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SUMMARY 

We have isolated the genomic sequence encoding a secreted phosphate-repressible acid phosphatase (PHOA) from 
Penicillium chrysogenum using synthetic oligodeoxyribonucleotide probes. Nucleotide sequence data revealed that this gene 
consists of two exons of 192 and 1047 bp separated by an intron of 52 bp in length. A sequence encoding a putative sig- 
nal peptide, resembling known signal sequences of fungi, was identified at the 5'-end of the coding sequence. Northern blot 
analysis of total cellular RNA indicated that the phoA gene codes for a 1.6-kb transcript. The expression of this gene is 
regulated at the transcriptional level and is markedly affected by the inorganic phosphate concentration of the growth 
medium. 

INTRODUCTION 

Under conditions of limited phosphate (Pi) microorgan- 
isms have to utilize organic compounds as an extracellular 
phosphate source. P~ must be removed from the organic 
substrate by action of various phosphatases (Pho). Several 
Pho have been isolated from yeasts, fungi and bacteria 
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Abbreviations: aa, amino acid(s); bp, base pair(s); HPLC, high- 
performance liquid chromatography; kb, kilobase(s) or 1000 bp; nt, nu- 
cleotide(s); oligo, oligodeoxyribonucleotide; ORF, open reading frame(s); 
P., Penicillium; PA, polyacrylamide; PAGE, PA-gel electrophoresis; Pho, 
phosphatase(s); PHOA, P. chrysogenum Pi-repressible acid Pho; phoA, 
gene encoding PHOA; Pi, inorganic phosphate; SDS, sodium dodecyl 
sulfate; SSC, 0.15 M NaCI/0.015 M Na3"citrate pH 7.6; TMAC, tetra- 
methylammonium chloride; tsp, transcription start point(s). 

including non-secreted and secreted forms with acidic and 
alkaline pH-optima. Beside their general role in physiology, 
Pho have become important tools for investigation of pro- 
tein secretion and gene regulation. Molecular and genetic 
analysis of Pho in lower eukaryotes have been mainly con- 
cerned with those of yeasts and Aspergillus. For instance, 
the secreted Pi-repressible acid Pho (PHO5) from 
Saccharomyces cerevisiae has been rigorously studied (Toh- 
e et al., 1973; Arima et al., 1983; Bajwa et al., 1984). At the 
5'-flanking region of the gene encoding this enzyme an 
upstream activating sequence responsible for transcrip- 
tional regulation was found (Bergma~ et al., 1986). Several 
genes encoding factors involved in this transcriptional reg- 
ulation, have been identified and a genetic model has been 
proposed concerning the complex regulatory mechanism of 
acid Pho synthesis in S. cerevisiae (Oshima, 1982; Yoshida 
et al., 1989). Another yeast gene PH01 encoding a secreted 
acid Pho has been isolated from Schizosaccharomyces 
pombe (Elliot et al., 1986). It was analysed, but no signifi- 



130 

cant homology with PH05 was found and it was induced 
only two-three fold by P~ starvation. Since the 5'-flanking 
region has not yet been sequenced the presence of upstream 
activating sequences is unknown. 

The gene pacA encoding a secreted Pi-repressible acid 
Pho from Aspergillus niger was isolated and characterized 
(MacRae et al., 1988). Although no homology with yeast 
acid Pho was found, this gene exhibited a sequence within 
the 5'-flanking region which resembled the S. cerevisiae 
upstream activator sequence, thus indicating a similar reg- 
ulatory mechanism. 

We have recently purified and characterized an acid Pho 
from crude filtrate of Penicillium chrysogenum (Haas et al., 
1991). Total activity of this enzyme was low from mycelia 
grown in medium of high Pi, but was increased when myce- 
lia were starved for Pi, indicating a Pi-mediated repression 
of the encoding gene, Here we describe the isolation and 
sequencing of this P~-repressible acid Pho-encoding gene. 
It represents, to our knowledge, the first example of a Pen- 
icillium gene encoding a secreted enzyme and may be the 
basis for further investigation of the molecular mechanism 
of Pi-mediated regulation in Penicillium. 

EXPERIMENTAL AND DISCUSSION 

(a) Construction of probes and isolation of the acid Pho- 
encoding gene phoA 

We have found that the N terminus of the purified PHOA 
protein was blocked (Haas et al., 1991). Therefore 2 nmol 
of the protein was digested with endoproteinase LysC and 
resulting fragments were separated by reversed-phase- 
HPLC. Peak fractions were collected and six peptides were 
subjected to aa sequencing. The following three partial 
aa sequences of different peptides have been chosen for 
further experimental work: P1-GluTyrGlnGluAspMet- 
Pro; P2-MetSerThrAspAsnTyr; P3-TyrValAsnTrpGlu- 
VaiAsp. Based on these peptides, oligo probes with degen- 
erat.ed sequences have been synthesized; oligoPl was a 
20-mer of 32-fold degeneration, oligoP2 was a 20-mer of 
128-fold degeneration and oligoP3 was an 18-mer of 64- 
fold degeneration. 

Genomic DNA from P. chrysogenum was digested with 
several restriction enzymes, electrophoresed on an agarose 
gel, Southern blotted, and hybridized using the three oligo 
mixtures. Hybridizations were performed at 37°C in 
6 x SSC/0.1 o~, SDS (Sambrook et al., 1989) and the filters 
were washed in 3 M TMAC according to Wood et al. 
(1985). Since oligoP1 gave a strong signal this oligo mix- 
ture was used for screening filter replicas of a 2EMBL 3 
genomic library of P. chrysogemm,. Three different strongly 
hybridizing clones could be isolated out of 6 x 104 clones. 
Subsequent mapping and hybridization experiments using 

the oligoP1 localized the phoA gene on a 3.3-kb Hindll- 
XhoI segment. Two of the 2 clones contained this whole 
fragment whereas the third carried only part of it. 

(b) Sequence analysis 
The 2.7-kb NdeI-Xhol fragment and in addition 0.2 kb of 

the 5'-flanking region of the 0.6-kb HindII-Ndel fragment 
were subjected to restriction with suitable enzymes, sub- 
cloned into pUC-vectors and sequenced by the dideoxy- 
termination method (Sanger et al., 1977). The strategy for 
sequencing these fragments is summarized in Fig. 1, the nt 
sequence and deduced aa sequence is shown in Fig. 2. The 
entire nt sequence comprised 1291 nt of the coding region 
including a 52 nt intron as well as 772 nt of the upstream 
region and 929 nt of the downstream region. As the cod- 
ing region contained several aa sequences identical to those 
determined by protein sequencing of peptides of the puri- 
fied PHOA protein it could be identified as the gene en- 
coding this enzyme. 

The 5'-untranslated region of the phoA gene shows char- 
acteristic features of a lower eucaryotic promoter. There is 
a perfect TATA-box (Gannon et ai., 1979) at position -73 
relative to the A of the putative start codon and a consen- 
sus region around the translational start site. This region 
includes the -3 nt position which is most frequently an A 
residue (Kozak et al., 1987). Within the phoA gene this 
position is also A. A potativc CAAT consensus sequence 
is present at nt -287. 

A twice repeated sequence, 5 ' -TTCCAAGGTT, is 
found at nt -560 and -402 (relative to the A of the start 
codon). In addition, the same sequence is found in dupli- 
cate but in inverse orientation starting at nt position -103 
relative to the start codon. In S. cerevisiae a twice repeated 
sequence 10 nt in length is present in the 5'-flanking region 
of the Pi-repressible PH05 gene (Bergman et al., 1986). 
This sequence, starting at nt positions -391 and -332 was 
shown to be involved in transcriptional regulation of PH05 
(Bergman et al., 1986). A twice repeated sequence, 12 nt in 
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Fig. 1. Restriction map of a 8-kb Bglll-Pstl fragment and a 3.3-kb 
HindII-Xhol fragment of P. cho'sogenum genomic DNA containing the 
phoA gene. The oligoPl hybridization region is indicated by a heavy line. 
Arrows below the restriction map denote sequencing strategy. 



length, beginning at nt -306 and -332 is also found in the 
A. niger acid Pho gene pacA (McRae et al., 1990). Whether 
these sequences present in Aspergillus and Penicillium have 
a function as upstream activators similar to yeast has to be 
determined. 

The sequence of the first 20 N-terminal aa residues of 
PHOA exhibits the properties of a typical signal sequence 
(Kreil, 1981; Von Heijne, 1985). This sequence contains a 
positively charged Lys near the N-terminal Met followed by 
11 consecutive hydrophobic aa. Since the N terminus of the 
mature PHOA was blocked the putative signal peptide 
cleavage site was assigned according to the weight-matrix 
method of Von Heijne (1986). Using this method a cleav- 
age site in the Gly~9/Thr 2° position of the phoA gene prod- 
uct is most highly favoured, while Alan/Thr ~a is a second, 
but slightly less favoured, possibility. 

The coding region is interrupted by a small intron, 52 nt 
in length, extending from nt 193 to nt 244. This intron was 
assigned on the basis of the aa sequence of one of the 
PHOA peptides as indicated in Fig. 2. It has features con- 
sistently found in introns of genes of filamentous fungi 
(Ballance, 1986): (1)it is a small intron; (2)it begins with 
the sequence GTAGGT, ends with the TAG and within the 
intron lies the sequence GCTCAC which resembles the 
consensus RCTRAC (Rambosek and Leach, 1987) se- 
quence. 

A near approximation of the AATAAA motif, which is 
thought to be involved in polyadenylation appears in the 
3'-flanking regions of several fungal genes (Gurr et al., 
1987). With respect to this, the sequence AATAAT found 
10 nt downstream from the stop codon may represent a 
possible polyadenylation signal. Additional polyadenyla- 
tion signals may be represented by the sequences TATAAA 
and ATTAAA found 133 nt and 169 nt downstream from 
the stop codon. 

An inverted repeat representing a putative stem-loop 
structure could be found 46 nt downstream from the stop 
codon. It is of interest to note that the sequence 
5'-TTCCAAGGTT found in the 5'-flanking region is also 
present 561 nt downstream from the stop codon. 

Based on the aa sequence derived from the nt sequence 

Fig. 2. The nt sequence of the phoA gene and the deduced aa sequence 
(GenBank accession No. M80366). The nt numbering begins from the A 
in the start codon. The aa residues 1-19 comprise a putative signal peptide 
and the most favoured signal-peptide-cleavage site is indicated by an 
asterisk. The three tsp are marked in bold letters and open arrowheads. 
The CAAT and TATA sequences upstream from tsp are boxed. The 
consensus sequences of the intron and for transcription termination are 
doubly overlined. The repeated sequence 5'-TTCCAAGGTT is over- 
lined. The inverted repeat downstream from the stop codon is indicated 
by convergent arrows. Underlined aa sequences have been confirmed by 
direct aa sequencing. Putative N-glycosylation ~,ites are underlined by 
dashes. Non-coding sequences are shown in lower-case letters. Three 
asterisks mark stop codon. 
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presented here, the calculated Mr of the mature PHOA is 
42000. Six potential N-glycosylation sites, Asn-Xaa-Thr/ 
Ser (Pless and Lennarz, 1977) were found in the deduced 
aa sequence. 

When comparing the aa sequence of PHOA with that of 
acid Pho from different organisms, no significant homology 
could be found. However, PHOA shares 59% aa identity 
with a putative protein from Kluyreromyces lactis. Statisti- 
cal analysis by the program ALIGN (Dayhoff et al., 1983) 
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gives a highly significant similarity (32 standard deviation 
units) between these two aa sequences. The gene encoding 
this putative protein was found to be transcribed by a 
4.7-kb mRNA species together with an ORF coding for an 
inducible lactose permease (Chang and Dickson, 1988). 

(c) Codon usage 
The codon usage exhibited by phoA is similar to that 

observed in other P. chrysogenum genes, e.g., orotidine-5- 
phosphate decarboxylase (Cantoral et al., 1988), isopeni- 
ciUin N synthetase (Carr et al., 1986). In all 57 out of 61 
possible codons are used. In general, it supports the obser- 
vation that filamentous fungi show a less marked degree of 
bias in codon usage than yeast (Bailance, 1986; Gurr et ai., 
1987). As seen in highly expressed genes of Aspergillus and 
Neurospora a number of generalizations (Gurr et al., 1987) 
also hold for the codon usage pattern of phoA. Pyrimidines, 
especially C dominate the third position (72~). When a 
purine is used in the third position, G is preferred over A. 
AGN codons for Ser and Arg are infrequently used. 

(d) Transcript mapping and regulation of transcription 
The size of the phoA mRNA in vivo was estimated by 

Northern blot analysis and the transcript was found to be 
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Fig. 3. Regulation of the phoA gene expression. (Panel A) Northern blot 
of P. chrysogenum RNA. RNA was isolated from mycelia (Chomczynski 
and Sacchi, 1987) grown in the presence of 30 mM P~ (lane I) or in the 
absence of Pi (lane 2). Total RNA was electrophoresed on a 1.5% 
agarose-2,2 M formaldehyde gel, blotted onto Hybond-N and hybridized 
(Sambrook et al., 1989) with the a-'P-labelled 0.8-kb Pstl,Sacl fragment. 
(Panel B)The blot was subsequently stripped and rehybridized with a 
probe specific for "/-actin from Aspergillus nidulans (Fidel et al., 1988). 
(Panel C)SDS-PAGE (Laemmli, 1970) of proteins of cleared filtrate 
from mycelia grown in the presence of 30 mM P~ (lane 3) or in the absence 
of P~ (lane 4). PA-gels were stained with Coomassie Blue. PHOA is in- 
dicated by an arrow. 
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Fig. 4. Primer extension. Analysis of tsp was carried out as described by 
Geliebter et al. (1986) using primer 5'-GTTGGGGTCTCTTCAGT- 
GGTAGTT. Lanes: P, primer extension products; A, T, C and G, dideoxy 
sequencing ladders of the phoA gene using the same primer. Asterisks 
mark the major tsp and their positions on the correspo~ading nt sequence. 
The direction of transcription is indicated by an arrow. 

1.6 kb (Fig. 3, panel A). Northern blot analysis of RNA 
isolated from mycelia grown in medium of high or low Pi 

indicated a regulation by Pi at the transcriptional level. 
Transcription of phoA was repressed in mycelia grown in 
high Pi medium (Fig. 3, panel A). This result is consistent 
with observations obtained after analysis of proteins se- 
creted into the medium by SDS-PAGE. No PHOA was 
found when mycelia were grown in high Pi medium, but the 
enzyme was present when mycelia were starved for Pi 
(Fig. 3, panel C). The regulation of the P. chrysogenum en- 
zyme therefore seems to be similiar to acid Pho from S. cer- 
evisiae and A. niger. To define the tsp, in vi:,c transcripts 
from P. chrysogenmn were characterized by primer exten- 
sion (Fig. 4) and mung bean nuclease mapping (H.H., un- 
published). Both methods determined the tsp to be at 33, 
24 and 21 nt upstream from the start codon. A tendency 
towards multiple transcriptional initiation has been ob- 
served in most ofthe genes of filamentous fungi (Gurr et al., 
1987). 

(e) Conclusions 
(1) The genomic sequence from P. chrysogenum encod- 

ing a secreted acid Pho has been isolated by using synthetic 
oligo probes of peptide derived aa sequences of the puri- 
fied enzyme. 

(2) The phoA gene was located to a 3.3-kb HindII-Xhol 



fragment and  the coding region comprised  1291 bp includ- 

ing a 52-bp intron.  It  encodes a t ranscript  o f  approx. 1.6 kb. 

(3) At the N terminus of  the proposed  translat ion prod- 

uct the presence of  a signal peptide was suggested with all 

properties of  a typical signal sequence. The putative signal 

peptidase cleavage site was assigned at Gly~9/Thr '°.  

(4) No  significant aa sequence homology of  the 

P. chrysogenum enzyme with acid Pho  from several organ- 

isms was found.  However,  it shares 59% aa identity with 

a putative protein from Kiuyveromyces lactis. 

(5) Expression of  the gene was found to be regulated at 

the level o f  m R N A  accumulation and was dependent  on 

the P~ concent ra t ion  in the growth medium. 
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