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An extraeellular acid phosphatase (EC 3.1.3.2) from crude culture filtrate of Penidllium chr~so~enum was purified 
to homogeneity using high-performance ion-exchange chromatography and size-exclusion ehromatosraphy. SDS- 
PAGE of the purified enzyme exhibited a single stained band at an M, of approx. 57000. The mobility of the native 
enzyme indicated the M r to be -~0000, implying that the active form is a monomer. The isoelectric point of the 
enzyme was estimated to be 6.2 by isoelectric focusing. Like acid phosphatases f~rom several yeasts and fungi the 
Penicillium enzyme was a giycoprotein, Removal ol carbohydrate resulted in a protein band with an M r of 50000 an 
estimated by SDS-PAGE, suggesting that 12% of the mass of the enzyme was carbohydrate. The enzyme was 
catatyticaily a~ive at temperatures ranging from 20°C te 65~C with a maximum activity at 60°C anti the pH 
optimum was at S.S. The Mlehaelis constant of the enzyme far p-nitrophcuyl phosphate was 0.11 mM and it was 
inhibited competitively by inorganic phosphate (k t = 0.42 raM). 

Introduction 

When yeasts or fungal cells have to utilize organic 
compounds as phosphate source, this phosphate must 
bc removed from the organic substrate in a reaction 
catalysed by various pkosphatases. Acid phosphatases 
(EC 3.1.3.2) which catalyse the hydrolysis of a variety 
of phosphate esters are widely distributed in yeasts or 
fungi but also in bacteria and tissues [1,2]. 

A number of studies have been reported on enzy- 
matic characterization and genetic analysis of acid 
phosphatases from several yeasts and fungi. Acid phos- 
phatases from Saccharomyces eerevbiae were found 
mainly associated with the cell wall [3,4], and two 
tandemly repeated structural genes (PH03 and PH05) 
have been characterized, while the existence of a third 
(P56) has been suggested on the bases of a 56000 
polypeptide [5]. The synthesis of the PHO5 and P56 

Abbreviatiom: PNG~e F, peptide N-slycohydmlas¢; TMFS, trifluo- 
romethanesulfonic acid; D3T, dithiothreitol; PAGE, Imlyact~lamide 
gel ¢lcclrophoresis, 

Correspondence: B, Redl, ]nstitm fm Mikrobiologie (Mediziaische 
Fakttlt[t), U=dversit~h Innsbruck, Fritz-Presl-Slr. 3, A.6020 Inns- 
brock, Austria. 

gene products can be repressed by inorganic phos- 
phate, while the PHO3 gene product is synthesized 
constitutively [5]. in the fission yeast Sch~.osaccha. 
romyces tTombe an acid phosphatase has been identi- 
fied which was found to be secreted in the growth 
medium, L'ut unlike to the enzyme from $. cerevisiae, 
the Sek per, be phosphatase has significant activity in 
the presence of phosphate [6], 

Two extracellular acid phosphatases from As- 
pergillus ficuum have been isolated and characterized 
recently. One has a pH optimum at 2.5 and the other 
at 6.0 [7,8] and both have been shown to be competi- 
tively inhibited by inorganic phosphate [7,8]. 

A. niger was found to produce three forms of acid 
pbesphatases [9]. The purification and biochemical 
properties of an intracelhilar form was described [9] 
and the gcne coding for a secreted form of acid phos- 
phatase, which was phosphate repressible, was isolated 
[]o1, 

From P. funiculosura, a secreted acid phosphatas¢ 
wan described [tl], but in contrast to the enzymes 
mentioned above this acid phosphatase is a phosphohy- 
drolase that acts on both phosphodiesters and phos- 
phomonoesters. 

In this paper we report the purification of an extra- 
cellular pH 5.5 optimum acid phosphatas¢ from P. 



chrysogenum and data about its molecular and eatalyti- 
cal properties. 

Materials and Methods 

Materials 
p-Nitrophcnyl phosphate, p-nilrophenyl phenyl 

phosphonate, bis(p-nitrophenyl) phosphate, a-naphtyl 
acid phosphate, fast garnet GBC salt and standard 
proteins used in the SDS-polyacrylamide gel electro- 
phoresis and Mr studies were from Sigma (F.R.G.). 
Nitrocellulose membrane (BA 83; 0.2 /zm) was from 
Schleicber & Schiill, Dassel. Glycan detection kit was 
from Boehringer, Mannheim. Endoglycosidase H was 
from USB, Cleveland. Recombinant peptide N-glyco- 
sidase F was from Genzyme Corporation, Boston. All 
of the other reagents were of analytical grade and 
obtained from Merck, Darmstad (F.R.G.). 

Cu~re 
The filamentous fungus P. chrysogenum, strain 

Q176, was grown aerobically at 25°C for 48 h in a 
medium containing 3 g/!  NaNo 3, 0.5 g/I MeSOn × 
7H20, 0.1 g / l  FeSo 4 × 7H20, 20 g/I  sucrose in 0.25 
mM ph~phate, 25 mM citrate buffer (pH 4.8). Cultiva- 
tions were carried out in 1-1 Erl.enr~aeyer flasks (total 
volume 250 nil) on a rotary shaker (150 rpm). 

Purification of acid phosphatase 
All purification steps were carried out at 4 ° C. 
Step 1. Ammoniumsulfate precipitation: The mycelia 

were removed by filtration and discarded. Solid ammo- 
nium sulfate was added to the filtrate until saturation, 
and stirred overnight at 4°C. The precipitate was 
collected by eentdfugation at 40.q00×g for 30 rain. 
The redissolved precipitate was dialysed overnight 
against several changes of 50 mM Tris-HCl (pH 8.0) at 
4°C. 

Step 2, High-performance ion-exchange chromatog- 
raphy: The protein solution was applied to a TSK 
DEAE-5-PW column (75 X 7,5 nun) equilibrated with 
50 mM Tris-HCI (pH 8.0). Proteins were eluted from 
the column at a t I ~  rate of 1,5 mi rain- l by increasing 
the salt concentration from 0 to 1 M NaCI. Fractions 
containing acid phosphatase activity were pooled and 
concentrated by ultrafiltration. 

Step 3. High-performance size-exclusion chromatog- 
raphy: The concentrated protein solution was applied 
to a BIO-Sil TSK 250 column (600 × 2,5 ram) equili- 
brated with 50 mM Tris-HCI (pH 7.0), 100 mM NaCI. 
Fractions containing acid phosphatasc activity were 
pooled and stored at - 80 ° C. 

Enzyme assays 
$pectrophotometrically. The enzyme activity was de- 

termined wing p,nitrophenyl phosphate as substrate. 
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The reaction mixture contained in a total volume of 1 
ml: 10 ~mol of the substrate, 100 ~mol of sodium 
acetate buffer (pH 5.5), and various amounts of the 
enzyme. After 5 rain of incubation at 20°C, the reac- 
tion was stopped by the addition of 2.0 ml of 0.5 M 
NaOH and the amount of p-nitrophenol released was 
measured at 405 nm [12]. One unit of activity was equal 
to the amount of enzyme that hydrolyses l ~mol of 
p-nitrophenyl phosphate per rain under standard con- 
ditions. A molar absorption coefficient of 18.8-103 
M- 1 cm- ' for p-nitrophenol at 405 nm was taken for 
calculation of activity. 

Zymograr~L For detection of enzymatic actMty in 
polyacrylamide gels, preparations of purified enzyme 
were subjected to eleclrophoresis under native condi- 
tions in gels containing 9% acrylamide using a basic 
buffer system according to Davis [13]. Phosphatase 
activity was detected by incubation of the gels in 0.6 M 
sodium acetate buffer (pH 5.0) containing 4 mM a- 
nar~htyl acid phosphate, 6 mM fast garnet GBC salt for 
15 rain at room temperature. The reaction was stopped 
by immersing the gels in 20% methanol, 7,5% acetic 
acid [14]. 

Protein determination 
Protein was determined according to the method of 

Bradford [15] using crystalline bovine serum albumin as 
standard. 

Polyacrylamide gel electrophoresis and isoelectric focus- 
~nZ 

SDS-PAGE was performed in slab gels containing 
10% acry]amide according to Laemmii [16] using the 
Bio-Rad Mini Protean II gel electxophoresis system. 
For determination of M r before and after deglycosy[a- 
tion 8-20% polyaerylamide gradient gels were used 
[17]. Proteins of the SDS-70 kit from Sigma were used 
as M markers. The isoelectric point (pl)  of the acid 
phosphatase was determined with a LKB Multiphor 
apparatus using broad range pH (3.5-9.5) thin-layer 
polyacrylamide gels [18]. Appropriate Pharmacia cali- 
bration kits were used. Proteins were stained with 
Coomassie brilliant blue and demitometric scans were 
used to assess the pL 

Glycoprotein staining 
Olycoprotein detection was performed using the 

Glycan Detection Kit from Boehringer, Mannheim. 
Adjacent hydroxyl groups of glycoconjueates were cou- 
pled to digoxigenin after oxidation with periodate as 
described by the suppliers manual. The modified en- 
zyme was subjected to $DS-PAGE and electroblotted 
to nitrocellulose as described [19]. The digoxigenin- 
labelled glycoconjugate was subsequently detected in 
an enz~ae immunoassay using an antibody-alkaline- 
phosphatasg-conjugat e. 
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Deglycosylation 
Removal of carbohydrate using recombinant PNG- 

ase F was carried out by a modification of the proce- 
dure of Elder and Alexander [20]. After denaturation 
of 3 pg of purified acid phosphatase by boiling in 0.5% 
SDS, 50 mM B-mercaptoethano] and 100 mM sodium 
phosphate (pH 8,0) for 5 rain the sample was adjusted 
to 1.25% Nonidet P-40, 16 mM g-mercaptoethanol 
and 0,16% SDS and incubated overnight with 1 unit of 
recombinant PNGase F at 37 ° C. Digestion was termi. 
hated by boiling for 5 rain. 

For deglycosylation using endogly¢osidase H 3 tzg of 
purified acid phosphatase was incubated with 2" 10 -3 
units overnight at 37 °C in 50 mM sodium acetate 
buffer (pH 5.5). The reaction was stopped by boiling 
for 5 rain [21]. 

Chemical deglycosylation with anhydrous TFMS was 
performed as outlined by Edge et al. [.22]. 

Amino acid analysis 
Purified acid phosphatase was subjected to acidic 

hydrolysis and the amino acid analysis was performed 
as described [23]. Amino acids were detected as their 
OPA (ortho-phtatdialdehyde/mercaptoethanol) deriv- 
ates on a Waters HPLC system equipped with a Shi- 
mazu RF 530 fluorescence detector. Cysteine residues 
were determined after pofforraic acid oxidation as de- 
scribed [24]. Tryctophan was determined after hydroly- 
sis in 6 M HCI in 7% (w/v) thioglycolie acid according 
to Melzer et al. [25] and proline was determined as 
described by Bohlen and Meilet [26]. 

Results and Discussion 

Acid phosphatase puripcatinn 
A summary of a t~ical purification procedure of 

the extracellular acid phosphatase from P. chryso- 
genum is shown in Table 1. A 19-fold purification was 
achieved by a combination of high-performance ion-ex- 
change chromatography and high-performance size-ex- 
clusion chromatography. The overall recovery of the 
enzyme was about 50%. The progress of purification 
was monitored by SDS-PAGE (Fig, 1) and the purified 
enzyme was detected as a single band. A single band 
was also detected in native-PAGE and activity staining 

a b c d 
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Fig. I. Electrophemgram obtained after SDS-PAGE at different 
stages of purification: lane a, 15 #g  cleared filtrate; lane b, 4 #g  of 
proteins after ion-exchange chromatography: lane c, 4 v.g acid ph~ .  
phatase after purification by gel permeation ehromalosraphy; lane d, 

M, markers. Proteins were stained with Coomassie brilliant blue. 

confirmed that this protein baud was the active acid 
phosphatase (Fig. 2). The fact that only a 19-fold 
purification was sufficient to achieve homogeneity 
demonstrates that the acid phosphatasc is one of the 
dominant species of secreted proteins in a P chryso. 
genum cultnre filtrate under conditions of limited 
phosphate growth. 

Molecular properties 
Molecular weight and isoelectric point, The molecular 

weight of the native enzyme was estimated by gel 
permeation chromatography Oll a Bio-Gd (Bin-Red) A 
1.5 column (8X 800 ram), eah'brated with ferritin 
(450000), aldolase (160000), bovine albumin (67000) 
and ehymotrypsinogen A (25000). The M, was esti- 
mated to be 50000 + 5000. Electrophoresis in ~ly-  
aerylamid¢ gradient gels in the presence of SDS and 
mercaptoethanol revealed one single band with an M r 
of 57000 + 1000, thus indicating that the native en- 
zyme is a monomer (Fig. le). 

A monomeric structure of the native enzyme was 
also reported for the pH 6.0 optimum acid phosphatase 
of A. ~euum [8]. In contrast, acid phophatases from S. 

TABLE ! 

Purification of acid phesphalase ,from P. chrysogenum 

Step Total activity Total prntcin Specific activity Recovery yield Purification 
(U) (ms) (U/ms) (%) (fold) 

Cleared filtrate 217 11.4 19 ID0 1.0 
Ammonium sulfate precipitation 206 9.8 21 95 l . l  
DEAE.ion-exehang¢ HPLC 152 0.5 304 70 16,0 
Size-exclusion HPLC 1 ~  0.3 364 50 19.2 
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W 

b c d is thus less than reported for other secreted acid phos- 
phatases for which up to 50% of glyeosy]ation was 
found [7,8,27]. However, it should be mentioned that 
most of the data reported concerning the extent of 
carbohydrate in funsal or yeast acid phesphatases have 
not been proved by deglyco~lation studies. 

The enzymatic digestion with endoOycosidase H 
and recombinant FNGase F suggests the presence of 
N-linked high mam~ese-oligosacehatides in the Pen[til- 
l[urn acid pho~phatase [20]. 

The isoelectrie point of the purified acid phes- 
phatase was estimated to be 6.2 by isoelectrie focusing. 

FiB. 2. Polyucls, lamide gel eleclropho~e~is upder native condilion~: 
lanes ~ and c. cleared fitlrate; lanes b and d, purified enzy,~ne: lanex a 
and b, stained by Coomassi¢ brilliant blue; lanes c and d stained for 

activi~ as described in Material and Methods. 

cerevisae and pH 2.5 optimum acid phosphatase from 
A. flcuum are known to be active in dimeric form 
[9.7,7]. 

Like most of the acid phosphatases from yeasts and 
fungi the Penicillium enzyme is a glycoprotein as judged 
by a positive glycoprotein stain (not shown). Since the 
different phosphatases contain various amounts of ear- 
bobydrate it was of interest to determine the extent of 
$1ycosylation of the Pen[cilium enzyme. This was e~ram- 
[ned by measuring the shift in apparent Mr of :he 
protein after enzymatical or chemical deglycosylation 
using endoglyc~id.a~e H, recombinant PNGase F and 
acid TFMS as determind by SDS-PAGE. The three 
different procedures we used have been shown to 
remove approx. 90-100% of carbohydrate from various 
glycoproteins with little or no damage to the polypep- 
tide chain [20]. 

The effect of cndoglycosidase H, recombinant PNO- 
use F and TFMS on the acid phosphatase is shown in 
Fig. 3. The three methods of deglycesylation fully 
agreed in their estimate of the pol~peptide chain length 
of acid phosphatase. They resulted in sharp bands on 
the SDS-PAGE that migrate with an M, of 50000. 
Interpretation of the deglycosylation experiments in 
terms of the weight percentage of carbohydrate con- 
tent of an enzyme requires accurate estimation of the 
Mt of the glycosylated protein. Since electrophotesis in 
single concentration polyacqclamide SDS-gels can give 
erroneous Mr of glyeoproteins we have used gradient 
gels according to Lambin and Fine [17]. As indicated 
above, an M~ of 57000 for the glyeosylated protein was 
found using this method. Based on this and the data 
derived from deglycosylation studies we conclude that 
the subunit is approx. 12% by weight carbohydrate. 
The extent of carbohydrate of the Penicillium enzyme 

Amino acid composition 
The results of the amino acid analysis are summa- 

rized in Table 11. It is obvious that the amino acid 
composition of the enzyme reveals an unusually high 
aspart, ate content. Similar high aspartate contents were 
also found for acid phosphatases of S. cerevsiae, A. 
niger and A. ficuum [5,9,8]. On the other hand, we did 
not find unusually high serine and proline content as 
reported for the enzymes from A. licuum [7,8]. 

We have compared the amino acid composition of 
the Penicillium e n ~ a e  with that of A. ficuum [7,8], A. 
niger [10], Sch. pombe [6] and S. eer~isiae [5] using the 
composition divergence according to Haris and Teller 
[28]. A composition divergence of 49 was found be- 
tween the Penicillium enzyme and both of the enz3nnes 
from S. cerevisiae. Values as low as this have been 
associated with evolutionary homology of proteins as 
discussed by Blake and Harris [28,29]. The values of 
composition divergence between the Pen[till[urn eu- 
z~ne and the other enzymes mentioned above were 
found to be well above 55. They were therefore too 

a b c d e 
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Fig. 3, Effect of deglycosylation on acid pho~phatase. Samples were 
subjected Io ¢lcctrophorcsis in SDS polyacwlamide gradient gels as 
described in Material and Methods. Lane a, M r marke•; lane b, 
original acid phosphatase glycoproteim lane e, acid pho~hatase 
aher deglycosyhtion by end0glyco~idase H; lane d, after degly~yla- 

ti0n by PNGas¢ F; lane e, after treatment ~/ilh TFMS. 
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high to deduce any relationship since there is a lack of 
correlation between sequence difference and composi- 
tion divergence above a value of 55 [28,29], 

500 pmol of the purified enzyme was used for amino 
terminal sequence analysis on a microsequenator. Sev- 
eral cycles of the sequenator failed to yield a defined 
amino acid peak, although an amino acid analysis of 
the membrane to which the enzyme was bound indi- 
cated that enough protein was bound, suggesting that 
the amino terminus of the enz3,me was blocked. 

Enzym a tie properties 
IO'netics. The enzyme was a classic acid phosphomo- 

noesterase, demonstrating no hydrolytic activity with 
di- or triphosphate esters. Mafimal activity was ob- 
tained with p-nitrophenylphosphate, and the Micha- 
eli~-Menten constant for this sul0strate was OAt raM. 
Inorganic orthophosphate, one of the products of add 
phosphatase action, competitively inhibited the enzyme 
reaction with a ki of 0.42 raM, In this respect the 
Penicillium enzyme closely resembled acid phos- 
phatases from S. cere~isiae, A. ]~cuum, A. nidulans and 
P. funiculosum [27,7,8,30,11], 

Optimum pH and effect of temperature on enzymatic 
activity. The OH activity profile of the Peniciilium 
enzyme is shown in Fig. 4. As can be seen the enzyme 
showed activity from pH 3.5-6.5, with an optimum at 
pH 5.5. The enzyme lost its activity rapidly at a pH 
below 3.5. It bad no substantial activity above pH 7,0, 
which seems to be characteristic for acid phosphomo- 
noesterases. 

TABLE II 

Amino acid compg~Mon of acid Dhosphata~e from P. chrysogenum 

The mol%-values are means :t: S,D, of three samples, The res/mel- 
values are basetl on an M, of 50000 for the uuglyco~lated protein. 

Amino acid reel% Res/rnol 

Ass 16,2 ± ]. l  74 
GLx 7.6±0.4 35 
Set 7,0::t:0.2 32 
His 3,1 ~0. l  14 
Gly 8.3+0.3 38 
Thr 7.6 5:0,4 35 
Ar~ 2.6:~ 0.I 12 
Ala 7.9:1:0.4 36 
T~r 3.9.t-0.5 18 
Ogs 2.6:1:0.1 12 
Met 1.1±0,1 5 
Val 5.7-4" 0.3 26 
Phe 4,6~0.1 21 
lie 3.7~:0.1 17 
Lea 8,3 ±0,1 38 
L~ 4.4~:0.2 20 
F ~  3.95:0,2 18 
TIp 1.$ ~:0.l "~ 
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Fig. 4. Effect of pH on Ihe activity of acicI phosphatase. Assays were 
performed in U.I M sodium acetate containing 0.3 tJ-g add phos- 

phatase at 30 * C and the incubation time was $ rain. 

The effect of temperature on phosphatase activity is 
shown in fig. 5. Activity was tested from 10 ~ C to 70 ° C 
using the standard assay. Maximam activity was ob- 
served at 60°C, which was high above the optimum 
growth temperature of P. chtysogenum at 25*C. At 
10oC the enzyme activity was 20% and at 30eC it was 
45% of maximum, When analysed at 70 ° C the enzyme 
had lost 90% of its activity. A similar high temperature 
optimum was reported for the acid phosphatases of A. 
ftcuum [7,8], while most of the other phosphatases 
characterized showed temperature optima of 25-~,0 a C 
t9,30]. 

In order to assess the thermal stability, acid phos- 
phatase was preineubated at 600C for a period of 5, 10 
and 15 rain and cooled to room temperature. The 
remaining activity was found to be 73, 67 and 43%, 
respectively. Preincubation at 70 °C for 10 rain totally 
inactivated the enzyme. 

lnhibitors 
As shown in Table III the Penieillium acid phos- 

phatase did not require any metal ions for activity and 
was not inhibited by metal chelators, it was inl',ibited 
by addition of 10 mM HgCI2 or ZnCIv L(+)-Tartrate 
which is a competitive inhibitor of several acid phos- 
phatascs from animal sources did not inhibit the Peni- 
cillium enzyme [31]. Insensitivity against L(+ )-tat'Irate 
was also reported [or acid phosphatases from A. f/- 
ctmm and P. funicutosum [7,8,11]. DTT excerted no 
effect on the enzyme activity, which seems to be a 



3t~7 

TABLE III 

Effect of rariou~ substances on the activity of the Pen(tilt(am phos- 
phata~e 

Activities are mean ranges of t,ao detemlinations 

Substance Final concentration Aclivity 
(,% nf controll 

CaC12 10 mM 101 ~2 
MgCI 2 10 mM 98_~ [ 
MnC12 tO mM 95 +_ 3 
Sodium tartrate 10 mM 1112 +4- 
Phosphomycin 1O mM 75:1:3 
EDTA 10 mM 109+4 
D'VI' 10 mM 97 + 2 
SDS 0.1% fl 
HgCI2 10 mM 1~5 + 2 
ZnCI~ I0 mM 31 __ 1 

t,~ical feature o[ pLant and microbial acid phos- 
phatases [7,8,t l]. 
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