
that the transforming DNA is present as large integrates and, as demonstrated below, pGW635 and
pGWlSOO sequences are probably physically linked as previously observed (Mohr et al. 1989;
Finkelstein et al. 1989; Debets et al. 1990). Thus, the minor hybridizing bands probably reflect
rearrangements of the inserted DNA (Buxton et al. 1985). Strain T30 was further analyzed in this
respect. As expected from the results with the other two probes, Nsi\ digested DNA probed with
the vector pEMBLlS shows a single large hybridizing band (Fig. IB). Although the 8.1 kbp
ВатШ plasmid band is found at low intensity in strain T30 (Fig. 1A), EcoRI and Sal\ digested
DNA probed with the/7£aII fragment (Fig. IB) shows the strongly hybridizing 4.1 kbp Eco9.\-Sal\
A.niger derived insert of pGWlSOO. Likewise, the 4.0 kbp EcoM-Sall pEMBL part of pGWlSOO
gives a strong band upon probing with pEMBLlS (Fig. IB). Therefore, both the vector and insert
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sequences of pGWISOO are involved in the putative rearrangements.
Plasmid integration in the pyrK gene was readily detected by the absence of the hybridizing Mil
fragment which is present in A.niger N402 (Fig. 1С) but integration at thepgall locus was in most
cases difficult to determine when using a pGWISOO derived probe. Therefore, the 0.7 kbp Xba\Xho\ fragment of plasmid pGW1802, which hybridizes upstream of the pgall gene with the
sequence flanking that present in pGWISOO, was used as a probe. Plasmid integration in \ht pga\\
gene was then observed as a decreased mobility of the hybridizing Nsil fragment (Fig. ID).
Integration in the pgall gene was found in strain T12, integration in the pyr\ gene in strain T27
and integration at ectopic sites in the other eight multicopy transformants. These results contrast
with those obtained by transformation with a single plasmid containing the pyrk gene, where
integration of vector DNA occurs primarily at the resident locus, frequently resulting in gene
replacement (Goosen et al.

1987; van Hartingsveldt et al. 1987). As all the pGWISOO

cotransformants showed additional pyrk sequences, there was no indication of gene replacement in
these strains. In some cotransformants the increase in the PGII level is similar to the increase in
the pgall gene copy number, e.g. in T29, T12 and T27. However, there is no strict correlation
between gene dosage and expression level (Fig. 1A, Table 1), which may reflect different
chromosomal locations of the introduced DNA.
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Fig. 1A-D. Southern analysis of pGWISOO cotransformants. DNA restriction digests were electrophoresed in
0.7% agarose gels, blotted onto nitrocellulose membrane and hybridized with ]2P-labelled restriction
fragments. Size markers (23.1, 9.4, 6.6, 4.4, 2.3 and 2.0 kbp) are phage lambda DNA restricted with
//indili. A AvnHI-digested DNA of A.niger N402 (WT) and transformants (strain number indicated on top
of the lane) was probed with the 1.2 kbp Bamm-BgUl fragment of pGWISOO. In the lefi pan of the blot
(WT-39) about five times more DNA was loaded than in the right part (30-12). В DNA of stram T30
digested with Nsil (lanes 1 and 3) or with EcnK\ and SaR (lanes 2 and 4) was probed with the 1.2 kbp
BamHl-Bgñl fragment of pGWISOO (lanes 1 and 2) or with pEMBLlS (lanes 3 and 4). The arrow indicates
the position of the hybridizing Nsi\ fragment also found in untransformed strains; the upper band in lane 2
corresponds to the wild type fragment. С AWI-digested DNA of A.niger N402 (lane 1), T25 (lane 2) and
T27 (lane 3) was probed with the 3.S kbp Xbal fragment of pGW635. D AWl-digested DNA of A.niger
N402 (lane 1), T12 (lane 2) and T30 (lane 3) was probed with the 0.7 kbp Xbal-Xhol fragment of pGWlS02
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Mitotic stability
All the transformants appeared to be stable and, therefore, a positive selection procedure was
applied to detect reversion to uridine auxotrophy in the three highest PG producing strains.
Reverted strains were isolated by resistance to 5-fluoro orotic acid and were subsequently tested on
minimal medium with or without uridine. Strain T30 appeared to be stable (reversion frequency <
10"6); the reversion frequency of strain T27 was determined to be about SxlO"6, while the
reversion frequency of strain T12 was much higher, estimated to be 1.5xl0'3 to 2.9xl0"3 from
three independent experiments. These reverted strains could shed some new light on instability in
transformants since the present co-transformants contain unselected plasmids (pGWISOO), as
opposed to the transformants described in previous reports on instability (see below). Twelve of
the revenants derived from T12 were grown in a medium with pectin, sugar beet pulp and uridine
and the PG activity in the culture media was determined. All these strains proved to produce much
more PG than untransformed strains, with the PG activity ranging from 90% (strain T12R8) to
23% (strain T12R1) of that of the parental strain. Southern analysis of reverted strains (Fig. 2)
shows that the reversion to uridine auxotrophy is due to deletion of the integrated pGW63S
plasmid(s) present in the parental strain T12. This deletion is accompanied by deletion of part of
the pGWISOO plasmids (Fig. 2), the extent of the deletion varying between different reverted
strains. This is indicated by the decreased intensity of the hybridizing 8.1 kbp BamHl band in
strain T12R1 and by the absence of six other bands. The single minor hybridizing band that has
been deleted in strain T12R8 is also absent in strain T12R1, and in both strains no new bands are
found when compared to T12.
Southern blots of DNA isolated from the other transformants probed with the 3.8 kbp Xbal
fragment of pGW635 (not shown) indicated low, variable, copy numbers of pGW635; for
example, T27 contains several copies of pGW635. Since reversion frequencies probably depend on
both the number and the position of active pyrA genes in the integrates, it is difficult to compare
the values obtained for different strains. In the case of multicopy transformants, it remains to be
seen whether integration at the resident locus leads to relatively high instability, since instability
appears to result primarily from sequence homology within the plasmid integrate as opposed to
homology at the borders.
Mitotic instability of A.niger transformants has been described before. For example, it is
possible to re-isolate vector sequences from untreated DNA of A.niger pyrA transformants (Goosen
et al. 1987). Such free plasmids probably originate from cross-over excision of integrated plasmids
(Johnstone et al. 198S). Also, mitotic instability, with reversion frequencies similar to those
observed here, has been reported for transformants obtained with other transformation systems
(Unkles et al. 1989; Debets et al. 1990). In the present case, no new hybridizing bands were
detected in the DNA of reverted strains. It is likely, therefore, that the instability results from
homologous recombination within the rearranged integrate, or possibly by unequal crossing-over
after DNA replication (Dunne and Oakly 1988). On the other hand, the rearrangements found in
the introduced DNA of transformants not specifically selected for instability (Fig. 1 A) are probably
the result of non-homologous recombination. A plausible explanation is that these rearrangements
occurred during the events leading to transformation and do not reflect instability in transformed
strains.
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Fig. 2. Southem analysis of reverted strains. /ta/nHl-digested DNA of A.niger N593 (lane 1), T12 (lane 2),
TI2R8 (lane 3) and T12R1 (lane 4) was probed with the 3.8 kbp Xbal fragment of pCW63S (on the left) and
the 1.2 kbp BamHl-Bglll fragment of pGWISOO (on the right). The arrow indicates the fragment absent m
T12R8 DNA. Size markers are as m Fig. 1

Regulation of the pgall gene
The results obtained with the reverted strains further show that the pgal\ gene is efficiently
expressed

when present in high copy numbers. Furthermore, gene expression in multicopy

transformants of the pgall gene (Bussink et al. 1991a), or the gene encoding pectin lyase A
(Kusters-van Someren et al. 1991), is strongly regulated by the carbon source at the level of
mRNA accumulation. At the molecular level, the regulation of the A.niger pectinoiytic genes has
not been characterized and, therefore, we set out to detect the possible presence of an upstream
regulatory sequence required for expression of the pgall gene. The high and regulated overexpression observed with the pGWISOO transformants suggested that, for this aim, elaborate vector
constructions and strain selection could be circumvented by using transformants with multiple
copies of a pgall deletion construct. A similar successful approach has been recently reported for
the A.niger glucoamylase gene, in which the copy number did not have a major effect on the
expression levels of the truncated glaA gene (Fowler et al. 1990). Thus, a series of plasmids with
unidirectional deletions in the 5' upstream region of the pgall gene (Fig. 3) was constructed, as
described in Materials and methods, and these plasmids were used to cotransform A.niger N593.
Some of the resulting transformants were purified and grown for about 60 h on a slightly modified
medium that contained a high concentration of phosphate (Archer et al. 1990) and had pectin and
sugar beet pulp as the carbon source.
The culture media were analyzed by Western blotting, using the PGII specific monoclonal
antibody. In the cases of pGW1820 and pGW1842 8 transformants were analyzed, and in the cases
of pGW1830 and pGW1840 16 transformants obtained from two transformation experiments were
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Fig. 4. Effect of modifications in the S' upstream region of the pgall gene on its expression. Medium
samples taken at 20 h, 40 h and 60 h after inoculation were analyzed by Westera blotting, using a PGII
specific monoclonal antibody. The strains shown are A.niger N402 and the transformants T12 (1800), N593pGWl820/l (1820), N593-pGWI830/2 (1830), N593-pGW 1840/2 (1840) and N593-pGW 1842/7 (1842)
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also analyzed. Upon analysis of medium samples of A.niger N402, no, or a very weak, signal was
observed. Hence, the signals obtained with the medium samples of transformants mainly resulted
from expression of the introduced modified genes. Most transformants analyzed over-produced
PGII, reflecting high co-transformation frequencies. The strains shown in Fig. 4 are amongst the
highest producing strains obtained with the respective plasmid but are certainly not atypical
representatives. On the whole, the differences in expression levels of strains obtained with
different plasmids were much more striking than the differences found between strains carrying the
same modified pgall gene; the obvious trends in the results are discussed below.
The pGW1820 transformants produced high levels of PGII and it can be seen that PGII is
produced much earlier in the fermentation by the pGW1820 transformants, in comparison to the
pGWISOO transformant T12 or, for example, T27. Southern blot analysis of some pGW1820
transformants showed hybridization patterns very similar to those of T12 and T27, i.e. tandem
integration of multiple copies with minor rearrangements, suggesting that the earlier PGII
production is a true effect of the modification introduced in plasmid pGW1820. PGII
overproduction is also observed in strains transformed with plasmid pGW1830 or pGW1840,
which indicates, in the case of pGW1840, that the region of 300 bp before the translation initiation
codon is sufficient to obtain transcription. These transformants produced much lower PGII levels
than the pGWISOO or pGW1820 transformants, though Southern blot analysis showed them to be
multicopy transformants. In order to further demonstrate the importance of the sequence
immediately downstream from the Hindlll site for pgall gene expression, pGW1840 was further
manipulated (see Materials and methods) to produce a plasmid designated pGW1842. In this
plasmid the 223 bp Hindlll-Psil fragment, located in the pgall gene from position -799 to -576
with respect to the translation initiation codon, has been inserted in front of the pgall sequence
from pGW1840 in the same orientation as it occurs in the pgall gene. The A.niger transformants
carrying this modified gene indeed produced much more PGII than the pGW1830 and pGW1840
transformants.
Transformants were also grown on a medium with 3% glucose as the carbon source (results not
shown). On this, the pGWISOO, pGW1820, pGW1830 and pGW1842 transformants produced no,
or in only a few cases very little, PGII. Most of the pGW1840 transformants produced some PGII
but less than that observed on the PGII inducing medium.
These results show that the nucleotide sequence from position -799 to -576 in the far upstream
region of the pgall gene contains a sequence which is essential for regulated high level gene
expression and which is functional at variable distances from the transcription unit. While this
sequence is dispensable for low-level transcription, it increases the expression of a test gene under
the appropriate physiological conditions. This indicates a positive control site (Struhl 1986) and by
analogy with other eukaryotic genes we hypothesize that it is a binding site for a positive
regulatory protein. However, previous studies on the regulation of PG gene expression in
Aspergilli (Tahara et al. 1975; Shinmyo et al. 1978; Dean and Timberlake 1989) have emphasized
carbon catabolite repression. This mechanism also operates in the pGWISOO transformants, as is
indicated by the decreased PGII production when glucose is added to induced cultures (not shown).
In this regard, the low level PGII production of pGW 1840 transformants on glucose may reflect,
but does not prove, the deletion of negative control sites in the truncated gene. The effect of the
modifications in the regulatory region of the pgall gene and the absence of PGII mRNA in
mycelium grown on glucose (Bussink et al. 1991a), show that its expression is regulated primarily
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at the level of transcription. Thus, it is proposed that a detailed functional analysis of the 223 bp
Hindlll-Pstl

region will further

increase our knowledge about the regulation of ρ gall gene

expression at the molecular level.
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Summary. The filamentous fungus Aspergillus mger pro
duces several endopolygalacturonases that are involved
in the degradation of pectin PGI, the enzyme represent
ing the second most abundant activity in a commercial
enzyme preparation, was further characterized and the
corresponding gene was isolated The nucleotide se
quence of the pgal gene was determined and the protein
coding region was found to be interrupted by two short
introns, one of which has a unusual donor splice site The
deduced 368 amino acids long protein with a putative
prepropcptide of 31 amino acids shows 60% sequence
identity to PGII in the mature protein PGI overproduc
ing A mger strains were obtained by cotransformation
with the cloned gene
Key words: Pectin degradation - Filamentous fungus Introns - Overexpression

Introduction
Many fungal species are known to produce multiple
molecular forms and isoenzymes of endopolygalacturonase (Rombouts and Pilnik 1980, Cervone et al 1986)
Endopolygalacturonases (endoPG, EC3 2 115) hy
drolyse pedate, a de-esterified derivative of pectin, which
is primarily found in the middle lamella and primary cell
wall of higher plants Pectin is a heteropolysacchande
consisting of a backbone of D-galacturonic acid residues
which are partially estenfled and connected by a-1,4 glycosidic bonds and with few L-rhamnose residues in the
main chain Other neutral sugars, such as L-arabmose,
D-galactose and D-xylose, compose the side chains often
bound to L-rhamnose (de Vnes eta! 1986) Some mi
croorganisms, both phytopathogens and saprophytes,
produce several distinguishable pectinolytic enzymes in
volved in the degradation of this complex substrate (Rexova-Benkova and Markovic 1976, Rombouts and Pilnik
Offprint requests to J Visser

1980) Recently, genomic or cDNA clones coding for
pectmesterase (Khanh et al 1990) and the pectic depolymenzmg enzymes endopectin lyase D and A (Gysler et al
1990, Harmsen et al 1990), endopectate lyase (Dean and
Timberlake 1989 b) and endopolygalacturonase (Bussink
et al 1990, Ruttkowski et al 1990) have been obtained
from Aspergillus species
Five different endoPGs have been punfied from a sin
gle commercial pectinase preparation denved from
A mger (Kester and Visser 1990) The origin of these PG
isoenzymes is not known, one possibility considered is
that they are encoded by different genes, analogous to the
A mger pectin lyases (Harmsen et al 1990) On the other
hand, the occurrence of multiple forms of secreted en
zymes is well documented in fungal biology, and for
A mger it has been demonstrated that posttransenptional events such as differential mRNA splicing (Boel
et al 1984), limited proteolysis (Svenssonet al 1986) and
glycosylation (Hayashi and Nakamura 1981) can gener
ate enzyme diversity The gene encoding the most abun
dant PG, PGII, has been characterized (Bussink etat
1990, 1991) Therefore, in order to reveal the molecular
basis for the existence of PG isoenzymes and to increase
our knowledge about the importance of the individual
PGs, we started with the characterization of the second
most abundant enzyme, PGI This PG is quite différent
from PGII in its physicochemical properties, specific activity and mode of action on oligomenc substrates,
whereas the physicochemical properties of three minor
enzymes purified by Kester and Visser (1990) are quite
similar to those of PGI
Here we report on partial amino acid sequences of
PGI and the cloning and characterization of the corresponding gene The genes encoding the two most abundant PGs found in commercially available pectinolytic
preparations have now been isolated and the cloned
genes expressed in A mger strains
Materials and methods
Strams library and Plasmids Aspergillus mger N400 (CBS 120 49),
its derivatives N402 (cspM) and N593 (cjpAl, pyrAb) (Goosen
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et al 1987) plasmid pGW 1800 which contains the pga 11 gene and
the transformant Á niger N593 pGW1800/27 (Bussink et al 1990)
have all been described The gene library of A niger N400 in the
phage lambda replacement vector EMBL4 (Harmscn el al 1990)
was used for gene isolation pUC9, phage M13 (Yanisch Perron
et al 1985) and pEMBL (Dente and Cortese 1987) vectors were
used for subclomng The gene library was plaled on Escherichia colt
LE392 and plasmids and recombinant M13 phages were propagated in £ coli DHSaF or in £ coli JMIOI
Characlenzation ofPGl Purified PGI (Kesler and Visser 1990) was
fragmented using CNBr or trypsin, the resulting fragments were
separated by SDS Polyacrylamide gel electrophoresis and electroblotted onto Immobilon-P (Milhpore, Bedford MA) polyvinyhdene
diDuonde membranes (Malsudaira 1987) The appropnate pieces of
membrane were recovered and used for sequence analysis, with a
gas phase sequencer equipped with a PTH analyzer as described
(Amons 1987) Deglycosylation of denatured PGswith A'-glycanase
was carried out according to the recommendations of the supplier
(Септуте. Cambridge, Mass )
Manipulation of DNA Standard methods were used for plasmid
DNA isolation, nick translation, preparation of plaque lifts, South
ern analysis and subclomng (Maniatis el al 1982) Sequencing of
recombinant single stranded M13 phage DNA and doubleT7
stranded plasmid DNA was performed using the Sequencing Kit
(Pharmacia LK В Uppsala, Sweden) according to the recommenda
tions of the supplier, employing a few additional synthetic oligo
nucleotide primers The pgal gene was fully sequenced oh both
strands of DNA Nucleotide and amino acid sequences were ana
lyzed using the computer programmes of Devercux et al (1984) and
Higgms and Sharp (1989) Aspergillus DNA was isolated according
to de Graaff el al (1988) Cotransfonnalion of Л niger N593 was
earned out as described before (Bussmk el al 1990)

o

or by filtration and stored at -20 C until use PG activities were
measured by a reducing sugar assay (Kester and Visser 1990) West
ern blots were probed with anti PGI antiserum (Kester and Visser
1990), or in some cases with a PGII-specilic monoclonal antibody
(Vissen and coworkers unpublished) and subsequently with an al
kaline phosphatase conjugated secondary antibody (Bio-Rad, Rich
mond, CA)
Results and discussion
PGI is encoded by a second polygalacturonase

gene

Partial N H 2 - t e r m i n a l amino acid sequences of P G I and
two C N B r fragments thereof were determined (Table 1)
The sequence of the 21-kDa C N B r fragment is identical
to the N H 2 - t e r m m a l amino acid sequence of the intact
PGI, and in neither case was any amino acid residue
detected at position 4 Since the sequencing programme
used only detects cysteine residues if the protein is
5-pyndylethylated before, which is not the case here, it is
likely that a cysteine occurs at this position Although
they have a fair degree of homology, the NH,-terminal
amino acid sequence of P G I is clearly different from the
corresponding PGII sequence, indicating that P G I and
PGII are encoded by different genes In the case of the
N H 2 - l e n n i n a l amino acid sequence of the 5 S k D a C N B r
fragment of P G I , a region of high sequence identity was
not found in the a m i n o acid sequence of PGII T h e
5 5 k D a fragment is internally located, and its sequence
will thus be preceded by a methionine This sequence was
used to design a specific 32-mer oligonucleotide probe
mixture of 24 components comprising all possible
codons, reducing the numer of oligonucleotides in the
mixture by introducing deoxyinosine a t the third position
of fourfold degenerated codons

Screening of the genomic library The oligonucleotide hybndizalion
probe mixture d(ATGGClGAYGGIGCIGTIATHOAYGGlGAYGG) (I = mosme, Y = T,C, H = T,C,A) was synthesized on the
basis of ammo acid sequence data (sec Results and discussion) The
hybridization stringency for this probe was calculated using the
formula of Davis et al (1986), disregarding the presence of the
deoxyinosmes (Ohtsuka et al 1985) Then 40 pmol· of the probe
mixture were 5 -end-labelled using T4 polynucleotide kinase and
[y "PJATP (6000 O/mmol) and were added to 150 ml of pre
warmed (65 °C) hybridization mixture which consisted of 1 χ SSC,
10 χ Denhardl's solution of 0 1% SDS Nitrocellulose plaque lifts
were prehybndized for 5 h at 65 °C in the hybndization mixture of
which 0 1 mg/ml sheared and denatured hernng sperm DNA had
been added The nitrocellulose filters were transferred to the probe
mixture, the thermostat of the walerbalh was adjusted to 52°Cand
the hybridization was allowed to proceed for 14 h The filters were
washed in the hybridization mixture at 52 °C for 0 5 h, in two
changes of 2 χ SSC at room temperature for 45 mm each and (hen
in 4 χ SSC, 0 05% sodium pyrophosphate at 64°C for 0 5 h, fol
lowed by a final wash in 2 χ SSC at room temperature for 0 5 h
Afler exposure of the lilters to X-ray film, positive plaques were
identified on the onginal plates and the phages were eluted from
agar plugs These phages were replaled and screened with the mcktranslaled 1 2 kbp BamHl-Bglll fragment of pGW1800 as a het
erologous probe, employing the hybndization conditions described
by Hannsen el al (1990), with washes to 2 χ SSC, 0 I % SDS and
0 IV· sodium pyrophosphate at 60 "C

Sequence'

Residue
position ь

Cleavage
method'

1 ASTXTFTSASEA
2 ASTXTFTSASE
3 ADGAVIDGDGS
4NQDDXIAXNSXESISFT

3 2 - 43
32- 42
107-117
205-221

none
CNBr
CNBr
trypsin

Analysis of PC production The medium used lo induce PGI synthe
sis contained per litre 4 2 g urea, I 5 g K H , P 0 4 , 0 5 g KCl, 0 5g
MgS0 4 7H 1 0, trace elements (Vishmac and Sanier 1957), 10 g
green band pectin (Obipektm, Bischofszell, Switzerland) and 10 g
dried and milled sugdr beet pulp 1л some cases (he urea was re
placed by 4 0 g/1 NH4CI The liquid cultures were inoculated at 10'
spores/ml and incubated at 30oC in a New Brunswick orbital shaker
at 250- Э00 rpm Medium samples were obtained by centnfugation

' At positions where ammo acids could nol be unambiguously
assigned, this is indicated by an "X"
ь
The positions of the amino acid residues are deduced from the
DNA sequence
c
Prior to sequencing, fragments were separated by electrophoresis
in 15% SDS Polyacrylamide gels, from which apparent molecular
masses of 21 kDa (sequence 2) 5 5 kDa (sequence 3) and 3 S kDa
(sequence 4) were estimated The 21 kDa CNBr fragment is not a
final produci of the reaction
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The PGI-specific oligonucleotide probe was used to
screen a genomic D N A library of A mger N400 Nine
positive signals were obtained among the about 14000
plaques analyzed, and these phages were punfied in a
second screening step, using the 1 2 kpb
BamHl-Bglll
fragment of the p g a I I gene as a heterologous probe and
employing hybridization conditions of moderate strin
gency Restriction analysis of the D N A purified from
Table 1. Ammo acid sequences for PGI denved peptides and the
N-terminus of mature PGI

fcrfU 300

»inaili/

moter element that has been shown to be involved in
correct initiation of transcription (Punt et al. 1990), is
present in the pgal gene from position -98 to -72. The
y ^ ^
" ^ ^ /Smal 1200
sequence ATCACC immediately preceding the ATG start
codon perfectly matches the Neurospora crassa consensus
/
PUC9
\
sequence ATCAC(C/A) (Legerton and Yanofsky 1985)
есаш f
\
and closely resembles the consensus sequence for initiation of translation in higher eukaryotes (Kozak 1984).
•-.,-i.
pGwigoo
\
The protein-coding region is interrupted by two short
\
11300 bp
introns. The distal 62-bp intron В occurs at the same
position as the unique 52-bp intron in thepgall gene. The
7600. Kpn\ ^ \
/
presence and location of this intron is confirmed by NH 2 7*0O.8çJll'\
/ / ^ ^ /ЛІІІ ЭКЮ
terminal amino acid sequencing of the 3.5-kDa tryptic
peptide (Table 1), which was selected for analysis on the
/
ГТ-^ ^
рлІ 4700
БЭОО íVrrflI
,Λ,^Γ «
basis of the tryptic fragment expected from the deduced
5700 ВтЛ нііл 11 ΐ* 56ïtl
amino acid sequence. The 5' splice site of this intron,
Flg. 1. Reslrìction map of the /jgal gene of A niger N400. Plasmid GCACGA, does not match the fungal 5' splice consenus
pGW1900, which is the 8 6 kbp ВатШ fragmenl ((Акт* arrows)
GTANGT (Gurr et al. 1987). In particular, the cytosine
containing the pgal gene inserted into PUC9, is shown. Of the
restriction sites in the vector, only Ihe froRI and Htndlll sues are a the second position is an exception to the GT boundary
rule, which has been previously observed in a few Neu
indicated
rospora (Gurr et al. 1987) and some non-fungal (Shapiro
and Senapathy 1987) introns. On the other hand, the
four phages indicated that the inserts of these phages are
sequences CGCTAAC and CAG are in complete agree
derived from the same region of the A. niger genome.
ment with the fungal intron internal consensus se
Further Southern analyses, using the heterologous pgaII
quence PyGCTAAC and the 3' splice consensus PyAG,
probe, suggested that the complete PGI-encoding gene is
respectively (Gurr et al. 1987). The 52-bp intron A
present on the 8.6-kbp BamHl fragment found in three of
changes the reading frame and contains translational
the four phages analyzed. This fragment was purified and
stop codons in both reading frames identified by amino
hgated into the SamHI-digesled vector pUC9. The re
acid sequencing The presence and location of this intron,
sulting plasmid, pGW1900, was isolated from trans
which is not present in the pgall gene, is supported by a
formed E. coli DHSOÍF' cells, and a physical map was
comparison of the deduced pgal and pgall gene prod
constructed (Fig. 1). The nucleotide sequence of the releucts, and in this intron at the appropriate positions se
vant part of this plasmid, from the £coRI site at position
quences are found that are in complete agreement with
6300 to close to the tfmdIII site at position 3900 of the
the fungal intron consensus sequences.
restriction map of pGW1900, was determined (Fig. 2)
and the sequence hybridizing with the oligonucleotide
The pgal and pgall genes have significantly diverged,
probe was identified. Its complementary sequence, from
showing 66% nucleotide sequence identity in the regions
position 368 to position 399 (Fig. 2), exactly matches .the
coding for the mature proteins and 60% at the amino
nucleotide sequence of the probe, except for the deoxyiacid level and only a low sequence identity in the non
nosines present in the latter sequence. The nucleotide
protein coding sequences. The codon usage in the two
sequence also encodes the NH ¡-terminal amino acid segenes is different, with a higher bias observed in the pgal
quence of the mature PGI, providing additional evidence
gene (Table 2). In this gene only 38 sense codons are used,
that the PGI-encoding pgal gene has been cloned. The
as against 51 in the pgall gene, and there is a stronger
PGI-encoding nucleotide sequence was designated on the
tendency to avoid A and a higher preference for С at the
basis of the amino acid sequences determined which identhird nucleotide position. Fungal genes, which are ex
tify the open reading frame throughout of gene. The hopressed at low level, show much less codon bias than
mology of the deduced amino acid sequence with the
highly expressed genes (Bennetzen and Hall 1982; May
corresponding PGI I sequence provides an additional aret al. 1987; Gurr et al. 1987), but in contrast to this obser
gument. The nucleotide sequence shown comprises
vation PGII is considered to be the most abundant PG
909 bp of the 5' upstream region, the protein coding resecreted by A. niger (Kesler and Visser 1990; Keon and
gion, which is interrupted by two introns, and 368 bp of
Waksman 1990). It is, however, conceivable that PGI is
the 3' nonprotein coding region (see below). The pgal
the more abundant enzyme under natural growth condi
gene encodes a putative protein of 368 amino acids.
tions, as opposed to those applied in the laboratory or in
industry (see below).
1

Вмт1

\

I i5*11

Э 5 0

Q50

Structure of the pgal gene
The deduced primary structure of PGI
The pgal promoter sequence contains a putative TATA
box (TATAAAA) at position -152 with respect to the
translation initiation codon, and a potential CAAT box
(CCAAT) is found at position -218 (Fig. 2). A pyrimidine-rich sequence, a frequently observed fungal pro-

The deduced amino acid sequence of PGI has an NH 2 terminal extension of 31 amino acids before the start of
the mature protein. It is very unlikely that processing by
a signal peptidase occurs after Lys 31 and a probable
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CiUTTTCTMTCTŒTCMTGCGOCCATTtCCSACCCATCCaTAGTGCTOOTGGGTUrAGAaCWTCTATATœATATCATCAtXAAATTCC^^

'001

ia3CACI«SAATIOCCSAGAICAinxCCraTCCTaSAa;ilXAIŒAICAAGC»IGTT<n»CAGAGtI^

-«βΐ

ACaKATCAGCAGTOGAGATGCaMOAAOTIKCGAfSAOcaKÏCATOCTTaMŒTTCAGCajtACCGTCAATCCATtjCCTTCTTaXÏICA^

-3fll

TCTOAGATACOCaXMTGACACSAACCTIOGTGCnACaUTOCTOTCATOCATOCAGlUUJjUJMTAlU-LraGCTgAAGCCCCCATCGCCGTTAGAGATTÎMT^

-241
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-121

TOCICIATCCAACAACACCTCACIl 1 ILUACICCTTCIICt I IL U ILTCTTGACCAOACCCCATCCATICITTIGSCCOAAACCreilL IUI IbACEACAACCTATACCAACAATCACC
АТС CAC TCT TAC CAG C i l C i l OOC CTG GCC OCT GTC OOC ICC CTC GIC I C I CCC OCC CCC S C t CCI I C I COC OTC TOC GAG П С OCT AAC
H
H
S
T
Q
L
L
G
L
A
A
V
G
S
L
V
S
A
A
P
A
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S
R
V
S
E
F
A
K

-1
90
30

AAG GCC TCT ACC ICC АСС П С АСС I C I GCC I C I GAG GCC АОС GAG AOC A1C ICC ACCГОСICC GAI OIT GIC CTO ABC «CC АІС GAG GIC
K
'
A
S
Î
C
T
F
T
S
A
S
E
A
S
t
S
I
S
S
C
S
D
V
V
L
S
S
I
E
V

100
00

CCC OCT OGC GAG ACC CTC GAC CIO ICC GAT OCT S C I GAT CGC ICC ACC
P
A
G
E
T
L
D
L
S
D
A
A
D
G
S
T

210
70

GTAICTGCTCTCAOCOGICTICCATCCTGGCTAICACGCTAACACCAICTAO
Intron A

АТС ACC TIC GAG CGC ACC ACT ICC TTC GOA TAC AAG GAA TGG AAG CGC CCC СТО АТС CGC П С GGT GGT AAG GAI CTG ACT GIC AOC AIG ЭГ0
I
T
F
E
G
T
T
S
r
G
Ï
K
E
W
K
G
P
L
I
R
F
G
G
I
C
D
L
T
V
T
H
10«
GCC GAC GGC CCI GIC АТС GAC GOT GAG OGI ICC CGC TOGTCOGAC AGC AAC GOT »CC AAC OSI CGC AAG ACC AAG CCC AAG TTC АТС TAC
A
D
G
A
V
I
D
G
D
G
S
R
W
H
D
S
K
G
T
N
G
G
K
T
K
P
K
F
H
I

«90
130

AIC CAC GAT GTT GAG GAC ICG ACC П С AAG GGC АТС AAC АТС AAG AAC ACI CCC GIC CAC OCC АТС AGI GIC CAG GCT ACC AAC GIC CAC
I
B
D
V
E
D
S
T
F
I
G
I
R
I
I
B
T
P
V
Q
A
I
S
V
O
A
T
K
V
H

3 »
100

CTO AAC GAC TTC ACC АТС GAC AAC ICC GAC 0 0 1 GAI GAC AAC GGI GGC CAC AAC ACC GAC OGI TTC GAC AIC AGC GAG I C I ACC GGT GIC
L
N
D
F
T
l
D
R
S
D
G
D
D
I
f
G
G
B
H
T
D
O
F
D
I
S
E
S
T
G
V

6*0
100

TAC AIC AGC GOT GCT ACC GIC AAG AAC CAG GAC OAC TGC AIT GCC AIC AAC TCT GGC GAO GCACGATATCCCTATTCCACIATCAIICCTICCAITCAI
V
I
S
G
A
T
V
K
H
Q
D
D
C
I
A
I
H
S
G
E
Intron >

730
216

ATOOCIAACAAICAAAOCCACAC AGC AIC I C I ITC ACC GOC OGT ACCTOCICC GOT SOC CAC OGI CTC ICC AIC GGC TCT GIC GOT GGC COI GAI 0 3 t
S
I
S
F
T
G
O
T
C
O
a
G
H
O
L
S
I
O
S
V
G
G
R
D
240
GAC AAC ACC GIC AAG AAC GTC ACC A i e
D
U
T
V
S
H
V
T
I
I
GGT GAT GTC AOC GAG АТС ACC TAC TCT
G
D
V
S
E
I
T
Y
S

TCC GAC T e c ACT GTC AGC AAC ICC GCC AAC GGT OTC CGC АТС AA0 ACC АТС TAC ΛΑΟ GAG ACC
S
D
S
T
V
S
H
S
A
H
G
Ï
R
I
K
T
I
t
K
E
T

924
270

AAC AIC CAG CTC ICC GGA АТС ACC GAC TAC GGT АТС GIC АТС GAO CAG GAC TAC GAO AAC OGC 1 0 1 4
R
I
Q
L
S
G
I
T
D
T
G
I
V
I
E
Q
D
T
E
R
G
300

#

TCT CCC ACC GGC ACC CŒ ICC ACC GOT АТС CCC АТС ACT GAT GTC ACC GTI GAC GGT GIC ACC GGT ACT CIC GAG GAT GAC GCC ACC CAO 1 1 0 4
S
P
I
G
T
P
S
T
G
I
P
I
I
D
V
T
T
O
G
V
I
G
T
L
E
D
D
A
T
Q
330
GTC TAC ATT CTC TGC GGT GAC OOC TCI TGC TCT GACTCGACCTCGICC GGT GTT GAC CTC TCT GGT GGC AAO ACC AGC GAT AAA IGC GAG 1 1 9 4
V
Y
I
L
C
G
D
O
S
C
S
D
H
T
H
S
G
V
D
L
S
G
G
K
T
S
O
R
C
E
300
AAC GTT CCI ICC GGT GCT TCT TSC IAA AICGTICCICCOGAIGCGAGGCAAOGICTGTAGGACGICIOGTTGTATATATCGATCCACACTTOACAIGTACTAGTTAGGTO 1 3 0 4
H

V

Ρ

S

0

A

S

С ---

3»

GTnTACTCŒATAGTCTIAGIGAATAAIAOGAGCTITGCICAATATCTCAATTTGTAGCAGAAGTAAATCAGTAGACTCATAOAGGTAAICATOAAAGATAGAATTTAATACCAGGTG 1 4 2 3
ATCAAGTTAATAACGGGGTGAATTAGGGCOœtAGGCnAGGTATATAACTTCTCATCCCICACACTCGAAATCTCTTaTCTTremiATC

1342

TCCACAGACTAACAAGATTCTTCTATATCCATCCTTCATCTCAA

1306

Flg. 2. Nucleotide and deduced ammo acid sequences оГ the A mger N400 pgal gene. The start of the mature PGI (*) and potential
A'-glycosylalion sites ( # ) are indicated

cleavage site is after Ala-18 (von Heijne 1986) We there
fore hypothesize that the NH2-termmal extension of the
PGI precursor comprises a signal peptide as well as a
pro-peptide with a dibasic cleavage site as is also found,
for example, in the precursors of the A. awamori glucoamylase (Innes et al. 198S) and the Phanerochaete
chrysosponum ligninases (Tien and Tu 1987; de Boer
et al 1987). The prepro sequence of the PGI precursor
does not have significant sequence homology with the
corresponding PGII sequence, and this result is unex
pected, since the putative PGII pro-peptide shows ho
mology to some other fungal pro-peptides with a
monobasic cleavage site found in precursors of otherwise
unrelated proteins (Bussink et al. 1991).
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The molecular mass of mature PGI calculated from
the deduced amino acid sequence is 35 kDa, which is
significantly lower than the previously reported values
(Kester and Visser 1990), namely 55 kDa and 47 kDa as
determined by Polyacrylamide gel electrophoresis in the
presence of SDS and by gel permeation chromatography,
respectively The deduced amino acid sequence of PGI
has two potential W-glycosylation sites (Asn-X-Thr/Ser),
one of which (Asn246-Val-Thr248) corresponds to the
unique W-glycosylation site in PGII. Upon deglycosylation with JV-glycanase the apparent molecular mass of
PGI decreased by about 2-3 kDa and that of PGII by
2 kDa, from 38 kDa to 36 kDa, as determined by elec
trophoresis in 10% Polyacrylamide gels in the presence of

PSI U «ICIFISAÎ£«ESISSCS0ïïLSSIE»PiaillXSI)M£^IIT(EGI!SF6ïi£*6PLI«Flii™.IÏIH«BAVIC«CGSIiyWS«I»6«IU1cnitlltrï(DSI 144
K i l 28 DS CTFTTUAUAeUKCSTITLMIÍVPAeTTL[ILTGLTSGTItVIFEGTTTFQTEEWAtfL]SMSS£HlTVT&ASfiHI.IHa)GAflMA»GT SGUKPKFFTAWLDSSS ІЭв
K l 14S FKIilMTPÏ<MISWWI»™i»IIIM506(»l««TCÖDISEST6ïIISWIVi«»0CI«liraïSISFI66TCSbGieiSIKy6a0»IW«IISI)SIïSK » 7
P6II 139 ITaNIUTPLIUFSVgAI№[TnOVTIIMAtieOTq6fiMTI)AFOV6HSV6V1ll[UWHM]t№LAVN5GEIIIIrflGâTCIGGHaSlGSVmtSUVVIU^
ZSl
P6I ZSa AKVRIKTITKETWVSEITrSNIQLS6[TDrGlVIE()DrENGSPT6TPSTGIPITDVIVDGVT6TLEDfMTQVriLCSI6SCS[MTWSGVDlSGa(TSDICfNVPS6ASC 368
P6I1 IS? ElunlKTIS««TGSVSEIIrSllln<SSISI>rGIVll]WrEaìl(PrGKPTK>Tig0VKLESVTGSVIISGATEIrLLCGSGSCSIWTW0K«TG6UCST«CniFPS«>SC 382
Flg. 3. Comparison оГ the deduced ammo acid sequences of PGI and PGII. Identical amino acids (:) and the region which is relatively well
conserved amongst PGs of plant, fungal and baclenal origin ( <
> ) are indicated
Table 2. Codon utilization in the pgal and pgall genes of A mgrr N400
pgal

pgall

pgal

pgall

pgal

pgall

pgal

UUU
UUC
UUA
UUG

Phe
Phe
Leu
Leu

0
10
0
0

4
В
1
1

UCU
UCC
UCA
UCG

Ser
Ser
Ser
Ser

16
18
0
1

11
12
0
5

UAU
UAC
UAA
UAG

Туг
Tyr

0
9
1
0

1
6
0
1

UGU
UGC
UGA
UGO

Cys
Cys

CUU
CUC
CUA
CUG

Leu
Leu
Leu
Leu

2
7
0
6

7
5
0
3

CCU
CCC
CCA
CCQ

Pro
Pro
Pro
Pro

2
8
0
0

4
3
1
1

CAU
CAC
CAA
CAG

His
His
Gin
Gin

0
5
0
7

3
5
0
7

CGU
CGC
CGA
CGG

AUU
AUC
AUA
AUG

He
He
He
Met

2
25
0
3

8
17
0
4

ACU
ACC
АСА
ACG

TTir
Thr
Thr
Thr

6
32
0
0

8
25
0
6

AAU
AAC
AAA
AAG

Asn
Asn
Lys
Lys

8
17
1
16

6
16
4
16

GUU
CUC
GUA
GUG

Val
Val
Val
Val

5
21
0
1

6
14
0
8

оси

Ala
Ala
Ala
Ala

10
11
0
0

9
10
1
8

GAU
GAC
GAA
GAG

Asp
Asp
Glu
Glu

И
23
1
15

12
10
8
5

GCC
GCA
GCG

SDS (not shown). This indicates that PGI and PGII are
iV-glycosylated and that the cleaved AMinked glycans are
small, probably having a structure similar to those found
in e.g. Taka-amylase A of A. oryzae (Yamaguchi et al.
1971) and cellobiohydrolase I of TVichoderma reesei (Salovuori et al. 1987). Therefore, it is unlikely that the dis
crepancy between the calculated molecular mass of PGI
and the values obtained by experiment is due to N-glycosylation
The highest sequence identity in PGI and PGII
(Fig. 3) is found in the region that is relatively well con
served amongst PGII, a tomato PG and bacterial PGs
and contains possible candidates for the essential amino
acids involved in the hydrolysis reaction that these en
zymes catalyze (Bussink et al 1991). These candidates are
also found in PGI, namely His(229) and Asp(186),
Asp(207) and Asp(208). The deduced mature PGI and
PGII amino acid sequences differ by two amino acids in
length. PGI contains one additional amino acid ш the
NHj-terminal sequence and a second single amino acid
insertion with respect to the PGII sequence is at position
126, or possibly at position 127, in a region where there
is otherwise a high degree of sequence identity. Keon and
Waksman (1990) have identified a highly homologous
amino acid domain in the NH 2 -terminal amino acid se
quences of the major PG produced by
Colletotrichum
¡mdemuthtanum, Sclerotinia sclerotiorum and A mger,
the last of which probably corresponds to PGII. This

pgall

Тф

0
8
0
5

2
7
0
7

Arg
Arg
Arg
Arg

1
4
0
0

0
2
2
0

AGU
AGC
AGA
AGG

Ser
Ser
Arg
Arg

1
12
0
0

3
7
0
0

GGU
GGC
GGA
GGG

Gly
Gly
Gly
Gly

25
19
2
0

10
23
5
5

domain stands out in the alignment of the PGI and PGII
sequences, from Ile(S8) to Leu(68) in PGI. However, only
10 out of the 17 amino acids conserved amongst the N H 2 terminal sequences of the three fungal major PGs are
found in PGI, which further demonstrates the divergence
between the pgal and p g a l l genes.

Expression of the pgal gene
Plasmid pGW1900 was used to cotransform A.niger
N593, a uridine auxotrophic mutant of A. mger N402,
employing a plasmid containing the functionalpjr A gene
as the selective marker. The transformants were grown in
a medium with both 1% sugar beet pulp and 1% pectin
as PG-inducing carbon sources and with urea as the nitrogen source. The amount of PGI in the culture filtrates
was assayed by Western blotting using a polyclonal antibody raised against PGI (Fig. 4). Amongst the 23 transformants tested, 65% produced significantly more PGI than
A mger N402 and a pyrK transformant of A. niger N593.
The high producing transformants, e.g. A niger N593pGW1900/3, produced about tenfold higher PG activity
than the control strains The cloned pgal gene is therefore
a functional gene Southern blot analysis of genomic
A. mger N593-pGW190O/3 D N A restricted with Bglll,
which cuts pGW1900 once, showed a strongly hybndmng
band of about 11 kbp, indicating tandem integration
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1

2

3

Fig. 4. Western blot analysis of PGl levels. Culture media were
obtained From A ntger N402 {lane I) and the transformant A. mgvi
N593-pGW1900/3 (lanes 2 and 3) grown for 48 h on I % pectin and
1 % sugar beet pulp as carbon source and with urea (lanes Í and 2)
or ammonium doride (lane 3) as nitrogen source

of multiple copies of pGW1900 in the A. niger genome
(not shown).
A. niger N402 produces little PGI activity on a
medium optimized for the production of PGII, viz. with
1 % pectin and 1 % sugar beet pulp as carbon source and
NH 4 CI as nitrogen source. This is indicated by Western
blot analysis using an antibody raised against POI and by
isoelectric focusing in combination with activity staining
(not shown). However, when NH 4 CI was replaced by
urea a PG was synthesized which comigrated with purified PGI upon SDS-polyacrylamide gel electrophoresis,
whereas the PGII production became reduced with urea
as nitrogen source. In order to further demonstrate that
the PGI production is enhanced by using urea, the transformant A. niger N593-pGW1900/3 was grown both on
NH 4 C1 and on urea. The transformant was indeed found
to synthesize much less PGI on NH 4 C1 as compared to
the medium with urea (Fig. 4). On the other hand, the
PGII overproducing transformant A. niger N593pGWl 800/27 synthesizes more PGII with NH 4 C1 as the
nitrogen source, which is in part due to proteolytic degradation in the medium containing urea (data not shown).

Conclusions
The A. niger endoPGs are encoded by at least two diverged genes, in contrast to the fungal maize pathogen
Cochliobolus carbonum in which case there is evidence for
a single endoPG gene encoding a single PG (Scott-Craig
el al. 1990; Walton and Cervone 1990) and this may reflect differences between saprophytic fungi and specialized phytopathogenic fungi. However, other phytopathogenic fungi produce sometimes complex PG isoenzyme
patterns which are influenced by the substrate. For example, differences have been found between the isoenzymes
produced by Sclerotinia sclerotiorum in culture and in
infected tissues (Marciano et al. 1982) and when grown in
vitro Verticillium alho-atrum produces a single PG isoenzyme on glucose but numerous PGs on tomato plant cell
walls (Durrands and Cooper 1988) A. niger synthesizes
PGI and PGII in substantial amounts only when it is
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grown on pectin or pectin containing substances and the
PG isoenzyme pattern depends on the inducing carbon
source used (Bussink et al. 1991), whereas the effect of
urea observed in the present study shows that medium
constituents which are not derived from pectin can
strongly influence the levels of individual PGs. The regulation of PG synthesis in Aspergilli has been previously
studied (e.g. Shinmyo et al. 1978; Dean and Timberlake
1989 a), and there are numerous reports on the optimization of PG production (e.g. Hermersdörfer et al. 1987;
Friedrich et al. 1990). However, with respect to PG gene
expression little attention has been paid to the occurrence
of isoenzymes. Since two A. niger PG genes have now
been isolated, it is possible to address specific questions
regarding their individual expression and regarding the
molecular basis for the differences in enzymic properties.
Therefore, we are currently characterizing PGI and PGII
in detail.
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The polygalacturonases of Aspergillus niger are encoded by a family
of diverged genes
Summary. Aspergillus niger produces several polygalacturonases (PGs) that, amongst other
enzymes, are involved in the degradation of pectin. The pgall gene, one of the two previously
characterized genes coding for the abundant PGs (PGII and PGI) in a commercial pectinase
preparation, was used as a probe to isolate five more genes by screening a genomic DNA library
in phage XEMBL4 using conditions of moderate stringency. The products of these genes were
detected in the culture medium of A.nidulans transformants, which were in most cases constructed
with phage DNA, on the basis of activity measurements and Western-blot analysis using a
polyclonal antibody raised against PGI. A.nidulans transformants secreted high amounts of PGI
and PGII in comparison to the previously characterized A.niger transformants, and also a novel
PG, PGC, was produced at high levels by A.nidulans transformed with the subcloned pgaC gene.
This gene was sequenced and the protein-coding region was found to be interrupted by three
introns; the different intron-exon organization of the three sequenced A.niger PG genes can be
explained by the gain or the loss of two single introns. The pgaC gene encodes a putative 383
amino acid long prepro-protein that is cleaved after a pair of basic amino acids and shows about
60% amino acid sequence identity to the other PGs in the mature protein. The NHj-terminal amino
acid sequences of the A.niger PGs display characteristic amino acid insertions or deletions that are
also observed in PGs of phytopathogenic fungi. In the upstream regions of the A.niger PG genes a
sequence of ten conserved nucleotides comprising a CCAAT-sequence was found which is likely to
represent a binding site for a regulatory protein as it shows a high similarity to the yeast CYC1
upstream activation site recognized by the HAP2/3/4 activation complex.
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Introduction
Polygalacturonases are involved in the degradation of pectin, a complex polysaccharide that is
primarily found in the middle lamella and primary cell wall of higher plants (de Vries et al. 1986),
and PGs as well as other pectolytic enzymes are produced by many organisms (reviewed by
Rombouts and Pilnik 1980). Microbial pectolytic enzymes have been extensively studied in relation
to plant pathogenesis and the molecular biology of the bacterial enzymes, especially the pectate
lyases of Erwinia, is well developed compared to that of the pectolytic enzymes of fungal
pathogens (Cervone et al. 1986; Collmer and Keen 1986). Recently, genomic or cDNA clones
coding for pectinesterase (Khahn et al. 1990), pectin lyases (PL; Gysler et al. 1990; Harmsen et
al. 1990), pectate lyase (Dean and Timberlake 1989a) and polygalacturonases (Bussink et al. 1990,
1991ab; Ruttlcowski et al. 1990) have been obtained from Aspergillus species, which are
considered to be saprophytes. The availability of commercial pectinase preparations derived from
A.niger has contributed to the rapid progress in gene isolation, as well as to studies on plant cell
wall structure (Karr and Albersheim 1970). A PG-inhibiting protein from trench bean that inhibits
the PGs of fungal pathogens similar to an A.niger PG, and which enhances the production of
oligogalacturemides that are active as elicitors of defense reactions in plants (Cervone et al. 1989),
has also been isolated by affinity chromatography using an A.niger PG (Cervone et al. 1987).
Many fungi are known to secrete multiple forms of PG, and there are indications that in some
cases these may be encoded by several genes (Durrands and Cooper 1988) although the maize
pathogen, Cochliobolus carbonum, probably has only a single endoPG gene (Scott-Craig et al.
1990). Interestingly, its product shows a high similarity to two A.niger PGs, PGI and PGII, which
are encoded by two diverged genes. Besides these enzymes, that represented most of the endoPG
activity from A.niger, three other endoPGs which resemble PGI in their physicochemical
properties and also react with an antibody raised against PGI have been isolated from a single
commercial A.niger pectinase preparation (Kester and Visser 1990). The role of the individual PGs
in the degradation of plant cell walls is not understood, and has been difficult to address as this
requires substantial amounts of enzyme free of contaminating pectolytic activity which could be
obtained, for example, by expression of the structural PG genes from a strong glycolytic A.niger
promoter (Kusters-van Someren et al. 1992). Also, the isolation of the putative genes coding for
the less abundant PGs will contribute to a better understanding of PG gene expression.
Here we show that the A.niger PGs are encoded by a gene family and characterize the structure
of the third member.
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Materials and methods
Strains. A.nidulans G191 (pabaA], pyrG89,fivA], uaY9) (Ballance and Turner 1985) was used for
transformation. A.niger cotransformants oveφroducing PGII and PGI from plasmid pGWISOO and
pGW1900, respectively (Bussink et al. 1990, 1991b). Plasmids were propagated in E.coli JM109
or E.coli DHSaF' and λ phages were plated on E.coli LE392.
Manipulation of DNA. Preparation of plaque-lifts, nick-translation, isolation of DNA, Southern
analysis and subcloning were performed essentially as described in Maniatis et al. (1982). The
gene library of A.niger N400 (CBS 120.49) in the phage λ replacement vector EMBL4 (Harmsen
et al. 1990) was screened using a hybridization solution that consisted of 1 M NaCl, 50 mM TrisHCI pH 7.5, 20 mM EDTA, 0.5% SDS, lOx Denhardfs solution (Maniatis et al. 1982), 0.1
mg/ml sheared and denatured herring sperm DNA and 0.1 % sodium pyrophosphate. Hybridization
was for 40 h for the primary screen (or overnight for subsequent screens), at a temperature of 60
"C or 62 °C, and filters were washed to 2xSSC [IxSSC is 0.15 M NaCl and 0.015 M tri-sodium
citrate, pH 7.0], 0.1% SDS and 0.1% sodium pyrophosphate at the hybridization temperature.
Two plasmids were constructed from phage XC20 DNA, pGW1910 (see Results) and a smaller
subclone, pGW1911, that was obtained by I ¡gating the hybridizing 1.3 kbp Hincll-Kpnl fragment
into ЯілсІІ and Kpnl digested pEMBLlS. Subclones of these plasmids in the vector pTZ18R were
made and sequenced from denatured double-stranded DNA using the Sequenase DNA Sequencing
Kit as recommended (United States Biochemical Corporation, Cleveland, USA) using either
universal primer, reverse primer or synthetic oligonucleotide primers to yield complete sequence
from both strands. Nucleotide and amino acid sequences were analyzed using the programs of
Devereux et al. (1984) and Higgins and Sharp (1989).

Transformation and analysis of PG production. A.nidulans G191 was transformed as described
(Kusters-van Someren et al. 1991), using 1 ^g of pGW635 (Goosen et al. 1989) and 20 to 40 /ig
of cotransforming DNA. Phage DNA for transformation was obtained from phages λΑ 10-43, XB4,
XD8-11 and XE6. The PG production of Aspergillus strains was analyzed essentially as described
before (Bussink et al. 1991b). In short, A.nidulans was grown at 30 "C, in medium containing
both sugar beet pulp and pectin as carbon source, NH4C1 as nitrogen source, and a high (15 g/1) or
a low (1.5 g/1) concentration of KH^PO«. Media were supplemented with 1.37

mg/1 p-

aminobenzoate and when appropriate with 10 mM uridine. PG activity was determined using 50
mM sodium acetate buffer, pH 4.8, containing 0.25% polygalacturonic acid at 30 "C; one unit of
PG activity was defined as the amount of enzyme that releases 1 μπιοί of reducing end groups
(galacturonic acid equivalent) per min. SDS-PAGE was carried out with the midget gel system of
LKB (Bromma, Sweden), using "Proteintestmischung 4" size markers (Serva, Heidelberg, FRG).
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Results
Isolation of sequences related to the pgall gene
A.niger N400 DNA was analyzed by Southern blotting, using the 1.2 kbp BamHl-Bglll fragment
of plasmid pGWlSOO as a probe and employing hybridization conditions of moderate stringency (at
60 °C, with washes of 2xSSC). This probe contains most of the structural pgall gene and about
200 bp of the 5' upstream region. Besides a strongly hybridizing fragment with the pgall gene,
several other fragments of lower signal strength were observed (data not shown). These pgallr el at ed sequences were cloned by screening an A.niger N400 gene library in the phage λ
replacement vector EMBL4. In order to identify phages which contain the pgall gene, a duplicate
plaque lift was hybridized employing stringent conditions. Thus, among about 10.000 phages
screened, approximately 30 positive signals were observed on duplicate filters hybridized under
conditions of moderate stringency, in addition to seven much stronger signals from phages with the
pgall gene. Another set of phages was obtained in a second experiment, which was performed at a
slightly higher hybridization temperature (62 °C). After a second screening step, DNA was
isolated from a number of these phages and they were classified on the basis of the hybridizing
Hindi and Hinfl fragments observed on Southern blots (Table 1). These frequently-cutting
restriction enzymes were chosen in order to avoid hybridizing fragments that contain phage λ

Table 1. Classification of recombinant phages hybridizing with the pgall gene.
Phage DNA was restricted with ЯілсІІ and Hmfì, electrophoresed in a 1.0% agarose gel, blotted onto
nitrocellulose and hybridized with the radiolabelled 1.2 kbp BamHl-Bglll fragment of pGWlSOO, with
washes of 2xSSC at 62 °C. On the basis of ethidium bromide-stained gels, phages 11 and 12 could be
identical and phages 17 and 27 probably have overlapping inserts. Phages numbered 1 to 30 were isolated m
the first screening of the library a t 60 0C and phages with a higher number were isolated at 62 °C.
Class

phages

Hindi
fragment
(kbp)

Hind
fragmer

pgal

42'

1.1

1.3;0.3

A

9,10,43

1.3

0.7;0.3

В

4,35,36

2.4

1.1

С

1,16,20,37

1.8

1.3

D

8,11,12

1.3;0.4

1.8

E

6,38

1.3;0.8

0.6

F

5

2.3

0.6

G

17,27

2

n.d.

n.d.

The previously isolated phages PGI-4 and PGI-7 containing the pgal gene showed identical fragments
n.d., not determined
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sequences. Phages containing the pgal gene were also isolated in the same screens and were
identified on the basis of hybridization with the 1.8 kbp /Л/иШІ fragment of pGW1900 which
contains the pgal gene. In addition, one of these phages was further characterized and showed
hybridizing fragments identical to those of previously characterized pgal phages but different from
those observed for the other classes. As the gene library used had a high complexity we were able
to identify at least five different A.niger sequences related to the pgall gene, classes A-Ε. These
classes each contain independent phages and, therefore, do not reflect cloning artefacts.
Accordingly, the polygalacturonase gene of class С phages which was further characterized (see
below) has been designated pgaC - those of the other classes have been tentatively designated
pgaA, pgaB, pgaD and pgaE, respectively. The single phage of class F may represent a sixth
related sequence but could also contain part of the sequence present in phages of another class or,
less likely, it may result from a cloning artefact. The two phages of class G gave a much weaker
hybridization signal than phages of the other classes.
Expression of A.niger PG genes in A.nidulans
From previous results (Kester and Visser 1990; Bussink et al. 1991a,b) it was expected that the
identification of the PGs that are encoded by the p£a//-related sequences, following the
introduction of these sequences into the A.niger genome, would not be a straightforward task.
Therefore, we tested if A.nidulans could serve as a suitable host. Plasmids pGWISOO and
pGW1900 were used to cotransform A.nidulans G191 to uridine proto trophy, using a plasmid
containing the A.niger pyrA gene as the selectable marker. In general, the A.nidulans pGWISOO
and pGW1900 transformants produced higher levels of the A.niger PG than the corresponding
A.niger transformants (data not shown). Strains were obtained that secreted PGI as the most
abundant protein into the culture medium, and a further increase in enzyme yield was observed
upon using a higher phosphate concentration (Fig. 1) which had been previously seen with A.niger
(Archer et al. 1990). However, A.niger and A.nidulans showed a somewhat different response
since with A.nidulans, the high phosphate concentration used (110 mM) was effective in
preventing a large drop of the pH of the growth medium, and did not adversely affect the
formation of fungal biomass. Optimum PGI levels were observed around two days after
inoculation, after which the decreased intensity of the major band on Coomassie brilliant bluestained SDS-PAGE gels and the occurrence of minor bands of lower molecular mass, that were
also present earlier in the fermentation (Fig. 1) and could be seen on Western blots, indicated
some proteolytic degradation of PGI (data not shown)v The PGI produced by A.nidulans
transformants, at a level of about one gram per liter in batch culture, was enzymatically active
(Table 2) and showed the same apparent molecular mass as the PGI isolated from A.niger (Fig. 1).
The 7.8 kbp Bglft fragment of phage XC20 that hybridized to the pgall coding region from
pGWISOO was inserted into the ВатШ site of pUC9 and the resulting plasmid, pGW1910, was
further characterized (Fig. 2). The A.nidulans cotransformants constructed with pGW1910
produced a novel protein (Fig. 1), which was also detected on Western blots probed with
polyclonal antibodies raised against PGI and PGII (data not shown). This PG, designated PGC, has
an apparent molecular mass of 61 kDa, as estimated by SDS-PAGE in 10% Polyacrylamide gels.
The PG activity of culture filtrates of the PGC producing transformants (Table 2) was much lower
than that of filtrates which contained a very similar amount of PGI, indicating that these PGs have
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different enzymic properties (the characterization of PGC will be published elsewhere). Since 50%
of the transformants analyzed produced very similar amounts of PGC to the strain shown in Fig.
1, it would appear that genes coding for less-abundant A.niger PCs can be efficiently expressed in
A.nidulans. Thus, other phage DNA's were used to cotransform A.nidulans and novel PCs were
detected upon Western-blot analysis of the culture medium of strains transformed with DNA of the
phage classes A, B, D and E (Fig. 3), and in most cases these strains also produced a considerably
higher total PG activity than a strain transformed with the pyrA gene alone (Table 2) or the host

A

В

1 2

3

4

5

1 2

3

—a
— b
— с

- d

Fig. 1. High level expression of the A.niger pgal and pgaC genes in A.nidulans. Protein in the culture
medium of A.nidulans transformants grown for 46 h on pectin end sugar beet pulp medium with a low (LPJ
or a high (HPi) phosphate concentration was separated on a 10% SDS-polyacrylamide gel and stained with
Coomassie brilliant blue. The transformants shown are included in Table 2; the pgaC transformant was
constructed using the plasmid (pGW1910) described in Fig. 2. (panel A) Lane I: pyrA transformant
(control), LP;; lane 2: pgal transformant, LPjJ lane 3: pgal transformant, HP,; lane 4: pyrA transformant,
HP,; lane S: pgaC transformant, HP,. In each lane II μΙ of culture medium was loaded, (panel B) Lane I :
pgaC transformant, HP,; lane 2: pgal transformant, HP,; lane 3: PGI purified from a commercial A.niger
pectinase. Molecular mass markers (a: 92.5 IcDa; b: 67 kDa; c: 45 kDa; d: 29 kDa) are indicated. In lanes 1
and 2 1.1 μΙ of culture medium was loaded
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Fig. 2. Restriction map of the 7.8 kbp Bglll fragment that contains the A.niger pgaC gene. The proteincoding region (shaded bar) and the transcription direction (arrow) are indicated. In plasmid pGW1910 the
left side of the fragment as shown is adjacent to the Saß site in the pUC9 polylinker and this plasmid has no
Bglll sites. The insert of pGWI91I extends from the indicated Hindi site, which is not unique, to the Kpnl
site on the right. B, Bglll; E, EcoRl; S, Smal; K, Kpnl; H, Hindi; X, ATioI; Sp, Sphl
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Table 2. Production of polygalacturonase activity by A.nidulans G19I transformed with the pyrA gene and
by A.nidulans G191 cotransformed with A.niger polygalacturonase genes.
The samples were identical to those in Figs. 1 and 3 (HP; medium, collected 46 b after inoculation).

Gene

Transformant

pyrA

G19l(pGW635)2

pgal

G19l(pGW1900)6

510

pgaC

GI91(pGW1910)3

33

pgaA

GI91(XA)I

0.83

pgaB

G191(XB)3

8.7

pgaD

G191(XD)1

2.0

pgaE

G191(XE)8

1.5

Activity
(U/rnl)
0.72

— II

Fig. 3. Expression of the A.niger pgaA, pgaB, pgaD and pgaE genes in A.nidulans. Transformants were
grown in high phosphate medium as described in the legend to Fig. 1 and the culture media were analyzed
by Western-blotting, using a polyclonal antiserum raised against PGI and an alkaline phosphatase conjugated
secondary antibody. The transformants shown are included in Table 2. Lane 1: A.nidulans G191; lane 2:
pyrA transformant; lane 3: pgaA transformant; lane 4: pgaB transformant; lanes 5 and 7: pgaD transformant;
lanes 6 and 8: pgaE transformant. The samples were collected at 46 h (lanes I to 6) or 61 h (lanes 7 and 8)
after inoculation. The position of PGI and PGII is indicated by arrows. The band below the PGII marker in
lanes 7 and 8 represents an A.nidulans protein that was also observed in the 61 h samples of the other
transformants
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A.nidulans G191. Southern blot analysis of DNA isolated from these strains, using thepgall probe
under the hybridization conditions of moderate stringency, showed the presence of newly acquired
hybridizing sequences, which gave stronger signals than the pgaJI-re\ated sequences of A.nidulans
G191 itself (data not shown). Upon probing with λ DNA, phage λ sequences were also detected in
the DNA of the transformants. The expression of the A.niger pgaA, pgaD and pgaE genes in
A.nidulans resulted in products which showed an electrophoretic mobility similar to that of PGI,
and thus these PGs may correspond to PGs isolated from a commercial enzyme preparation (Rester
and Visser 1990). The PGE consisted of two major bands with a small difference in apparent
molecular mass, similar to the products of the A.niger pelA gene expressed in A.nidulans that have
been shown to diner in the extent of glycosylation (Kusters-van Someren et al. 1991). The
electrophoretic pattern of the putative products of the pgaD gene was more complex as several
forms with a considerable difference in apparent molecular mass were detected, and it can be seen
that their ratio changed during the fermentation. It is also possible that Ш phages contain more
than one PG gene. PGB resembles PGII with respect to its apparent molecular mass but these PGs
showed different immunochemical properties in that PGB was not detected with a PGIl-specific
monoclonal antibody and it gave a much stronger signal than the PGII control upon probing with
the polyclonal antibody raised against PGI, which has a low affinity to PGII (Kester and Visser
1990).
The nucleotide sequence ofthepgaC gene and the deduced amino acid sequence
The nucleotide sequence of the pgaC gene was determined from both strands of DNA (Fig. 4) and
the PGC-encoding nucleotide sequence was determined on the basis of homology of the deduced
amino acid sequence with those of other fungal PGs (see below). The presence of three introns in
the pgaC gene was inferred by the presence of introns at the corresponding positions in other
fungal PG genes (see below), shifting of the reading frame (introns В and С) and the occurrence of
in-frame stop codons in all three introns. The sequences found at the splice sites and the conserved
internal sequence CTRAC, which in the pgaC introns starts 16 or IS nucleotides before the 3'
splice site, are identical to or closely resemble those in other fungal introns (Gurr et al. 1987).
The deduced amino acid sequence of PGC has an NH2-terminal extension of 40 amino acids
before the putative start of the mature protein (see below). Thus, the PGC precursor is probably
cleaved after a pair of basic amino acids as is also the case for some other secreted fungal proteins
(Calméis et al. 1991), including the PGI precursor. In addition, a possible signal peptidase
cleavage site is also found after Ala-16 (von Heijne 1986), suggesting that PGC is synthesized as a
prepro-protein. The molecular mass of the mature PGC calculated from the deduced amino acid
sequence, namely 36.2 kDa, is much lower than the value estimated from SDS-PAGE, as has also
been observed for PGI (Bussink et al. 1991b).
The codon usage of the pgaC gene, in which SS different sense codons occur, is much less
biased than that of the pgal gene and more closely resembles the codon usage in the pgall gene
(data not shown).
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Homology of fungal PGs
The deduced mature amino acid sequence of PGC shows a high degree of sequence identity with
those of other fungal PGs, namely 60.9% with PGI, 55.9% with PGII and 57.9% with the PG of
Cxarbonum (Scott-Craig et al. 1990) and amongst all these PGs 36.5% of the amino acids are
conserved. The sequence of mature PGC is 8 amino acids longer than that of PGII, whereas the
mature PGI, PGII and Cxarbonum PG sequences only differ in length by at most two amino
acids. The two single amino acid insertions which are found in the PGI sequence with respect to
that of PGII, are also present in the PGC sequence. In addition, at five different positions in the
PGC sequence insertions of 1 to 3 amino acids have occurred, including the extension of two
amino acids at the C-terminus. Also, a single deletion of two amino acids is observed with respect
to the sequences of the three other fungal PGs (the alignment is shown in chapter 7). An alignment
of the NH2-terininal amino acid sequences of these PGs with those of the major PGs of
Colletotrichum ¡indemuthianum and Sclerotinia sclerotiorum (Keon and Waksman 1990) is shown
in Fig. 5. The occurrence of insertions or deletions at two positions in this region underscores the
intermediate position of the PGI sequence with respect to the PGC and PGII sequences. It can be
seen that the NHj-terminal amino acid sequences of the Cxarbonum PG and the С ¡indemuthianum
PG closely resemble the A.niger PGII sequence, as opposed to the corresponding S.sclerotiorum
sequence which shows the same insertions or deletions as the PGC sequence.

S.s

ATTGTFSGSSGMxASKSKASSARIVLKALAVPxGTTLDLTGLTaFTK

PGC

ATTCTFSGSEGASKASKSKTSCSTITLSOVAVPSGTTLDLSOLNDGTH

PGI

ASTCTFT---SASEASES1SSCSDWLSS1EVPAGETLDLSDAA0GST

PGII
C.C
СI

DS-CTFT---TAAAAKAGKAKCSTITLNNIEVPAGTTLDLTGLTSGTK
DG-CTFT---DAATAIKNKASCSNIVISGMTVPAGTTLOLTGLKSGAT
AS-xTFT---DAAAAlKGKASxTAIILKDIWPAGTTLDLTxLKSGTH

**t

_# t *

** # # *#** p

Fig. 5. Conserved ammo acid insertions or deletions in fungal polygalacturonases. The NH2-termmfll amino
acid sequences of three A.niger polygalacturonases (PGC, PGI, PGII) and those of S.sclerotiorum (S.s),
C.carbonum (C.c) and C.¡indemuthianum (C.I) polygalacturonases are shown. Where alignment has been
improved by the introduction of insertions this is marked by dashes, and non-assigned amino acids in the
S.sclerotiorum and C.¡indemuthianum sequences are represented by a lowercase "x". Conserved amino acids
are indicated by asterisks and conservative substitutions by points

Intron-exon organization ofPG genes
The pgaC gene contains three introns, the highest number found for a fungal PG gene so far. The
introns in the other two sequenced A.niger PG genes occur at the same position and in the same
phase of the reading frame as introns in the pgaC gene, as inferred from the derived amino acid
sequences; the similarity of these introns is very low. The only intron in the pgall gene
corresponds to intron В in the pgaC gene, and the two introns in the pgal gene correspond to
introns A and В in pgaC. Thus, the number of introns in the respective A.niger PG genes reflects
64

the degree of similarity of these genes as judged from the amino acid sequences. An intron
corresponding to the only intron of the C.carbonum PONI gene (Scott-Craig et al. 1990) is not
found in any of the three sequenced A.niger PG genes; the corresponding position in the pgaC
gene would be between the codons for Lys(145) and Phe(146). From the aligned fungal PG amino
acid sequences it would appear that the gain or loss of introns is not associated with deletions or
insertions in the protein sequences. In the cases of intron A and the C.carbonum intron it is
difficult to determine whether these introns are homologous, as defined by Patthy (1987), to an
intron in the tomato PG gene that contains eight introns (Bird et al. 1988). Introns В and С are
present in a homologous region of PCs of different origin (Bussink et al. 1991a), which allows a
relatively accurate amino acid sequence alignment that indicates that these A.niger introns and the
tomato introns at similar positions are separated by nucleotide sequences encoding conserved
amino acid sequences. Moreover, these plant and fungal introns occur in different phases of the
reading frame. Therefore, introns В and С in the A.niger genes are not homologous to introns in
the tomato PG gene.
Conserved sequences in the upstream region of the A.niger PG genes
The pgaC gene contains a possible TATA box at position -110 with respect to the translation
initiation codon, followed by pyridimine-rich stretches. Besides these frequently observed fungal
promoter elements (Gurr et al. 1987) there is no apparent similarity between the S' upstream
sequences of the A.niger PG genes. Recently, we analyzed the expression of the A.niger pgali
gene by a deletion approach (chapter 4), from which it was concluded that the sequence between
positions -799 and -576 with respect to the translation initiation codon is essential for high level
gene expression. A search for the presence of yeast regulatory DNA sequences (Verdier 1990) in
this region revealed a sequence (Fig. 6) of high identity with the upstream activation site UAS2 of

CTC1 (UAS2UP1)

CAGCGTTGATTGGTGGATCAAGC

ρβι11 (N400)

-639 G A C C G T T C A T T G G T G G A A C T A G C -617

peal I (NU756)

-632 A A T C A T T C A T T G G T G G A A T T T G C -610

pgal

-206 C C T C C A T T A T T G G T G G A A A G A C C -228

pgaC

-359 A G G T A A T C A T T G G T G G A G A T A A C -381

pga consensus

TYATTGGTGGA

yeast consensus

TNATTGGT

Fig. 6. A conserved sequence ш Aspergillus polygalacturonase genes shows similarity to a yeast upstream
activation site in the CYCI gene. The asterisks indicate the matches between the yeast UAS2UP1 and the
A.niger N400 pgali gene. The second pgal I sequence is from A.tubigensis NW756. The positions of the S'
start (on the left) and the 3' end (on the righi) of the sequences are given with respect to the translation
initiation codon and also indicate the orientation of the sequences
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the Saccharomyces cerevisiae CYC1 gene (Guarente et al. 1984). The pgall gene of A.niger shares
19 out of 23 nucleotides with the UAS2 having the UP] point mutation, a sequence identity which
is even higher than that of the pgaJI genes of the closely related species A.niger and A.tubigensis
in this region (Bussink et al. 1991a). Homologous sequences are present in the pgal and pgaC
genes, in the reverse orientation and closer to the putative TATA boxes. The consensus sequence
derived from the A.niger PG genes has ten conserved nucleotides, including a CCAAT sequence
on the opposite strand, and is an extended version of the yeast consensus sequence derived from
the CYC1, COX4 and HEM] genes (Keng and Guarente 1987). The PG sequence, or a sequence
closely resembling it, was not found in the C.carbonum PGN1 gene, or in any of the four
characterized A.niger pectin lyase genes (Gysler et al. 1990; Kusters-van Someren and Visser
1991; Kusters-van Someren et al. 1991, 1992). On the other hand, a similar sequence that
conforms to the yeast consensus is present in a regulatory region of the Neurospora crassa am
gene encoding the NADP-specific glutamate dehydrogenase (Frederick and Kinsey 1990).
The relevant region of the A.niger pgall gene was also scanned for hexanucleotide sequences
conserved in the upstream regions of all the other seven characterized pectolytic Aspergillus genes.
The sequence CCCTGA occurs at least once in all these genes, and also in the C.carbonum PGN1
gene, on either strand of DNA and always before the putative TATA box; the pgaC gene has two
copies in the same orientation, from position -644 to -639 and from -14S to -140. In some cases a
higher degree of identity is observed. For example, the sequence CCCTGACCYA is found in the
pgaC, pgal, pelB and pelC genes.
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Discussion

The A.niger PGs are encoded by a family of at least seven genes. The products of the five newlyisolated PG genes were identified by expression of these genes in A.niduians, which was used as a
heterologous host as early experiments suggested that its own PG(s) (Dean and Timberlake 1989b)
would not interfere with the identification of the A.niger PGs. It is likely that these PGs are
endoPGs but conceivable that an exoPG gene was also isolated, since an exoPG (He and Collmer
1990) shows similarity to endoPGs. Unexpectedly, the A.niduians transformants produced much
more PGI and PGII than A.niger transformants, for which the basis remains to be elucidated. As
preliminary experiments indicate that it is not the result of higher gene copy number in the
A.niduians transformants, it reflects differences between these fungi. These may be physiological
differences, such as the proteolytic activity of the culture medium (Carrez et al. 1990). There are
also indications that the A.niger PG genes in A.niduians transformants are not regulated as they are
in A.niger. For example, A.niduians transformants, but not A.niger transformants (Bussink et al.
1991a), produced PGII on glucose as the sole carbon source (data not shown) - this has also been
observed for pectin lyase A synthesis by pelA transformants (Kusters-van Someren et al. 1991).
Furthermore, A.niger secretes very little PGI into the medium with NH4C1 used in the present
study (Bussink et al. 1991b). The PGI and PGII isolated from A.niduians transformants appear to
be identical to the enzymes isolated from A.niger, also with respect to activity on complex
substrates, as is indicated by the ability of the PGII isolated from A.niduians to macerate cucumber
tissue (unpublished result). Therefore, we will further use the expression of subcloned PG genes in
A.niduians to purify and subsequently characterize the respective proteins.
The present results show that the A.niger PG genes have arisen by gene duplications and the
subsequent divergence of the duplicated genes, and suggest that these events may have predated the
speciation of some filamentous fungi. One of the striking features of the A.niger PG genes is the
diverged intron-exon organization, which can be explained by the gain or the loss of two single
introns. In other fungal gene families the introns may be conserved, such as in the α-amylase
genes of both A.oryzae (Wirsel et al. 1989) and A.niger var. awamori (Koraian et al. 1990) which
show a very high sequence identity, also in the introns. The three highly homologous Mucor
racemosus EF-la genes share one intron that also shows a high sequence identity, whereas a
second intron, that is present at identical positions but is not conserved in sequence, is found in
only two of these genes (Sundstrom et al. 1987). The intron that the PG genes have in common
does not show sequence similarity and the pgal intron starts with the unusual dinucleotide GC,
whereas the corresponding pgaJI and pgaC introns conform to the GT boundary rule. On the other
hand, the intron distributions of the Trichoderma reesei cbhl and egli genes (Penttilä et al. 1986)
and the A.niger pectin lyase genes are more complex than that of the sequenced A.niger PG genes.
The peiA, pelB, and pelD genes each have four putative introns, two of which are shared amongst
all three genes, while the other two are shared with only one of the other genes (Kusters-van
Someren et al. 1992). On the basis of a comparison of several homologous A.niduians and
N.crassa genes, it has recently been suggested that in the evolution of the filamentous
Ascomycetes, introns have been acquired or lost rather freely (Sandeman et al. 1991). While the
analyses of the A.niger PG and PL gene families support this suggestion, they show the divergence
of the intron-exon organization of genes of a single organism.
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The classical genetics of the pectolytic system of fungi is still largely unknown and, therefore,
little is known about the regulation of the corresponding genes, which may be very complex. For
example, in A.nidulans a mutation in the creA gene that is involved in carbon catabolite repression
resulted in pedate lyase mRNA overproduction by cells grown in medium containing
polygalacturonic acid as sole carbon source, but did not relieve carbon catabolite repression by
glucose (Dean and Timberlake 1989a). Genetic evidence for the requirement of an inducer
molecule and for concerted regulation of PG and PL genes comes from a Venicillium albo-atrum
mutant which was unable to utilize galacturonides and was therefore deficient in production of
inducible PG as well as PL (Durrands and Cooper 1988). The characterized A.niger PL and PG
genes are primarily regulated at the level of transcription (Kusters-van Someren et al. 1991, 1992;
Bussink л al. 1991а) and thus the conserved sequence observed in these genes may be a binding
site for a possible regulatory protein mediating pectin-inducible expression. In addition to this
sequence, the PG genes share another upstream sequence that is highly similar to a yeast upstream
activation sequence, suggesting that these are recognized by similar regulatory factors. The
heteromeric activation complex bound at UAS2 of the CYC1 gene consists of at least three
proteins, HAP2, HAP3 and HAP4 (reviewed by Forsburg and Guarente 1989a). The HAP2/3/4system activates the genes under its control when cells are shifted from glucose to a
nonfermentable carbon source and, interestingly, levels of HAP4 RNA are also regulated by
carbon catabolite repression (Forsburg and Guarente 1989b). The yeast HAP2/3/4 regulatory
complex is similar to the mammalian heteromeric CCAAT-binding transcription factors in that the
DNA-binding properties of a factor from HeLa cells, CP1, and of the yeast complex are virtually
identical. Subunits of CP1 and HAP2/HAP3 are also functionally interchangeable in vitro
(Chodosh et al. 1988, Forsburg and Guarente 1989a). Despite the shared structural features,
HAP2/3/4 is a mediator of carbon catabolite control whereas CP1 is apparently a constitutive
transcription factor (Forsburg and Guarente 1989b). Although the relevance of the CAAT-motif in
filamentous fungal genes has not been demonstrated (Gurr et al. 1987), a CCAAT-binding factor
has recently been detected in A.nidulans (van Heeswijck and Hynes 1991). As the target sequence
of this protein in the amdS gene differs from the sequence found in the PG genes, it would be
interesting to know the sequence specificity of this protein and to investigate the role of the
CCAAT-boxes in the respective genes. For the moment, the presence of the conserved sequence in
the A.niger PG genes supports the hypothesis that these genes are co-regulated at the level of
transcription but this requires confirmation by detailed deletion and mutational analysis.
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Summary and general discussion
In this thesis, studies on the polygalacturonase-encoding gene family of A.niger are described.
During the course of these investigations other reports have been published on the gene coding for
the major polygalacturonase (PG) of A.niger RH5344 (Ruttkowski et al. 1990, 1991), a PG gene
of C.carbonum (Scott-Craig et al. 1990), the A.niger pectin lyase-encoding gene family (Gysier et
al. 1990; Harmsen et al. 1990; Kusters-van Someren 1991; Kusters-van Someren et al. 1991a,b)
and an A.niger gene coding for pectin methylesterase (Khanh et al. 1990, 1991).
The A.niger PGs are encoded by a family of at least seven genes. The pgall (chapter 2) and
pgal (chapter S) genes which encode the most abundant PGs found in a commercial pectinase
preparation, namely PGII and PGI (Kester and Visser 1990), were isolated using specific
oligonucleotide probe mixtures. Five other PG genes were isolated by heterologous hybridization
with the pgall gene and one of these, the pgaC gene coding for PGC, was also sequenced (chapter
6). The A.niger PG genes have diverged significantly in that, for example, PGI, PGII and PGC
show 56-61% amino acid identity between the mature proteins (see below). The NH3-terminal
sequences of the primary translation products as deduced from their DNA sequences suggest that
these three PGs are made as preproproteins, whilst the structure of the putative propeptides is quite
different (see below). Another striking feature of the three sequenced A.niger PG genes is the
diverged intron-exon organization, which can be explained by the gain or loss of two single
introns. It appears that in the evolution of the filamentous Ascomycetes and related fungi
imperfecti, introns have been acquired or lost rather freely (discussed in chapter 6). In addition to
the A.niger PG genes, the pgall gene of A.tubigensis, a recently recognized species which is
closely related to A.niger (Kusters-van Someren et al. 1991a), was isolated and characterized
(chapter 3). While the structures of the A.niger and A.tubigensis pgall genes are very similar,
showing 90% identity in the protein coding regions and 94% at the amino acid level, they also
have diverged significantly. Importantly, both A.niger and A.tubigensis have been used for the
production of commercial pectinases which are applied in the food and beverage industry. The
cloned PG genes were successfully expressed in A.niger and/or A.nidulans in order to obtain PGoverproduction, to study gene regulation and to identify the PG gene products of those genes
isolated by heterologous hybridization (see below).
The availability of transformation systems for Aspergillus has opened up many possibilities for
studying genes and for strain breeding by molecular means (Fincham 1989). In this investigation,
the cloned PG genes were introduced into the A.niger or A.nidulans genomes by cotransformation
using the A.niger pyrA gene as the selectable marker (Goosen et al. 1987; van Haitingsveldt et al.
1987). In the case of the A.niger pgall transformants, the highest producing strain analyzed
yielded about S0-fold excess of correctly processed PGII (chapter 2), in a regulated manner
(chapter 3). Therefore, these transformants were characterized in detail (chapter 4). In most cases
the transforming DNA was found to be integrated at ectopic sites with respect to both the pyrA and
pgall genes; thus, the presence of excess cotransforming plasmid affects the site of integration of
the plasmid containing Û\e pyrA gene. As in the case of other A.niger transformants (references in
chapter 4), some mitotic instability was observed upon application of a positive selection procedure
for reversion of the pyrA marker. Analysis of revenants of a strain in which the transforming
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DNA had integrated in the pgaJI gene - in which transformant homologous recombination could
therefore lead to the excision of the complete plasmid-integrate - showed however that the most
frequent event involved is the excision of only part of the array of tandemly integrated plasmids by
homologous recombination. Proper strain maintenance is therefore required. PGI-overproducing
A.niger transformants were also obtained (chapter S) but, like the untransformed strain, these
produced very little PGI on a medium optimized for the production of PGII, i.e. with NH.CI,
instead of urea as nitrogen source, as used for PGI-production, and pectin and sugar beet pulp as
carbon source (chapter S). As it was expected that the identification of those PGs encoded by the
other PG genes isolated would not be a straightforward task following the introduction of these
genes into the A.niger genome, they were therefore expressed in A.nidulans (chapter 6).
Surprisingly, A.nidulans transformants secreted high levels of PGI and PGII in comparison to the
corresponding A.niger strains. Also, PG-production was observed using conditions unfavourable
for PG production in A.niger, with glucose as the carbon source in the case of ρgalI transformants
and with NH4C1 as the nitrogen source in the case of pgal transformants. With regard to tiaepgaA,
pgaB, pgaD and pgaE genes, cotransformants were constructed using phage DNA without prior
subcloning of these genes. These A.nidulans transformants produced novel PGs as indicated by
Western-blot analysis using a polyclonal antibody raised against PGI and in most cases also by
activity measurements. PGA, PGD (one of three forms) and PGE showed apparent molecular
masses similar to that of PGI, and thus these PGs may correspond to PGs isolated from a
commercial enzyme preparation by Kester and Visser (1990). PGB however, which resembles
PGII with respect to its apparent molecular mass, was not isolated by these investigators. One may
expect that these less-abundant PGs are produced at very high levels by A.nidulans following the
subcloning of the genes in plasmid vectors and the construction of multicopy transformants. This is
indicated by the case of the pgaC gene in which strains producing about one gramme of PGC per
litre have already been obtained. As the specific activity of PGC is much lower than those of the
previously characterized PGs (Kester and Visser 1990), it probably represents a novel PG. Highlevel production of the less-abundant A.niger PGs by A.nidulans facilitates purification of these
enzymes to obtain preparations free of contaminating pectolytic activity, a requirement for further
studies on these PGs. Also, the PG genes may be expressed from a strong glycolytic promoter in
A.niger (Kusters-van Someren et al. 1992).
A.niger apparently has a need for a number of isoenzymes of pectin-depolymerizing enzymes,
both pectin lyases (PLs) and polygalacturonases. The presence of multiple genes allows separate
regulation of the expression of isoenzymes which have different functional properties. For
example, the most abundant PGs, PGI and PGII, are both inducible by pectic substances though
the ratio of these activities is dependent on the specific growth conditions (chapters 3 and S).
There may also be an enzyme, possibly primarily located in the fungal cell wall, which is
produced constitutively at low level and may have importance in the release of inducers to trigger
the synthesis of the other PGs and PLs. Most likely, however, is that the large number of PG and
PL genes reflects the complex chemistry of pectin degradation. For example, the PGs may show
differences with respect to their apparent activities as a function of the degree of (methoxyl)
esterification of the substrate or, perhaps, their activities on acetylated substrates. Moreover, there
could be differences between the PGs regarding specifically their activities on pectic substances
within plant cell walls - these differences may not be revealed by testing the activity of the
respective PGs on solubilized substrates in vitro. The involvement of PGII in the degradation of
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such complex substrates has been established as this enzyme macerated cucumber tissue
(unpublished result) using conditions similar to that described by Ishii (1976). Little is known,
however, about the other less-abundant A.niger PCs. In this regard, the large number of A.niger
enzymes involved in pectin depolymerization is probably important in enabling this saprophytic
fungus to increase the susceptibility of plant cell-walls to degradation by other plant cell walldegrading enzymes such as glucanase and proteinase (Karr and Albersheim 1970; Talmadge et al.
1973; Keegstra et al. 1973). It can be expected that PG-encoding gene families will be found in
other fungi (Durrands and Cooper 1988), although in the case of the maize pathogen Cochliobotus
carbonum the available evidence points to, but does not prove, the existence of a single endoPGencoding gene (Scott-Craig et al. 1990; Walton and Cervone 1990). In this connection, it may be
of relevance that monocotyledonous plants (e.g. maize) contain less pectin than dicotyledons,
which appears to be reflected by the differences in the spectra of cell wall-degrading enzymes
produced by the pathogens of the respective host plants (Cooper et al. 1988). There is also
evidence for plant pollen-expressed PG gene families in Oenothera organensis (Brown and Crough
1990) and maize (Niogret et al. 1991). Three different maize cDNA clones showed only 1%
nucleotide sequence divergence and encoded the same PG, indicating that the corresponding genes
are very closely related.
The amino acid sequences of the three characterized A.niger PGs and the C.carbonum PG show
considerable similarity (Fig. 1). The NH2-terminal amino acid sequences of the A.niger PGs
display characteristic amino acid insertions or deletions that are also observed in PGs of
phytopathogenic fungi, i.e. in this respect the most abundant PG of Sclerotinia sclerotiorum
resembles PGC and that of Colletotrichum lindemuthianum, like the С carbonum PG, resembles
PGII (chapter 6). It has been previously observed that the amino acid composition of an A.niger
PG, probably PGII, is very similar to those of PGs from other fungi (Cervone et al. 1986). In
addition, the amino acid compositions of the PGs as deduced from the sequenced genes are very
similar with respect to most amino acids. There are however striking differences in the numbers of
the charged amino acids aspartic acid, glutamic acid and lysine, which could be of consequence to
the properties of these enzymes [cf. PGC (38 D, 18 E, 11 K), PGI (34 D, 15 E, 15 K), PGII (22
D, 12 E, 20 K) and the PG of C.carbonum (17 D, 5 E, 22K)]. PGI contains 8 cysteines which are
conserved in the other PGs and may indicate the presence of conserved disulfide-bridges. Besides
the conserved cysteines, one or two other cysteine residues are found in the other PGs but do not
occur at similar positions. PGI and PGII contain small JV-1 inked glycans as indicated by enzymatic
deglycosylation (chapter 5). This is also the case for PGC (unpublished result) which from DNA
sequence analysis has a single potential jV-glycosylation site. The conserved Af-glycosylation site in
the A.niger PGs (Fig. 1) is thus considered a functional site but is not present in the C.carbonum
PG which is itself a glycoprotein (Walton and Cervone 1990) containing two potential Nglycosylation sites not present in the A.niger PGs.
Endopolygalacturonase is thought to act by general-acid catalysis (Rexová-Benková and
Mracková 1978), a common mechanism for enzymatic hydrolysis of glycosidic bonds (Fersht
1985; Sierks et al. 1990; Henrissat et al. 1989). The effect of pH and temperature on PG activity
suggested the protonated imidazole group of a histidine to be the general-acid catalyst (RexováBenková and Mracková 1978), as opposed to an un-ionized carboxyl group as has been described
for lysozyme and glucoamylase. The presence of an essential histidine was further indicated by
chemical modification studies (references in chapter 3). The pH effect on PG activity and more re-
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Fig. 1. Compensan of the deduced amino acid sequences of PGC, PGI, PGII
and the PG of C.carbonum (PG). Where alignment has been improved by the
introduction of insertions this is marked by dashes, conserved ammo acids are
indicated by asterisks and conservative substitutions by points. Possible
catalytic residues (»), conserved cysteines (c) and the conserved Nglycosylahon site in the A.niger PCs (#) are indicated
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cently chemical modification data (Rexová-Benková 1990) also indicated an essential ionized
carboxylate group, which is considered to stabilize the carboxoniura ion intermediate of the
reaction (Fersht 1985; Sierks et al. 1990). A homologous region was found in PGII, a tomato PG
and bacterial PGs (chapter 3). Outside this region, these proteins show only a low similarity upon
multiple sequence alignment thus making it likely that the catalytic groups are present therein. The
region contains a single conserved histidine plus three conserved acidic amino acids, all of which
are aspartic acids, and is also found in the other fungal PGs (Fig. 1), the putative PG of Oenothera
organensis (Brown and Crouch 1990), the maize PG (Niogret et al. 1991) and an exoPG of
Envinia chrysanihemi (He and Collmer 1990). These amino acids are, therefore, prime candidates
for site directed mutagenesis experiments as a part of further studies on the catalytic mechanism of
polygalacturonase.
As expected for secreted proteins, PGII, PGI and PGC are synthesized as precursors with an
NH2-tenninal extension (chapters 2, S and 6, respectively). The start of the mature PGs is however
not preceded by a likely signal peptidase cleavage site (von Heijne 1986) and, therefore, it is likely
that the fungal PGs are synthesized as preproproteins which are first cleaved by a signal peptidase
and subsequently by another processing enzyme. Cleavage of propeptides is of general interest
(Breiman 1989) also with respect to applications for the production of heterologous proteins
initially synthesized as fusion proteins (Contreras et al. 1991; Seeboth and Heim 1991). The
putative propeptide of the PGC precursor ends in a pair of basic residues (Lys-Arg) as has also
been found for some other fungal proteins (Calméis et al. 1991; Ritch et al. 1991) and it seems
reasonable to assume that this propeptide is cleaved by a dibasic processing enzyme related to the
KEX2-encoded protease of S.cerevisiae (Innes et al. 198S; Fuller et al. 1988) and human furin
(van de Ven et al. 1990). The putative propeptide of the PGI-precursor which ends in a pair of
lysines could be removed by the same enzyme but, conspicuously, the yeast Kex2 enzyme cleaves
poorly after a pair of Lys residues (Brenner and Fuller 1992). On the other hand, the putative
propeptide of the PGII precursor has a monobasic processing site and shows similarity to possible
propeptides of otherwise unrelated proteins (chapter 3). The cumulative sequence of the six amino
acids preceding the processing site on the basis of five proteins is: [Ser(4)/Val(l)]^[Pro(4)/Gly(l)].5-[Leu(4)/Ile(l)]^-[Glu(3)/Asp(2)].3-[Ala(4)/Glu(l)].2-[Arg(5)].1 ; these proteins are
PGII, o-sarcin and CBHII (see chapter 3), the PG of C.carbonum (Scott-Craig et al. 1990) and
restrictocin, a protein produced by Aspergillus restrictus which is homologous to a-sarcin (Lamy
and Davies 1991). Processing at monobasic sites is also often found for peptide precursors in
higher eukaryotes and from the primary sequences of over a hundred processing sites a series of
rules and tendencies that govern monobasic cleavages has been recently proposed (Devi 1991). The
sequence of the A.niger glucose oxidase precursor (Frederick et al. 1990) is in agreement with
these rules thus suggesting that they may also be relevant for processing at monobasic sites in
filamentous fungi. However, the sequences of the PGlI-related propeptides conflict with the rules
of Devi, in particular by the absence of a second basic amino acid in the propeptide. In addition,
the PGs and CBHII have a "forbidden" cysteine near the cleavage site. Thus, the specificity of the
monobasic processing enzymes which cleave precursors in higher eukaryotes appears to be
different from that of the enzyme that cleaves the propeptide of the PGII precursor. A plausible
explanation for the similarity observed in some fungal monobasic propeptides is that it reflects
sequence requirements of the processing enzymes. ТЪе role of the often short propeptides in
filamentous fungal protein precursors is not clear. In the case of the A.niger PGs, an attractive
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possibility is that the propeptide forms a functional unit with the signal peptide to facilitate efficient
signal function and accurate removal of the signal peptide (Wiren et al. 1988). In this view, the
presence of the propeptide could relieve signal peptide function and cleavage from constraints that
might otherwise be imposed by adjacent sequences. While this suggestion provides a simple
explanation for the fact that all A.niger PGs analyzed so far and the homologous C.carbonum PG
are - likely to be - synthesized as preproproteins with dissimilar propeptides, it requires
confirmation by experiment.
There is little information on the regulation of pectolytic A.niger genes due to the lack of
specific and well characterized mutants. Factors important for the optimization of enzyme
production however have been extensively discussed in the literature (references in Whitaker
[1990] and Kusters-van Someren [1991]). D-galacturonic acid induces pectolytic enzymes in a
number of fungi (e.g. Phaff 1947), and a Venkillium albo-atrum mutant which was unable to use
this compound as the carbon source was deficient in inducible PGs and PLs (Durrands and Cooper
1988). The production of PGs by A.niger N400 (chapter 3) and A.nidulans (Dean and Timberlake
1989) requires the presence of pectic substances in the growth medium though these fungi do not
produce substantial amounts of PG when they are grown on galacturonic acid as sole carbon
source. This may be due to carbon catabolite repression, as in the case of V.albo-atrum (Cooper
and Wood 1973). Repression of A.niger PG production by glucose has been reported to act both at
the level of transcription (Tahara et al. 1975) and the level of translation (Shinmyo et al. 1978). It
is thus possible that the expression of the ρgall gene which encodes the major PG is also regulated
at the level of translation but this has not been further investigated as the results presented here
indicated that it is primarily regulated at the level of transcription (chapters 3 and 4). Deletion
analysis of this gene indicated that it is subject to positive control and as it is expressed efficiently
at high copy numbers it would appear that the putative positive regulatory protein is not limiting
for gene expression under the appropriate physiological conditions (chapter 4). On the basis of
extensive similarity between a yeast CYCI upstream activation site and a sequence in the
regulatory region of the pgall gene as identified by deletion analysis, such a regulatory protein
could be a CCAAT-binding protein showing similarity to the yeast HAP2/3/4 activation complex
(chapter 6). Its possible DNA binding site TYATTGGTGGA is conserved in the Aspergillus PG
genes, though it is absent in the A.niger PL genes (chapter 6). The yeast HAP2/3/4-system
activates the genes under its control when cells are shifted from glucose to a nonfermentable
carbon source, such as glycerol (Bowman et al. 1992). Interestingly, glycerol is also considered an
intermediate of D-galacturonate catabolism in A.nidulans (Hondmann et al. 1991). Of course,
other positive and negative regulatory proteins may be involved in the regulation of pectolytic
A.niger genes.
The results described in this thesis contribute to our knowledge about fungal PGs and fungal
gene structure, and there are good perspectives for applications. They provide a basis for further
studies on PG structure and on the regulation of PG gene expression, and make it possible to
address the specific roles of the less-abundant A.niger PGs in the degradation of pectin.
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Samenvattting

Polygalacturonase (PG) behoort tot de pectine-afbrekende (pectolytische) enzymen Pectine is een
structureel polysaccharide dat voorkomt in de middenlamel en in de primaire cel wand van hogere
planten

De hoofdketen van

het polysaccharide bestaat

galacturonzuur-eenheden en verder uit rhamnose
galactose

aangetroffen

grotendeels

uit methylveresterde

In de zijketens worden o a

Pectine wordt door pectine

esterase

arabinose en

verzeept tot pectaat

galacturonzuur), waarbij methanol vrijkomt PG depolymenseert pectaat d m v

(poly-

hydrolyse, pectine

lyase en pectaat lyase breken pectine resp pectaat af door een β-eliminatie reactie Pectolytische
enzymen worden geproduceerd door een groot aantal organismen en worden met name bestudeerd
in relatie tot differentiatie van planten, de virulentie van fytopathogene bacteriën en schimmels, en
toepassingen in de verwerking van agrarische producten In de levensmiddelentechnologie worden
pectolytische

enzymen

vruchtensappen

van

vooral

Aspergillus niger

gebruikt,

voor

de

productie

van

De saprotyte schimmel A mger produceert, wanneer een geschikt substraat

aanwezig is, verschillende PGs die worden uitgescheiden in het kweekmedium
Het doel van het in dit proefschrift beschreven onderzoek was het verkrijgen van inzicht in het
voorkomen en de structuur van de verschillende A mger PGs en de structuur en expressie van het
overeenkomstige gen cq genen Hootdstuk 1 geett een kort literatuuroverzicht van pectolytische
enzymen In de hoofdstukken 2 tot en met 4 worden de klonering van het gen dat codeert voor het
"belangrijkste" PG, PGII, en de analyse van dit gen en PGII-overproducerende A mger
transtormanten beschreven Een ander A mger PG gen, dat voor PGI codeert, en vervolgens de
andere leden van de PG genfamilie worden behandeld in resp hoofstuk S en hootdstuk 6 In
hoofdstuk 7, tenslotte, worden de resultaten samengevat en bediscussieerd
PGII en, in mindere mate, PGI zijn de enzymen die verantwoordelijk zijn voor het overgrote
deel van de PG activiteit van een industrieel pectolytisch preparaat Deze PGs werden verder
gekarakteriseerd en bleken, op grond van partiele aminozuurvolgorden, te worden gecodeerd door
verschillende genen Deze genen werden geïsoleerd met behulp van specifieke oligonucleotiden
Vijf andere polygalacturonase genen, coderend voor PGA tot en met PGD, werden opgespoord
dmv

heterologe hybridisatie met het voor PGII coderende gen Van de pgal, pgall en pgaC

genen, die coderen voor resp PGI, PGII en PGC, werd de primaire structuur opgehelderd De
verschillende PG genen lijken te zijn ontstaan door genduplicaties en verdere divergentie, waarbij
het pgal gen een tussenliggende positie inneemt t o ν de andere twee gekarakteriseerde A mger
genen In onderlinge vergelijkingen vertonen de drie gerijpte A mger PGs voor 56-61% identieke
volgorde van aminozuren Een dergelijke mate van gelijkenis wordt ook gevonden tussen een PG
van de fytopathogene schimmel Cochhobolus carbonum en de drie A mger PGs, terwijl er sterke
aanwijzingen zijn dat PGs van twee andere fytopathogene schimmels ook op A mger PGs lijken
PGs geproduceerd door bacteriën en planten vertonen ook homologie met de schimmel-PGs,
hoewel de overeenkomst in aminozuurvolgorde relatief klein is Op grond hiervan, alsmede op
grond van gegevens uit de literatuur met betrekking tot de aard van katalytische groepen in PGs,
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zijn aminozuren aangegeven die mogelijk direct betrokken zijn bij de katalyse, namelijk één van
drie mogelijke asparaginezuur-residuen en een specifieke histidine. De eigenschappen van de NH2terminale aminozuurvolgorden van de primaire translatieproducten van de A.niger PG genen, zoals
afgeleid

van de corresponderende

DNA sequenties, suggereren dat deze PGs worden

gesynthetiseerd als precursors die tijdens het transport twee proteolytische klievingen ondergaan;
nl. eerst door een signaalpeptidase en vervolgens door een ander proteinase dat splitst achter één
(PGII) of twee (PGI en PGC) basische aminozuren die aanwezig zijn vóór de NH2-terminus van de
gerijpte eiwitten. De vermeende propeptiden van de A.niger PG precursors vertonen weinig
structurele overeenkomst, maar dat van de PGII precursor vertoont wel horaologie met andere
vermoedelijke propeptiden met een enkel basisch aminozuur (Arg) in precursors van niet homologe
eiwitten, die geproduceerd worden door andere filamenteuze schimmels. De vertaalde sequenties
van de genen die coderen voor PGII, PGI en PGC worden onderbroken door resp. één, twee en
drie intronen. Deze intronen worden, voor zover aanwezig, wel op corresponderende posities
aangetroffen.
De productie van PGI en PGII door A.niger blijkt afhankelijk te zijn van de aanwezigheid van
pectine in het kweekmedium. De verhouding van de hoeveelheden van deze PGs in het
kweekmedium is echter variabel. Deze verhouding wordt sterk beïnvloed door de specifieke
kweekcondities, bijv. door de complexe koolstotbron (pectine of suikerbietenpulp) en de
stikstotbron (ammoniumchloride of ureum). De expressie van het pgall

gen wordt sterk

gereguleerd op het nivo van transcriptie en in dit gen werd op grond van een promotor-deletieanalyse een gebied aangewezen dat noodzakelijk is voor goede expressie. Dit is gelocaliseerd van
799 tot 576 basenparen vóór het initiatiecodon. Hierin bevindt zich een sequentie die sterke
homologie vertoont met een "upstream activation sequence" van het CYCl gen uit gist. Verder is
de kern van deze sequentie waarin een CCAAT-box wordt aangetroffen geconserveerd in de pgal
en pgaC genen. Aldus worden deze drie A.niger PG genen mogelijk tezamen positief gereguleerd
door eenzelfde aan de CCAAT-box bindende eiwitfactor.
PG-overproducerende A.niger en A.nidulans stammen werden geconstrueerd door meerdere
copiën van de gekloneerde PG genen in het Aspergillus genoom te introduceren m.b.v.
cotransformatie. Daarbij werd het pyrA gen van A.niger gebruikt als selecteerbare merker. Een
serie PGII-overproducerende transformanten, met een tot 50 keer hogere PG productie t.o.v. de
uitgangsstam, werd nader gekarakteriseerd. Meestal bleek het transformerende DNA op een
willekeurige plaats in het genoom te zijn geïntegreerd. Er werd echter ook integratie in resp. het
pyrA en het pgall gen waargenomen. Deze transformanten vertoonden een geringe mate van
instabiliteit, en daarbij trad verlies op van slechts een gedeelte van het geïntroduceerde DNA.
Verrasenderwijs produceerden A.nidulans transformanten veel meer A.niger PGII en PGI dan de
overeenkomstige A.niger transformanten. Dat gebeurde ook onder kweekcondities waarbij in het
geval van A.niger geen significante productie werd waargenomen. Hoewel dit verschijnsel nog niet
goed begrepen wordt, bood het de mogelijkheid om de tot dan toe onbekende producten van de
overige gekloneerde PG genen te identificeren. Aldus werden A.nidulans transformanten verkregen
die PGA, PGB, PGC, PGD en PGE produceerden, voor transformatie waarvan meestal faag DNA
was gebruikt. In het geval van PGC werd wel, zoals gebruikelijk, plasmide DNA gebruikt en
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werden hoog producerende A.nidulans stammen verkregen, hoewel A.niger normaliter slechts
weinig van dit PG produceert. Dit heterologe expressie-systeem maakt het mogelijk om
aanzienlijke hoeveelheden gezuiverde A.niger PGs te verkrijgen. De PGs kunnen dan ook verder
gekarakteriseerd worden.
In aanvulling op de beschreven taxonomie van zwarte Aspergilli is recentelijk een nieuwe studie
uitgevoerd, waarbij gebruik werd gemaakt van moleculaire technieken, en is gesteld dat het
A.niger aggregaat uit twee soorten bestaat, te weten A.niger en A.tubigensis. Om een betere indruk
te verkrijgen van de aard van de soortverschillen, werd in het huidige onderzoek het pgali gen van
een A.tubigensis stam gekarakteriseerd. Dit gen lijkt zoals verwacht sterk op dat van A.niger,
hoewel er significante verschillen werden gevonden. De respectievelijke eiwitten zijn voor 94%
identiek.

Beide

soorten

kunnen

gebruikt

worden

voor

de

productie

van

industriële

enzympreparaten.
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