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When Mucor Ihiemalis NRRL 3103 was grown in soybean medium, only a small
fraction of the proteinase produced by the organism appeared in the culture filtrate,
whereas the bulk of the enzyme was bound to the mycelial surface. Optimal pH of the
proteinase ranged from 3.0 to 3.5. Inclusion of sodium chloride or other ionizable
salts in the growth medium, however, resulted in the liberation from the mycelium of
the loosely bound enzyme as it was formed. Maximal release of proteinase was
achieved at a sodium chloride concentration of 0.5 M. The loosely bound proteinase
was eluted also from intact resting mycelium by ionizable salts but not by water or
by nonionizable substances. The amount of enzyme eluted from the mycelium de-
pended upon the concentration of sodium chloride up to 0.3 M. Since liberation took
place rapidly even at 0 C, a loose ionic linkage must exist rather than a biochemical
binding of the enzyme to the mycelium. The recovery of proteolytic activity from
repeated salt extractions was greater than that originally detected in the intact my-
celium, possibly owing to unmasking of more active enzymes or functional groups.
Further proteinase activity was released when salt-extracted mycelium was ruptured.
Part of the proteinase thus observed was firmly attached to the cell fraction, and part
of it appeared in the supernatant fluid. These conditions implied the presence of
intracellular or firmly attached proteinase which could be partially released.

Localization of enzymes on the surface of a cell
has attracted increasing attention by investigators
because of its importance in understanding the
biochemical and physiological properties of
microorganisms. In recent years, several reports
described enzymes liberated from the cell surface
of microorganisms. fl-Penicillinase of Bacillus
cereus was bound to the cell and was liberated by
high salt concentrations (7, 8). Proteinase pro-
duced by Micrococcus freudenreichei was also
found to be cell-bound and could be released by
sodium chloride (3). Elution of acid phosphatase
from the surface of Saccharomyces mellis cells by
potassium chloride and other salts was reported
by Weimberg and Orton (10). They also observed
(11) that acid phosphatase and invertase of
Saccharomyces cerevisiae and S. fragilis were lo-
cated outside the cell wall but were bound to the
cell. Penicillinase of Bacillus subtilis liberated
from cell or envelope by an enzymatic process
was discussed by Kushner and Pollock (2). Mal-
amy and Horecker (4) found that when cells of
Escherichia coli were converted to spheroplasts
with ethylenediaminetetraacetate and lysozyme,
the surface-located alkaline phosphatase could be
released into the medium. This same method was

used to liberate other surface-located enzymes of
E. coli, such as ribonuclease (5), acid phosphatase,
cyclic phosphodiesterase, and 5'-nucleotidase (6).

Relatively few studies have been made upon
the liberation of enzymes from the cell surface of
molds, despite the fact that some of them have
been intensively examined. The enzymes in these
studies are often prepared by extracting cultures
on solid media, such as wheat bran. The resulting
preparations probably contain enzymes of both
extracellular and cell-bound character. Generally,
in studies dealing with extracellular enzymes
found in culture filtrates, the extent of autolysis
and the ratio of enzyme activity in culture filtrate
to the cell-bound activity are not discussed; there-
fore, there is little evidence that they are truly
extracellular.
During the studies of enzymes produced by

Mucor hiemalis NRRL 3103, a mold used in
Chinese cheese (sufu) fermentation (9), the mold
grew surprisingly well on liquid medium of soy-
bean meal or wheat flour, but the yield of prote-
olytic enzymes in the culture filtrate was not
significant. Therefore, a study to locate the pro-
teinase and to determine conditions for release of
the enzyme was undertaken.
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MATERIALS AND METHODS

.11. hiiemiialis NRRL 3103 was maintained on1 slants
of potato-dextrose-agar at 4 C. Before each experi-
ment, the organism was transferred to a potato-
dextrose-agar slant anid was incubated at 25 C for 7
days. A spore suspensioni for inoculation was pre-
pared by adding sterilized distilled water to each slant
anid shaking thie culture vigorously for 1 min. The
flasks containing 2%" soybeani meal in water were
sterilized at 121 C for 20 min; they were then inocu-
lated with spore suspensioni and incubated on a
reciprocating shaker at 25 C. After 72 hr of growth,
the mycelia were harvested by filtration, washed with
distilled water, and tlen pressed dry. Portions of wet
myceliuLM were theni weighed and eitlher were sus-
pended in buffer of appropriate pH for assay of total
proteinase activity or were eluted with desired solu-
tions.
The proteinase activity was measured according to

the hemoglobin digestioni metlhod described by Anson
(1). The reaction was carried out in I ml of 1%
denatured hemoglobini in 0.05 M citrate buffer of
desired pH, with 1 ml of sample tested at 38 C for 30
min. The reaction wtas tlheni stopped by the addition of
3 ml of 5' trichloroacetic acid, and the nondigested
hemoglobin was removed by filtration. The amount of
split products remaining inl solution was determined
spectrophotometrically at 280 m1g.

Onie unit of proteinase is defined as the amount of
enzyme that forms I umole of tvrosine per hr at 38 C.

RESULTS

Effect of pH on activity and stability of the
proteinase. Although a trace amount of protein-
ase was detected in culture filtrate of M. hiemalis
NRRL 3103 grown in 2%/o soybean meal in water,
enzyme activity was greatly increased when so-
dium chloride was incorporated into the medium.
Comparison of enzyme activity at various pH
values showed that a maximal activity occurred
at pH 3.0 to 3.5 (Fig. 1). Portions of culture
filtrate were adjusted to pH values ranging from
2.0 to 8.0. After 20 hr at 25 C, the solutions were
readjusted to pH 3.0. The amount of enzyme
activity recovered as measured at pH 3 0 differed
with the various pH treatments. As shown in
Fig. 2, the enzyme was fairly stable between pH
3.0 and 5.0, was not so stable at pH above 5.0,
and lost its activity almost completely at neutral
or alkaline pH.

Effect of sodiumol chloride concentration and
other reagents on the Pr-oduction of proteinase as
can extracelluilar en zyme. To illustrate the effect of
sodium chloride quantitatively, the mold was
grown in 2% soybean medium containing various
concentrations of sodium chloride. Proteolytic
activity was found in the culture filtrates over a
range of sodium chloride concentrations (Fig. 3),
and the optimal concentration for maximal yield
of enzyme was 0.5 Ni. The amount of enzyme was

pH
FIG. 1. pH-activity curve of proteinase produced by

Mlcor hiemalis NRRL 3103.

5
pH

FIG. 2. Percelntage of proteilnase activity recovered
from culltuire filtrates which were kept at various pH
vallues for 20 hir (at 25 C.

seven times greater than the maximnal activity
present in the filtrate of cultures grown in soybean
medium with no sodium chloride added. The
mold growth was suppressed even at a level of
0.5 xi sodium chloride (Fig. 3), but was not
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FIG. 3. Growtth of MIacor hiemalis anid1 its extra-
celluilar proteiniase produictioni as a fiuictiorn of soclillm
chloride conicentrationi inl the medCium.

seriously affected until the salt concentration was
above 1.0 Nvi. Therefore, the decrease in enzyme
activity with increasing salt concentrations prob-
ably was caused by growth inhibition.

Although growth of M. hiemalis in soybean
medium containing sodium chloride resulted in
the appearance of proteinase in the culture filtrate
as an extracellular enzyme, the sodium chloride
could be replaced by a number of salts: potassium
chloride, calcium sulfate, magnesium sulfate, and
ammonium sulfate (Table 1). All of these salts
are ionized in water. Urea, a nonionizable com-
pound, failed to increase the proteolytic activity
in culture filtrate. On the other hand, incorpora-
tion of sucrose in the soybean medium increased
extracellular proteolytic activity. The combined
effects of sodium chloride and sucrose on the
growth and extracellular proteinase are illustrated
further in Fig. 4. The addition of sucrose to soy-
bean medium greatly stimulated the growth of
the organism and slightly increased the amount
of proteinase appearing in the culture filtrate.
Further increase in enzyme activity was noted in
the filtrate of the organism grown in soybean-
sucrose medium with the addition of 0.5 M sodium
chloride, although growth was suppressed by the
addition of this salt. These results suggest that
both sucrose and sodium chloride gave rise to the
appearance of proteinase in the culture filtrate,
but the effect was due to different mechanisms:
sucrose stinmulated the growth and sodium chlo-
ride released the cell-bound enzyme.

Propor tion ojlpr oteinase activitU between clulture
filtrate aniid in celiumi. To verify the true extra-
cellularity of the proteinase produced by M.
hietnalis, enzyme activities of culture filtrate as

TABLE 1. Effect of sailts anid oiliet reagents on the
pr-odlctioii of extr-acellhlar proteiniase by
Matcotr hiernalis AVRRL 3103 oni ai basal

mediunnii of 2%`1 soybean meal

Unit of
Supplement (0.5 u) enzyme per

ml filtrate

None ....0..................0.3
KCI. 7.0
NaCl.. 6.4
CaSO4... 2.4
MgSO4.. 4.2
(NH4)2SO4 3.0
Sucrose .... . 3.4
Urea .................... 0.3
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FIG. 4. Conmbinted effect of suicrose aIId sodliuem
chloride oni tine growvth anid extracellidlair pr-oteiniase
production of Macor lhiemalis.

well as of mycelium were measured. Only one-
third of the enzyme appeared in the culture filtrate
when M. hiemalis was grown in soybean medium
(Table 2). Addition of sucrose to the medium
enhanced the total enzyme production, but the

fraction of enzyme activity in the culture filtrate
remained the same as that of soybean alone. When
sodium chloride was added to the medium con-
taining either soybean or soybean and sucrose,
however, more than 90% of the enzymes appeared
in the culture filtrate. In other experiments, even
less enzyme activity occurred in the culture filtrate
of the growth medium without sodium chloride.
Therefore, the proteinase produced by M. hiemnalis
was mainly bound to the mycelium, and sodium
chloride released the enzyme from the mycelium
as the enzyme was formed. The total proteinase
activity from filtrate and mycelium of M. hiemnalis
grown in soybean medium with sodium chloride
greatly exceeded that of the organism grown in
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TABLE 2. Percen-tage of proteinacise activity in
ciultlure filtrates of Mutcor hiemi?alis growi oni a

basal inedium of 2% soybeani meal witi
variolus supplements

Proteinase activitY
(units) iProteinaseSupplement ___ in filtrate

Filtrate Myceliuni

None ................. 26.6 57.3 31.7
NaCl,0.5M 456.5 21.6 95.5
Sucrose, 0.2 M........ . 170.2 340.0 33.3
NaCI, 0.5 M, plus su-

crose, 0.2 Ni......... 465.5 37.4 92.4
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FIG. 5. Effect of various concentrationis of sodium
chloride oni the elitioni ofproteinase from intact restimig
mycelium of Mutcor hiemalis.

soybean medium without sodium chloride, al-
though this salt suppressed the growth of the
organism. Apparently, as soon as the mycelium
surface was free from proteinase the organism
responded and produced more enzyme protein.

Elution of proteinase by extracting mnycelium
with salt soltitions. Since proteinase produced by
M. hiemlalis was released from growing cultures
by salts, it seemed likely that the enzyme might
also be eluted from resting mycelium by salts.
Three-day-old mycelium of M. hienmalis grown in
2% soybean meal and 0.2 M sucrose was
harvested, washed with water, and pressed dry.
Portions of weighed mycelium were suspended
either in water or in sodium chloride for 1 hr.
Proteolytic activity was found in the sodium
chloride supernatant fluid but not in the water

supernatant fluid. The amount of enzyme released
from the mycelium depended upon the concentra-
tion of sodium chloride up to 0.3 NI (Fig. 5). A
time study of elution by sodium chloride demon-
strated that the liberation of cell-bound enzyme
took place very rapidly at 25 C. Mycelium sus-

pended in 0.3 NI sodium chloride for several hours
did not release more enzyme than mycelium
suspended for 20 to 30 min. Although release of
enzyme also occurred rapidly at 0 C, the amiount
of enzyme liberated was only about 90%c of that
released at 25 C. Solutions of potassium chloride,
magnesium sulfate, and ammonium sulfate also
released proteinase (Table 3) as in the growing
culture. Glucose, sucrose, and urea did not release
appreciable amounts of the enzyme.

Recovery of proteinase activity from r-epeated
salt extraction and ruptured mlycelilumn. A 250-mg
amount of wet mycelium was suspended in 5 ml
of 0.3 M sodium chloride for 30 min at 25 C and
was then centrifuged. After removing the super-

natant fluid for enzyme assay, the mycelium sam-

ple was resuspended in another 5 ml of 0.3 NM

sodium chloride for a second elution, and then
two more elutions were made in the same manner.

About 70%7 (Table 4) of the measurable protein-
ase activity of the intact mycelium was recovered
from the first sodium chloride eluate, an apprecia-
ble amount of enzyme was found in the second
eluate, and a small amount of enzyme was also
recovered from third and fourth extractions. The
total proteinase from the sodium chloride extrac-
tions was nearly 140% of that originally detected
in the mycelium.

Further release of proteinase from salt-
extracted mycelium was observed after sonic dis-
ruption of the mycelium. The four-times salt-
extracted mycelium was washed once with water;
it was then suspended in 5 ml of 0.3 Ni sodium
chloride and subjected to a Branson 20-kc Sonifier
for 15 min. After centrifugation at 23,000 x g for
15 min, the proteinase activity of supernatant

TABLE 3. Elaitioni of pr-oteinlase fronli mvycelifin Of
Matcor hiem1alis by salts amid other reagenits

Enzyme recovered
Reagent Concn from 200 miig of

wet nlycelium

NaC. ... 0.3 18. 7
KCI ... 0.3 19.7
MgSO4 ............. 0.3 16.
(NH4)2SO4 0.......0.3 13 .0)
Glucose ......... 0.6 2.7
Sucrose.... 0.6 1.3
Urea ... 0.6 (1.6
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TABLE 4. Liberation ofproteiliase by sailt e,

intact anid rliptuned myceliam

l'rcatine t

Suspended mycelium in

buffer solution
Suspended intact myceliumii

in 0.3 Ni NaCI at 25 C for
30 min, followed by cen-
trifugationi

Same sample suLbjected to
second NaCI extraction

Same samlple subjected to
third NaCI extraction

Same sample subjected to
fourth NaCI extraction

Suspended mycelium in
buffer solution arter

fourth NaCI extraction
Sample of four-times salt-

extractcd myceliunm sub-
jected to sonic oscilla-
tion for 30 min, followved
by centriftigationl

Fraction for
enzyme assay

Initact imlyceliuIml

SuLpernatant fluicl

Supeirnatant fluicl

Supernatant flulid

SuLpernataniit flulid

Mycelium

Residue

Super-natant fluidl

fluid was measured. The residue was wai
water and then suspended in buffer so
enzyme assay.

After salt extraction four times, the
showed low proteinase activity (Tabl
significant amounts of enzyme were in
natant fluid and residue of the ruptured r

Obviously, some of the cell-bound I

cannot be released by salt but becomes
to the substrate after the structure is ru

DISCUSSION

It is well-known that the great m;
molds produce appreciable amounts of
tic enzymes, which may be cell-bound
cellular according to the type of orgai
ducing them. M. hieinialis is used for suf
tation, in which the substrate, tofu
extremely high content of protein (60'
basis). Therefore the production of prot
this organism is expected.
When the organism was grown in a

with no salt, a small fraction of prote
peared in the culture filtrate, but mo
proteinase remained attached to the r

When the mold was grown in a salt me(
only was a large fraction of enzymi
recovered from the culture filtrate, bi
great increase in total enzyme activity
served. Apparently, only a certain at

proteinase could be associated with the
surface; continual removal of protein
mycelial surface by salt made it possib

l/on fromt organism to svnthesize mor-e of the enzyme pro-
tein.

Proteinase The mycelium-bound proteinase could also be
(units) per easily eluted by sodium chloride or other ioniza-250 ingof byi ia

celiut i
ble salts from intact resting mcelium. Such

20.6 nonionizable substances as urea, glucose, and
20 .6 sucrose were unsatisfactory for eluting the pro-

teinase, just as they were unsatisfactory for re-
14. 4 leasing the proteinase from growing culture.

Consequently, the enzyme is probably loosely
bound to the mycelial surface by ionic linkage.

8 7 The liberation of the enzyme by salts might not
involve any biochemical reactions, because the
elution took place rapidly even at 0 C. Previously

, 2 A3-penicillinase of B. cereus (7, 8), proteinase of
M. freludenreichii (4), and acid phosphatase of

' 4 S. mellis (10) were reported to be cell surface
enzymes held by ionic linkage.

7. Although the release of proteinase by salts
took place rapidly and large amounts of enzyme

S.7 from resting mycelium were eluted by the first salt
extraction, small amounts of enzyme were ob-
tained by repeated extractions. Furthermore, the
recovery of total enzymatic activity in salt super-

tshed with natant fluids was greater than was initially found
ILution for wit the mycelium. In this respect, it behaved like

acid phosphatase from S. miiellis (10). The reason
mycelium for this behavior is not clear, but, as suggested by
le 4), but Weimberg and Orton (10), it could be due to
the super- unmasking of more active enzymes and an altera-
mycelium. tion of the protein structure.
proteinase A further yield of proteinase was recovered
accessible from the supernatant fluid and residue of the
iptured. salt-extracted mycelium treated by a sonic oscilla-

tor. This finding suggested the presence of intra-
cellular or firmly cell-bound proteinase. The lib-

jority of eration and location of these firmly bound
proteoly- proteinases will have to be determined by future
or extra- work.
niism pro- Since proteinase of M. hlienialis grown in a low
u fermen- salt medium remained attached to the mycelium,

has an the opportunity was provided not only to study
, on dry the location of enzyme before its liberation, but
teinase by also to comprehend the brineing process in sufu

fermentation. It is now apparent that the sodium
medium chloride in the brine solution not only retards

inase ap- mold growth and imparts a salty taste to the final
ist of the product, but also releases the mycelium-bound
nycelium. proteinase, which, in turn, penetrates the molded
dium, not tofu and acts on the protein.
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