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A thermophilic fungus, Penicillium duponti K1014, produced an acid
protease in a submerged culture. Maximum enzyme production, in a 30-liter
fermentor at a preselected optimum growth temperature of 50 C, occurred after
3 days. The productivity of the enzyme was associated with changes of viscosity
and pH of culture broth during the growth. The acid protease was isolated from
the culture filtrates and was purified ninefold by alcohol precipitation, column
chromatography on O-(diethylaminoethyl)cellulose, batchwise treatment with
O-(carboxymethyl)cellulose, and by gel filtration. The purified enzyme was
homogeneous on disk electrophoresis and sedimentation analysis. The sedimen-
tation constant s,,.w, calculated at a concentration of 0.64%, was 3.98S.

Thermophilic fungi have been isolated from
self-heating materials and other sources by
various investigators (4, 7, 8, 15). Cooney and
Emerson (4) demonstrated that certain ther-
mophilic fungi are associated with the process
of microbial thermogenesis.

Penicillium duponti K1014, which was iso-
lated from the compost in Japan, was found to
produce a large amount of extracellular acid
protease and other hydrolytic enzymes such as
cellulases, amylases, and hemicellulases (10).

Proteolytic enzymes of thermophilic fungi
have been purified and characterized by sev-
eral investigators (3, 13, 16, 17, 21; P. S. Ong

and G. M. Gaucher, Abstr. Int. Ferment. Symp.

Japan, 4th, Kyoto, p. 47, 19 March 1972).
Chapuis and Zuber (3) described a thermo-
stable metallo-aminopeptidase (AP 1) from
Talaromyces duponti; cobalt ions conferred
the highest activity upon activation and also
upon recombination from the apoenzyme. A
thermophilic fungus, Malbranche pulchella,
produced a thermostable alkaline protease
(P. S. Ong and G. M. Gaucher, Abstr. Int.
Ferment. Symp. Japan, 4th, Kyoto, p. 47,
19 March 1972). Arima et al. (2) reported the
identification of a fungus capable of growing
between 15 and 50 C, Mucor pusillus var.
Lindt, which produced a potent milk-clotting
acid protease. An acid protease from a strain
of Mucor miehei has been isolated and par-
tially characterized (16, 17).

We have already found (10) that a true
thermophilic fungus, identified as P. duponti
K1014, produces thermostable acid protease.
This paper (presented at the Annual Meeting
of the Agricultural Chemical Society of Japan,
1 April 1970, at Fukuoka) deals with the
production in submerged cultivation, purifica-
tion, and physical homogeneity of the acid
protease from P. duponti.

MATERIALS AND METHODS

Organism. P. duponti K1014 which was isolated
from a compost in Tochigi-Prefecture, Japan, in
July, 1968 was used throughout this work. The
culture was deposited with the American Type Cul-
ture Collection and assigned the designated ATCC
number: P. duponti K1014 (ATCC 20186). Stock
cultures were maintained on wheat bran extract agar
slants and transferred at intervals of 5 or 6 months.

Cultivation. Cultivation of P. duponti K1014 was
conducted in a 30-liter, baffled, stainless-steel Wald-
hof-type fermentor (Marubishi Rika Co., Ltd., To-
kyo, Japan) containing 20 liters of a medium com-
posed of 3% rice bran, 2% NH,C], and soybean oil as
an antifoaming agent. Five grams of sporulation
culture of wheat bran koji, after 3 days of growth at
45 C, was used for inoculation. The culture was
maintained at 50 C, aerated at 20 liters/min, and
stirred at 300 rpm.

Purification of enzyme. The purification of acid
protease was performed by a combination of alcohol
precipitation, column chromatography on O-(die-
thylaminoethyl)cellulose (DEAE-cellulose; Brown
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Co.), batchwise treatment with O-(carboxymethyl)-
cellulose (CM-cellulose; Brown Co.), and gel filtra-
tion on Sephadex G-200 (Pharmacia Co.). These
procedures were carried out at 0 to 4 C, and the
enzyme in the crude or purified state was stable for
more than 1 year when stored at 4 C. '

Assay of protease activity. Protease activity was
assayed according to the modified Anson method
(9). A reaction mixture containing 1 ml of enzyme
solution and 5 ml of 0.6% Hammarsten milk casein in
0.05 M acetate buffer (pH 2.5) was incubated at 30 C
for 10 min. The enzyme reaction was stopped by
adding 5 ml of 0.11 M trichloroacetic acid containing
0.22 M acetic acid and 0.33 M sodium acetate. The
reaction mixture was allowed to stand for 30 min at
30 C and then filtered. To 2 ml of the filtrate, 5 ml of
0.55 M sodium carbonate was added, followed by the
addition of 1 ml of three-times-diluted phenol
reagent. The blue color was measured at 660 nm by
using a spectrophotometer. One unit of activity was
defined as the amount of enzyme producing a change
of absorbance equivalent to 1 ug of tyrosine per min,
under the above conditions.

Assay of ribonuclease activity. Ribonuclease
(RNase) activity was measured according to a modi-
fication of Ishikawa’s method (12). The reaction
mixture containing 1.0 ml of a 0.5% yeast ribonucleic
acid solution, 2 ml of 0.2 M acetate buffer (pH 3.5),
and 1 ml of enzyme solution was incubated at 30 C
for 10 min. The enzyme solutions were properly
diluted with 0.2 M acetate buffer (pH 3.5) before
they were assayed. The reaction was stopped by
adding 1 ml of 1 M perchloric acid containing 0.25%
uranyl acetate. After standing for 30 min at 30 C, the
mixture was filtered through filter paper (Toyo Roshi
no. 5 C). The filtrate was diluted 20-fold with water,
and the optical density was measured at 260 nm. One
unit of activity was defined as the amount of enzyme
producing a change of absorbance of 1.0 per 10 min,
under the above conditions.

Protein concentration. Protein concentrations
were determined by the method of Lowry et al. (14)
by using bovine serum albumin as a standard.

Viscosity. Viscosity of culture broth was measured
at 20 C by using a Viscotester VT-02 (Rion Co., Ltd.,
Tokyo, Japan).

Carbohydrate concentration. Soluble carbohy-
drates were determined by the phenol-sulfuric acid
method (6) and calculated as glucose equivalents per
milliliter of culture filtrate.

Electrophoresis. Disk gel electrophoresis was car-
ried out with polyacrylamide gel (pH 9.4) by the
method of Davis (5). About 100 ug of the protein was
applied to the column, and electrophoresis was
performed at 18 C for 90 min with a current of 3 mA
per gel column. Protein bands were detected by
standing the gel with a 1.0% solution of amido
schwartz dissolved in 7% acetic acid.

Sedimentation analysis. Sedimentation analysis
was performed on a Hitachi analytical ultracentri-
fuge model UCA-1A. The enzyme concentration used
was 0.64% in 0.01 M acetate buffer (pH 4.0) contain-
ing sodium chloride to adjust the ionic strength to
0.1. The photographs were taken at a phase-plate
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angle of 70 after reaching the full speed (55,430 rpm)
at 11.25 C.

RESULTS

Production of acid protease by P. duponti
K1014 in submerged cultivation. Figure 1
shows the effect of cultivation temperature on
protease production. Maximal accumulation of
protease occurred at 50 C which was the
optimal temperature of growth (10). The lowest
temperature, 40 C, showed the slowest rate of
accumulation.

Figure 2 shows the pH, viscosity, and car-
bohydrate and acid protease activity changes
of culture broth occurring during the growth of
the fungus at 50 C. There is a fall in pH during
incubation; the pH has to be maintained be-
tween 4.0 and.5.5 because of the instability of
the enzyme above 5.5 and below 4.0. In this
preparation, the pH after the appearance of the
enzyme was maintained at 4.3 to 4.8 by adding
ammonia water. Maximal levels of viscosity of
culture broth were reached after 20 h and
decreased during further incubation. Accumu-,
lation of protease occurred largely after the
stationary phase of viscosity was reached. Mi-
croscopy observations revealed that the hyphae
were markedly longer at maximal levels of
viscosity than later in the fermentation. It was
also found (data not shown) that good growth
and high viscosity of broth are obtained with
low aeration and agitation rates, but little acid
protease was produced. The culture was har-
vested after 3 days of incubation.

Purification of enzyme: extraction. The
harvested broth was adjusted to pH 4.5 and
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Fic. 1. Effect of cultivation temperature on pro-
tease production by a thermophilic fungus, P. du-

ponti K1014, grown in submerged cultivation. Sym-
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Fic. 2. Acid protease activity, pH, viscosity, and
carbohydrate changes during the culture of P. du-
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Fig. 3. Chromatographic separation of acid pro-
tease on DEAE-cellulose. Symbols: @, OD at 280
nm; O, acid protease activity; A, RNase activity;
dashed line, NaCl.
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Fic. 4. Gel filtration of acid protease on Sephadex
G-200. Symbols: @, OD at 280 nm; O, acid protease
activity.

filtered with analytical grade of Celite. The
filtrate was concentrated on a Centritherm
Evaporator, type CT-1B (Alfa-Laval, Sweden),
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and then passed through sterilizing membrane
filters (type HA, Millipore Corp.).

Alcohol precipitation. Three volumes of
95% ethanol (-20 C) were added dropwise with
continuous stirring to the clarified broth. After
standing overnight, the precipitate formed was
collected by centrifugation at 8,000 x g for 10
min and dried in vacuo.

Column chromatography on DEAE-
cellulose. Three grams of alcohol precipitation
powder was dissolved in 100 ml of 0.01 M
acetate buffer (pH 4.0), and undissolved ma-
terials were removed by centrifugation at 8,000
x g for 10 min. The clear solution was applied
to a DEAE-cellulose column (3 by 57 cm)
equilibrated with 0.01 M acetate buffer (pH
4.0). About 1.3% of the activity applied passed
through the column. After washing the column
with 2 liters of 0.01 M acetate buffer (pH 4.0),
elution was performed by a linear gradient of
sodium chloride concentrations from 0.0 up to
0.3 M in 0.01 M acetate buffer (pH 4.0). The
flow rate was adjusted to 30 ml/h, and 10-ml
fractions were collected. Figure 3 shows a
typical elution pattern. The acid protease was
detected in fractions 86 to 102; RNase activity
was detected in fractions 65 to 83. Active
fractions of protease free of RNase, numbers 90
to 96, were pooled and desalted by dialysis. The
dialysate of pooled fractions was rechromato-
graphed on a DEAE-cellulose column; a single
peak was obtained.

Batchwise treatment with CM-cellulose.
The rechromatographed enzyme preparation

" was dialyzed as described above, and then the

dialysate (200 ml) was passed through a layer
of CM-cellulose (3- by 5-cm-size layer) that
had been equilibrated with 0.01 M acetate
buffer (pH 4.0). The fraction that passed
through the CM-cellulose was dialyzed against
distilled water and lyophilized.

Gel filtration on Sephadex G-200. The
lyophilized powder was dissolved in 3 ml of 0.01
M acetate buffer (pH 4.0), and applied to a
Sephadex G-200 column (1.8 by 115 c¢m) equili-
brated with the same buffer. Elution was
performed with the same buffer, and 10-ml
fractions were collected. Figure 4 shows a
typical elution pattern. Fractions 22 to 28 were
pooled, dialyzed, and lyophilized. The purified
enzyme was free from RNase, cellulase, hemi-
cellulase, and amylase activities. The results,
showing the ninefold increase in specific activ-
ity achieved, of the overall purification proce-
dures are summarized in Table 1.

Disk electrophoresis. The purified enzyme
was homogeneous on disk electrophoresis (Fig.
5).
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TaBLE 1. Purification of acid protease from P. duponti K1014

Total activity Total protein | Specific activity Yield
Procedure L) (mg)  |(Upermgof protein)| (%)
Crudeextract .............................. 1,096,400 6,821.5 160.7 100
Alcohol precipitation ....................... 996,725 2,783.5 358.1 90.9
DEAE-cellulose (first) ...................... 602,537 708.0 850.7 55.0
DEAE-cellulose (second) ................... 437,253 447.5 976.7 39.9
CM-cellulose .............................. 314,822 262.8 1,197.8 31.9
SephadexG-200 ............................ 279,842 193.0 1,450.2 25.5

Sedimentation analysis. The sedimentation
patterns in Fig. 6 demonstrate the acid pro-
tease to be monodisperse. The sedimentation
constant s,, v, calculated at a concentration of
0.64%, was 3.98 S.

DISCUSSION

It has been reported that certain fungi are
capable of producing protease in submerged
cultivation (1, 11, 18, 19, 20, 22). Sodek and
Hofmann (19) reported that penicillopepsin,
the acid proteinase of Penicillium janthinel-
lum, could be produced at high levels in
submerged culture in about 6 days at 25 C.
Maximal production of the milk-clotting acid
protease by a thermophilic fungus M. pusillus
Lindt occurred after 5 days at 35 C. With an
incubation temperature of 45 C, there was
considerable enzyme production early in the
incubation period followed by a drastic decline
in activity (20).

Maximal production of acid protease by P.
duponti K1014 in submerged cultivation, like
solid cultivation (10), occurred after approxi-
mately 3 days at 50 C, which was the optimal
temperature of growth. High yields of the
enzyme were obtained when the pH of culture
broth was maintained between 4.0 and 5.5. The
fungus may be useful for industrial fermenta-
tions because of reduction in contamination
that results from both the elevated tempera-
ture and acidic pH for growth.

Vigorous aeration and agitation were needed
for high yields of acid protease. Under condi-
tions of high aeration and agitation there were
reductions in mycelial length and viscosity of
the culture broth; these probably resulted in
more effective transfer of oxygen to the myceli-
um. The procedure for production of acid
protease by P. duponti K1014 that is presented
here can be readily scaled up to commercial
enzyme production.

Levels of acid protease and RNase attained
in submerged culture were high, compared
with levels attained on solid culture. However,
levels of other hydrolases, such as cellulase,
hemicellulase, and amylase, were poor in sub-

+

Fic. 5. Disk electrophoresis of purified acid pro-
tease with polyacrylamide gel of pH 9.4. Top, nega-
tive; bottom, positive.

56min

Fic. 6. Ultracentrifuge patterns of purified acid
protease.
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merged culture (H. Hashimoto et al., unpub-
lished data). Purification of acid protease from
P. duponti K1014 was performed with clarified
broth of a submerged culture as the starting
material. The results presented above with disk
electrophoresis and sedimentation analysis in-
dicate the physical homogeneity of the en-
zZyme preparation.
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