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INTRODUCTION
Traditionally the proteinases have been re-

garded as degradative enzymes which are capa-
ble of cleaving proteins into small peptides and
amino acids and whose role it is to digest nutri-
ent protein or to participate in the turnover of
cellular protein. Indeed, this is true of the best
characterized of the proteinases, such as the
mammalian digestive enzymes trypsin, chymo-
trypsin, and pepsin and the lysosomal enzymes
cathepsin B and cathepsin D. More recently,
however, it has also been demonstrated that
limited proteolysis has a key role in a wide range
of cellular processes (see references 117 and
118). The ability of proteolytic enzymes to carry

out selective modification of proteins by limited
cleavage, as in the activation of hormones, for
example, means that some proteinases have a
regulatory function. This has added consider-
able interest to an already important group of
enzymes. As a result of the recognition of more
specific proteolytic processes and the use of
more selective substrates, an increasing number
of proteinases are being detected in all types of
organisms. This review is concerned with the
proteinases of one group, the eucaryotic micro-
organisms.
There are a number of reasons why the pro-

teinases of these organisms are of particular
interest. A number of species, for example,
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Saccharomyces cerevisiae, Neurospora crassa,
Aspergillus nidulans, Physarum polycephalum,
Dictyostelium discoideum, and Tetrahymena
pyriformis, are widely used for analyzing the
molecular basis of a range of physiological and
development processes. A study of the proteo-
lytic enzymes of these species contributes to our
understanding of the role played by proteinases
and peptidases in many cellular functions in-
volving proteolysis, including intracellular pro-
tein turnover, digestion, protein translocation,
sporulation, and germination. Knowledge of the
properties of these enzymes may also aid the
development of methods which prevent artifacts
caused by proteolysis during preparation of cel-
lular materials (263). Many species of eucaryotic
microorganisms are pathogenic to humans, live-
stock, or crops. Since proteolysis may play a
number of roles in pathogenesis, for example, in
the penetration of the host organism, in counter-
ing host defense mechanisms, and in nutrition
during infection, an analysis of the proteolytic
enzymes may prove invaluable to an under-
standing of pathogenesis and might suggest
means of controlling the pathogens.

Furthermore, a study of proteolytic enzymes
is merited because of their importance as re-
agents in laboratory, clinical, and industrial pro-
cesses. Proteinases from a number of sources,
both microbial and nonmicrobial, are in wide-
spread use in the food industry (baking, brew-
ing, cheese manufacturing, meat tenderizing), in
the tanning industry, and in the manufacture of
biological detergents (9). The use of fungal pro-
teinases is of particular importance in the food
industry. Many traditional food processes, espe-
cially the preparation of Oriental fermented
foods, are also dependent on proteolytic micro-
organisms.
Thus, there is an increasing interest in the

proteinases and peptidases of the eucaryotic
microorganisms. A survey of the literature since
1973 indicates that proteolytic activity has been
reported in species representing over 150 genera
of fungi, protozoa, and slime molds. For some
genera, for example, Aspergillus and Pencil-
lium, many different species are of interest. It is
not possible to provide a complete account of all
the enzymes in all species in this review. Conse-
quently, the contents are restricted to a discus-
sion of the proteinases (the endopeptidases),
although, since a complete understanding of
proteolysis must take into account the role of
exopeptidases (aminopeptidases, carboxypepti-
dases, and dipeptidases), these are not ignored
completely. Emphasis is placed on the areas of
most recent interest and those which have not
previously been reviewed. This applies in partic-
ular to the proteinases of the protozoa and slime
molds. For more detailed descriptions of other

areas, the reader should consult the various
reviews referred to in the text.

PROTEINASE PROPERTIES

From an analysis of their in vitro properties,
proteinases may be classified in a number of
ways, for example, on the basis of the pH range
over which they are active (acid, neutral, or
alkaline), on the basis of their ability to hydro-
lyze specific proteins (keratinase, elastase, col-
lagenase, etc.), or on the basis of their similarity
to well-characterized proteinases such as pep-
sin, trypsin, chymotrypsin, or the mammalian
cathepsins. The latter can often prove mislead-
ing if only a restricted number of properties are
compared. The most satisfactory classification
scheme is that proposed by Hartley (102) based
on the catalytic mechanism: this forms the basis
for the Enzyme Commission classification given
in Table 1. There are four different types of
proteinase, and these can be distinguished from
one another on the basis of their sensitivity to
various inhibitors (Table 1). Some commonly
used inhibitors are not specific to one type of
proteinase, however. For example, the chloro-
methyl ketone derivatives N-a-tosyl-L-lysine
chloromethyl ketone (TLCK) and L-tosyl-
amido-2-phenylethyl chloromethyl ketone
(TPCK) and the microbial inhibitors leupeptin
and antipain all inhibit some serine proteinases
as well as many cysteine proteinases.
There is some overlap between the latter

classification scheme and that based on pH
dependence. The aspartic (carboxyl) proteinases
are all active at acidic pHs, and in the absence of
any supporting data, many acid proteinases have
been assumed to be of the aspartic type. Howev-
er, some have since been shown to be cysteine
(thiol) proteinases, which are usually most ac-
tive at slightly acidic pHs. Metalloproteinases
are active around neutrality, and serine protein-
ases are usually most active at alkaline pHs.
Indeed, the terms neutral proteinase and alka-
line proteinase are often used synonymously for
these two types. In this review, however, the
terms acid, neutral, and alkaline proteinase are
only used to refer to the pH optimum of an
enzyme and do not imply anything about its
catalytic mechanism.
The conclusions that can be made about the

physiological role of a proteinase directly from
its in vitro properties are, however, limited,
since physiological substrates are not always
used. The pH dependence may indicate some-
thing about the compartment in which the pro-
teinase would operate (for example, intracellular
acid proteinases might be expected to be vacuo-
lar), but with non-physiological substrates con-
siderable differences in pH optima are observed
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for the hydrolysis of different proteins by the
same enzyme. Casein hydrolysis is often optimal
at higher pHs than hemoglobin hydrolysis; thus,
a pH optimum may be as much a feature of the
substrate as it is of the proteinase. Substrate
specificity may indicate the range of proteolytic
events in which a proteinase might be able to
participate, but it cannot always be related di-
rectly to activity on the physiological substrates.
Nevertheless, knowledge of the properties of a
proteinase is important, especially since most
organisms produce a number of different pro-
teinases and it is essential that their activities
can be distinguished from one another.

In the following sections, the properties of the
proteinases of fungi (Eumycota), protozoa, and
slime molds are discussed. For the fungal en-
zymes, only those properties which allow com-
.parisons to be made between proteinases from
different organisms or those which may be rele-
vant to the physiological role of an enzyme are
considered in detail. More comprehensive cov-
erage is given for the protozoan and slime mold
proteinases.

FUNGI
A considerable amount of information is now

available on the proteinases of fungi. Many
surveys have been undertaken involving hun-
dreds of species which have been screened for
general proteinase activity on substrates such as
casein or for more specific activities such as
those of elastases, fibrinolytic enzymes, or milk-
clotting enzymes. Only a proportion of the en-
zymes detected have been subjected to more
detailed characterization. Most have properties
consistent with aspartic, metallo-, serine, or
cysteine proteinases. Many fungal exopepti-
dases have also been described, but discussion
of their properties is outside the scope of this
review.
Comparison of the proteolytic systems of the

fungi is made difficult by the use in different
laboratories of a variety of sometimes inade-
quately identified isolates of the same species,
many unique to individual laboratories, by the
variety of media and culture conditions em-
ployed, and by the use in some instances of
crude commercial preparations as starting mate-
rial for proteinase analysis (50). This variation is
particularly apparent with one of the most stud-
ied species, Aspergillus oryzae. Nevertheless,
fungal proteinases isolated from species repre-
senting different taxonomic groups do show a
number of common features, which are dis-
cussed below.
For more detailed discussions of specific as-

pects, the reader should consult reviews on the
yeast proteolytic system (361), proteinases of

aspergilli (49), intracellular proteinases (116,
354), extracellular proteinases (50), and protein-
ase specificity (206) together with an earlier
review in which detailed descriptions of the
properties of some of the fungal proteinases are
given (193).

Aspartic Proteinases

Many fungi produce proteinases which are
active at acidic pHs, and a large -proportion of
these have been shown to have properties con-
sistent with aspartic proteinases. With some,
labeled inhibitors have been used to isolate
active-site peptides and to directly demonstrate
the involvement of one or two aspartic acid
residues (152, 185, 224). Recently, diazoketone
reagents have been used for active-site spin
labeling of the proteinase from Rhizopus chinen-
sis (226). Not every acid proteinase is inhibited
by the specific inhibitors pepstatin or Strepto-
myces pepsin inhibitor (S-PI), and a small but
significant group of insensitive enzymes has now
been reported: proteinase A of Aspergillus niger
var. macrosporus (41, 124), proteinases Al, A2,
and B of Scytalidium lignicolum (238), and the
extracellular proteinase of the basidiomycete
Lentinus edodes (332). Recently, extracellular
proteinases from other basidiomycetes have also
been reported to be S-PI insensitive (240). An
extracellular proteinase from the basidiomycete
Sporotrichum dimorphosporum has recently
been described, but its sensitivity to inhibitors
was not reported (328). An examination of the
specificity of proteinases Al and A2 of S. ligni-
colum suggests that the nature of the amino acid
at the P'1 position (as defined by Schechter and
Berger [286]) is less important than in the other
acid proteinases, in which a bulky amino acid is
preferred (208).

In general, the pepsin inhibitor p-bromophen-
acyl bromide does not inhibit fungal acid pro-
teinases. A number of them are sensitive to N-
bromosuccinimide, 12, and potassium per-
manganate, suggesting the possible involvement
of tyrosine. The proteinases of Penicillium ca-
seicolum, Penicilliumjanthinellum (penicillopep-
sin), Penicillium roqueforti, and R. chinensis are
inactivated by butane-2,3-dione on exposure to
light (92). This involves a reaction with tyrosine
and tryptophan residues and in penicillopepsin
with active-site residues. However, for the P.
roqueforti enzyme the effect may be nonspecif-
ic.
Most of these proteinases have molecular

weights in the range of 30,000 to 45,000, the
exceptions being larger enzymes in Podospora
anserina (161) and some carbohydrate-contain-
ing proteinases of A. oryzae, whose protein
components have molecular weights between
29,000 and 34,000 (340); smaller proteinases
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TABLE 1. Proteinase classification

Type Specific inhibitors; characteristic of Other inhibitors Activatorsenzyme type

Aspartic protein- Pepstatin
ases (EC 3.4.23) S-PI (acetyl pepstatin)

Diazoacetyl norleucine methyl
ester

N-Diazoacetyl-N-'-2,4-dinitro-
phenylethylenediamine

Epoxy (p-nitrophenoxy) propane

Metalloproteinases Chelating agents
(EC 3.4.24) EDTA, ethylene glycol-bis(p-

aminoethyl ether)-N,N-te-
traacetic acid

o-phenanthroline
8-hydroxyquinoline
a,a-dipyridyl

Phosphoramidon (not acid metal-
loproteinases)

Serine proteinases PMSF TLCK
(EC 3.4.21) DIFP TPCK

Antipain
Leupeptin
Chymostatin

Cysteine protein- lodoacetamide, iodoacetate p-Chloromercuribenzoate Reducing agents
ases (EC 3.4.22) Heavy metals (also inhibits some serine Cysteine

N-Ethyl maleimide proteinases) DTT
TLCK EDTA
TPCK
Antipain
Leupeptin
Chymostatin

have been reported in S. lignicolum (238) and A.
niger (41). All the reported isoelectric points are
below pH 5.1, with the exception of that for the
S. dimorphosporum proteinase (pH 7.4) (328),
and the majority are between pH 3.4 and 4.6.
Many of the purified proteinases contain carbo-
hydrate, which is responsible for some protein-
ase heterogeneity. Detailed studies of the carbo-
hydrate component have been made for Mucor
miehei (270), S. lignicolum (217), and A. oryzae
(339) proteinases.

Fungal acid proteinases are usually able to
hydrolyze a range of native proteins, but the
majority of them have little or no activity on
small synthetic substrates. Earlier observations
of such activity were often due to the presence
of acid (serine) carboxypeptidases, which are
now removed in modified purification schemes
(see, e.g., references 122, 143, 218, 244 and 325).
Many of the acid proteinases have milk-clotting
activity, as they are able to cleave the Phe(105)
-Met(106) bond of K-casein, the bond cleaved
by rennin. The pH optimum for milk clotting is
usually closer to neutrality than that for protein-
ase activity. A synthetic rennin substrate based
on the sequence around the Phe(105)-Met(106)

bond is hydrolyzed by some milk-clotting fungal
proteinases (119, 192).
The specificity of a number of the proteinases

has been assessed by examining the hydrolysis
of the oxidized B chain of insulin and of some
other small, naturally occurring polypeptides
(see references 121-123, 143, 252, and 325 for
recent examples). Most of the fungal proteinases
have broad specificity but preferentially hydro-
lyze peptide bonds between two bulky amino
acids. With the exception of the pepstatin-insen-
sitive proteinase A ofA. niger (124) and the acid
proteinase of Candida albicans (268), which is
not inhibited by diazoacetyl norleucine methyl
ester, all the fungal proteinases cleave the B
chain Tyr(16)-Leu(17) and Phe(24)-Phe(25)
bonds. The S-PI-insensitive S. lignicolum pro-
teinases showed weaker activity on the former
bond (239), which most other proteinases attack
preferentially. Most of the proteinases also
cleave the Leu(15)-Tyr(16) bond and to a lesser
extent the Ala(14)-Leu(15) and Phe(25)-
Tyr(26) bonds. Except for those proteinases
unable to cleave the Tyr(16)-Leu(17) bond,
only proteinase 1a from Pycnoporus coccineus
fails to cleave the Leu(15)-Tyr(16) bond, and it
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has been suggested that this results from an
inhibitory influence of the hydroxyl group of the
tyrosine in the P'1 site (122). This enzyme is also
unable to cleave the Phe(25)-Tyr(26) bond.
An interesting property of many of the fungal

acid proteinases is their ability to activate bo-
vine trypsinogen (see references 20, 172, 251,
280, and 281 for recent examples). This was
described first by Kunitz (159) in 1938 for an
unidentified species of Penicillium. Morihara and
Oka (207) reported a relationship between this
trypsinogen kinase activity and the ability of
proteinases to hydrolyze specific oligopeptides
at bonds involving the carboxyl group of lysine,
although lysine- and arginine-containing bonds
in the insulin B chain are not cleaved. Activation
involves the splitting of the Lys(6)-Ile(7) bond
of trypsinogen, the bond cleaved during autoca-
talysis. Indeed, A. oryzae and Aspergillus saitoi
enzymes have been used to study both trypsino-
gen (1, 276) and chymotrypsinogen activation
(65, 295). Hog pepsinogen can be activated by A.
oryzae proteinases (312). Not all of the fungal
enzymes are able to activate trypsinogen, but it
is interesting to note that proteinases from the
protozoan T. pyriformis (65) and the cellular
slime mold D. discoideum (235) have trypsino-
gen kinase activity.
Amino acid sequence analysis (93) and X-ray

crystallographic analysis (120, 318, 327) of the
proteinases of R. chinensis, P. janthinellum, P.
roqueforti, and Endothia parasitica have re-
vealed a considerable degree of homology be-
tween the fungal proteinases and mammalian
aspartic proteinases including pepsin and ren-
nin, suggesting that they all evolved from a
common ancestral gene (326). The aspergillo-
pepsin A from Aspergillus awamori is also being
sequenced (151). Its active-site sequences show
considerable homology with those of pepsin and
penicillopepsin.

Fungal species which produce extracellular
acid proteinases often acidify the medium in
which they grow (50, 195). Since many of the
enzymes are unstable above neutral pH, they
are not found in cultures growing at neutral or
alkaline pH..

Metalloproteinases
Only a few exampples of metalloproteinases

have been reported in fungi, and most have been
shown to be zinc-containing enzymes. Gripon et
al. (90) have suggested that the enzymes of P.
caseicolum and P. roqueforti and the neutral
proteinase II of A. oryzae and Aspergillus sojae
represent a distinct group of enzymes for which
they suggest the name acid metalloproteinase.
These have lower pH optima (5 to 6), lower
molecular weights (19,000 to 20,000), and a

different specificity with the oxidized insulin B
chain from the thermolysin-like neutral metallo-
proteinases. The Penicillium proteinases are
also insensitive to phosphoramidon, a specific
neutral metalloproteinase inhibitor. The neutral
proteinase I of A. oryzae and A. sojae have
molecular weights of 41,000 and 42,000, respec-
tively, and a pH optimum of 7 (221, 222, 291).
The isoelectric points of A. sojae proteinases I
and II are 4.7 and 4.2, respectively. The basidio-
mycete Tricholoma columbetta produces a low-
molecular-weight neutral proteinase (165) which
has some resemblance to the metalloproteinase
of another basidiomycete, Armillaria mellea
(180). However, this enzyme is not inhibited by
ethylenediaminetetraacetate (EDTA), and at
high concentrations the chelating agent en-
hances proteinase activity. This proteinase is
not affected by diisopropylfluorophosphate
(DIFP) or cysteine and is inhibited only by
potassium cyanide. Further characterization is
necessary to determine whether this enzyme
represents a unique class of proteinase.

Serine Proteinases
The production of alkaline proteinases has

been described for fungi of all major taxonomic
groups. Virtually all of those subjected to de-
tailed characterization have been shown to be
serine proteinases, since they are inhibited by
either phenylmethylsulfonyl fluoride (PMSF) or
DIFP. Many of them are also inhibited by some
thiol reagents such as p-chloromercuribenzoate.
This may reflect the close proximity of a cyste-
ine residue to the active site. Binding of a bulky
residue to this cysteine may indirectly interfere
with substrate binding, as suggested for the
serine carboxypeptidase of yeast, carboxypepti-
dase Y(12). It is unlikely that the cysteine partic-
ipates in the catalytic mechanism, and in fact
many of the fungal serine proteinases have no
cysteine residues. Labeled DIFP has been used
to locate active-site peptides from Aspergillus
proteinases (204).
The proteinases are generally of low molecu-

lar weight, in the range of 18,500 to 35,000, and
usually around 25,000. Larger enzymes have
been reported in A. niger (30), A. nidulans (316),
Phycomyces blakesleeanus (78), Blastocladiella
emersonii (186), and Blakeslea trispora (88); the
serine proteinase of the latter has a molecular
weight of 126,000, the largest reported. The
presence of carbohydrate in the purified enzyme
has been reported in only a few instances. Most
have low isoelectric points, between pH 4.4 and
6.2, but four, those of Alternaria tenuissima
(133), Fusarium sp. (335), N. crassa extracellu-
lar proteinase (157), and Tritirachium album
(proteinase K) (72), have isoelectric points ofpH
8.9 or higher.
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In general, the proteinases have a broad speci-
ficity. The cleavage patterns with oxidized insu-
lin B chain are quite varied (see references 149
and 181 for recent examples). Most of the en-
zymes hydrolyze the Leu(15)-Tyr(16) and
Phe(25)-Tyr(26) bonds. The Gln(4)-
His(5), Glu(13)-Ala(14), Tyr(16)-Leu(17), and
Tyr(26)-Thr(27) bonds are also cleaved by a
high proportion of the fungal serine proteinases.
There is only one bond in the insulin B chain,
Pro(28)-Lys(29), which cannot be split by any
of the enzymes reported to date.
The properties of the serine proteinases, in-

cluding their cleavage patterns with the insulin B
chain, have been used to examine the relation-
ship between different species of Aspergillus
(228, 342).
The ability to produce alkaline proteinases has

been correlated with growth of fungi at neutral
and alkaline pH (195).

Cysteine Proteinases
Reports of the occurrence of cysteine protein-

ases in fungi are very limited. Since p-chloro-
mercuribenzoate inhibits a number of the serine
proteinases, proof that an enzyme is a cysteine
proteinase must depend on the demonstration
that it is sensitive to additional inhibitors such as
iodoacetate and preferably that its activity can
be enhanced by reducing agents such as cysteine
and dithiothreitol (DTT) and possibly by EDTA.
Two isolates of Trichosporon sp. (94, 346) and

the neuropathogenic fungus Oidiodendron kalrai
(45) were reported to have intracellular enzymes
optimally active at pH 6. An elastase activity of
the dermatophytic fungus Nannizzia fulva, ac-
tive at pH 8, was inhibited by p-chloromercuri-
benzoate and iodoacetate but was not enhanced
by either cysteine or EDTA (274). Roberts and
Doetsch (275) have described an enzyme from
culture filtrates of a Microsporum species which
was active at pH 6.8 and was enhanced by
reducing agents. An extracellular enzyme that
was inhibited by thiol reagents and enhanced by
reducing agents has been reported in A. oryzae
(135), and the same workers have described an
extracellular collagenase from Aspergillus scler-
otionum which may also be a cysteine protein-
ase, even though it was inhibited by EDTA
(136).

Summary
All four types of proteinase have been detect-

ed in fungi, although aspartic and serine protein-
ases predominate. Most of the reported protein-
ases are probably extracellular, the intracellular
enzymes having received less attention. In some
species, only one type of proteinase has been
reported, but in most species at least two and

sometimes three types of proteinase are pro-
duced, although not always under the same
culture conditions. Multiple forms of proteinase
of the same type may also be produced by the
same organisms. Although the enzymes show
some similarity to enzymes of the same type
from other organisms, the fungal proteinases
have, in general, a broader specificity than
equivalent mammalian enzymes.

PROTOZOA
Although reports of proteinase activity in pro-

tozoa date back to 1902 (see reference 215 for
references to pre-1967 literature), only recently
have more detailed characterizations of the pro-
teolytic systems of many protozoa been under-
taken. The majority of the species currently
being studied are parasitic to humans or domes-
tic animals or are closely related to such species,
and research on protozoan proteinases has been
stimulated by the idea that proteolysis may have
essential roles in the host-parasite relationship.
Since changes in proteolytic activity for different
stages of the life cycle have been observed, it is
important to note the stage of the parasite.

Flagellates
Acid proteinase activity has been detected in

both African (Trypanosoma brucei) and Latin
American (Trypanosoma cruzi) species of try-
panosomes. Although it was suggested initially
that a T. brucei rhodesiense proteinase isolated
from trypomastigotes was cathepsin D-like, that
is, an aspartic proteinase (344), it has now been
shown that the major proteinase from T. brucei
bloodstream forms must be a cysteine protein-
ase, since activity is stimulated by both ethylene
glycol-bis(P-aminoethyl ether)-N,N-tetraacetic
acid and cysteine, inhibited by p-chloromercuri-
benzoate, and unaffected by pepstatin (311). The
enzyme had an optimum pH around 4 for acid-
denatured hemoglobin hydrolysis (310).

Similarly, the epimastigote proteinase from T.
cruzi has been described as a cathepsin D (11),
yet no evidence in support of this has been
provided. Rather, with both of the purified pro-
teinase preparations that have been described,
activity is enhanced by reducing agents and
inhibited by several thiol reagents. Rangel et al.
(265) purified an epimastigote proteinase from
strain Y which hydrolyzed hemoglobin and ca-
sein with optimum pH of 3 and 6, respectively.
The purified preparation was found to contain
one protein component on gel electrophoresis
with a molecular weight of 60,000. Bongertz and
Hungerer (29) have described a proteinase iso-
lated from epimastigotes of strain D with a
molecular weight of approximately 200,000. This
enzyme had an isoelectric point of pH 5.5 and
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contained 2% carbohydrate. It was active on a
variety of substrates, including hemoglobin, a-
N-benzoyl-DL-arginine-4 nitroanilide (Bz-Arg-
pNA), a-N-benzoyl-L-argininamide, and a-N-
benzoyl-L-arginine ethyl ester. The Bz-Arg-pNA
hydrolysis was assayed at the relatively high pH
of 8.5. Since Rangel et al. (265) reported that
their enzyme had no arylamidase activity, it
would appear that different enzymes have been
purified. It is significant that Itow and Camargo
(127), using the Y strain of T. cruzi, had previ-
ously shown that the esterase and amidase activ-
ities in epimastigote extracts differed from the
proteinase activity (azocasein hydrolysis) on the
basis of sensitivity to inhibition by various
agents and temperature dependence.

Proteinase activity has also been reported in
Trypanosoma rangeli (336), Trypanosoma con-
orhini, and Trypanosoma mega (38), although
the latter had only a trace of activity with casein
as substrate and low activity on Bz-Arg-pNA
(38).
Four species of Leishmania have been shown

to have proteinase activity, although that of
Leishmania donovani (38, 311) and Leishmania
braziliensis (38) has not been characterized. For
Leishmania mexicana mexicana, North and
Coombs (233) have used electrophoresis on
polyacrylamide gels containing denatured hemo-
globin to demonstrate multiple forms of protein-
ase active at pH 4.0 in both the promastigotes
and amastigotes. Amastigote extracts have four
major proteinases with six minor forms. In pro-
mastigotes, the pattern is both qualitatively and
quantitatively different. That promastigotes
have less proteinase activity than amastigotes
has also been shown by azocasein hydrolysis at
pHs in the range of 2.5 to 8.5 (58). Both types of
analysis have shown that the proteinases are
stimulated by DTT and are sensitive to inhibi-
tors of cysteine proteinases, including iodoace-
tate, TLCK, antipain, and leupeptin. Phenanthro-
line, normally considered to be an inhibitor of
metalloproteinases, also reduced the proteinase
activity. Interestingly, the proteinase pattern
observed for L. mexicana mexicana was not
found with the reptilian parasite, Leishmania
tarentolae (M. J. North and G. H. Coombs,
unpublished observations). In this species, only
two proteinase bands were detected on hemo-
globin gels, and the enzymes had a considerably
lower electrophoretic mobility than the major
proteinases of L. mexicana mexicana. Although
their enhancement by DTT and inhibitor sensi-
tivity suggested that they were also cysteine
proteinases, the difference in proteinase pattern
lends some support to the idea that the reptilian
leishmanias may not be very closely related to
the mammalian species.

Crithidia are insect flagellates that have been

used as models for the salivarian trypanosomes.
Their proteinase activity is lower than that of
other flagellates. Camargo et al. (38) reported
negative caseinase activity in five species of
Crithidia which could hydrolyze Bz-Arg-pNA.
However, Eeckhout (73) described an enzyme
from Crithidia lucilae which hydrolyzed hemo-
globin at acid pH, and other reports of protein-
ases active on hemoglobin (311) and azocasein
(58) have since appeared. A preliminary analysis
on hemoglobin gels of the activity from Crithidia
fasciculata has indicated two forms of cysteine
proteinase active at pH 4 (M. J. North and G. H.
Coombs, unpublished observations). Three spe-
cies of Leptomonas and four of Herpetomonas
were reported to have no caseinase activity
(although Bz-Arg-pNA hydrolysis was noted)
(38), but Coombs (58) has demonstrated low
activity on azocasein at neutral pH in extracts
from Leptomonas ctenocephali, Herpetomonas
muscarum, and Herpetomonas ingenoplastis.

Peptidase activity has been detected in a num-
ber of species of kinetoplastida. Six peptidases
which correspond closely to those in human
erythrocytes have been identified in blood-
stream forms of T. brucei by starch gel electro-
phoresis (174). In T. brucei gambiense, pepti-
dase polymorphism has been demonstrated (86).
The peptidase pattern of T. brucei does differ for
different stages of the life cycle (A. Tait, person-
al communication). Peptidase activity has also
been detected in L. mexicana mexicana, and as
with the proteinases there are qualitative and
quantitative differences between the peptidases
of amastigotes and promastigotes (A. Tait and
G. H. Coombs, personal communication). C.
fasciculata possesses arylamidases which hy-
drolyze the P-naphthylamides of leucine, argi-
nine, lysine, and glutamic acid (250).
McLaughlin and Muller (198) have purified a

proteinase from Tritrichomonas foetus, a flagel-
late parasite of the genitourinary tract of cattle.
They suggest that the enzyme is responsible for
the hydrolysis of denatured hemoglobin, azoca-
sein, and a-N-benzoyl-L-argininamide by cell
homogenates. It has a molecular weight of be-
tween 17,500 and 20,000. With a-benzoyl-DL-
arginine-2 naphthylamide (Bz-Arg-2Nap) as sub-
strate, the optimum pH was 5.5; with other
substrates, the optimum pH was 6.5 to 7.0. Its
activity was blocked by a number of cysteine
proteinase inhibitors but not by pepstatin. An
electrophoretic analysis of the proteinases of the
human parasite Trichomonas vaginalis has re-
vealed a more complex proteolytic system in
this species (60). At least seven forms of protein-
ase were active on hemoglobin at pH 4.0, three
of which were as active at pH 6.0. Only one of
the other four could be detected at pH 6.0. All
were activated by DTT and inhibited by cysteine
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proteinase inhibitors. However, the three most
active at pH 6 were more dependent on DTT and
were also more sensitive to inhibition than those
active only at pH 4. At least two aminopepti-
dases active on glycyl-L-phenylalanine-13-
naphthylamide are present in T. foetus (198).
Monocercomonas sp., a primitive trichomo-

nad, has a proteinase active on hemoglobin at
pH 7 (184).

Proteinases have also been reported in phyto-
flagellates. Those of Ochramonas danica (58)
and Ochramonas malhamensis (141) have not
been characterized, but the proteolytic system
of Euglena gracilis has been studied in some
detail. Bertini et al. (21) described an uncharac-
terized acid proteinase (cathepsin). An analysis
by Zeldin and co-workers (373, 374) revealed
two classes of proteinase, one active at neutral
pH and the other active at pH 3.5. Unusually for
a proteinase active at low pH, the latter class
was inhibited by PMSF. A serine proteinase
associated with Euglena ribosomes has been
described (166). Intracellular proteinase was
also detected by Nakano et al. (225) and was
optimal at pH 7.3: esterase and amidase activi-
ties in the same extracts had lower pH optima.
The proteinase activity was inhibited by the
serine proteinase inhibitor DIFP. However, an
enzyme with proteinase, amidase, and esterase
activity has been isolated from culture medium
and purified (225), and this enzyme is severely
inhibited by DIFP and to some degree by phen-
anthroline, EDTA, and p-chloromercuriben-
zoate. Optimal pHs for the three types of activi-
ty were 7.3, 7.0, and 6.3, respectively. The
enzyme had a molecular weight of 41,000 and an
isoelectric point of pH 8.3.
More is known about the intracellular pepti-

dases of E. gracilis. Six major types of amino-
peptidase and an acid carboxypeptidase have
been described, many of which have been puri-
fied and characterized (269, 292, 293). Further
multiplicity has been revealed on purification
(294). A detailed discussion of these enzymes is
outside the scope of this review.

Amoebae
Although some early reports exist on the

proteolytic enzymes of free-living amoebae (see
reference 215), the organism most studied is the
parasite Entamoeba histolytica. Preliminary at-
tempts to characterize its proteinases revealed
caseinase and gelatinase activities at pH 5 to 8
(101, 223, 229). Jarumilinta and Maegraith (129,
130) showed that both the trophozoites and
extracts prepared from them were able to hydro-
lyze a number of proteins and synthetic sub-
strates. The enzyme responsible was suggested
to be trypsin-like on the basis of its specificity.
The authors also reported peptidase activity.

McLaughlin and Faubert (197) have recently
undertaken the partial purification of two pro-
teinases which can be separated by chromatog-
raphy on diethylaminoethyl Bio-Gel A. One,
active on azocasein at pH 6.0, was inhibited by
cysteine proteinase inhibitors such as iodoacet-
amide and p-chloromercuribenzoate and was
activated by DTT and cysteine. The second
enzyme was active at pH 3 with hemoglobin or
serum albumin as substrates and was insensitive
to the thiol agents and all other inhibitors that
were used. However, with the exception of
bromophenacyl bromide, an inhibitor of rather
limited specificity, no aspartic proteinase inhibi-
tors were tested; thus, it is not known to which
class this acid proteinase belongs.

Proteinase activity has been reported in vari-
ous species of Acanthamoeba, Jarumilinta and
Maegraith (129) described caseinase and gelatin-
ase activities at pH 7.6; in the most recent
report, Auriault and Desmazeaud (10) described
acid proteinase in extracts of Acanthamoeba
culbertsoni and Acanthamoeba rhysodes, which
hydrolyze hemoglobin at pH 3.8. No activity
was detected at pH 6.5 or 8.5 with azocasein.
Both extracellular and intracellular aminopepti-
dases were present (10).
Two proteinases with pH optima of 5.0 and

9.5 are released by Hartmanella culbertsoni
during excystment (137). One of these has been
partially purified and characterized (139). The
purified enzyme had a molecular weight of
21,400 and a pH optimum between 8 and 9 with
casein as substrate. It was not affected by thiol
reagents but was inhibited by PMSF and is
believed to be a serine proteinase.

Sporozoa
The species most studied are those of the

genus Plasmodium, the malarial parasites. How-
ever, successful analysis of their proteinases has
been hindered by the difficulty of obtaining
samples of parasites which are free of host cell
material, particularly erythrocyte membranes.
Since the membranes themselves have acid (216,
260, 267) and neutral (334) proteinases, it is
essential that parasite and host activities be
distinguished. Many workers have compared the
properties of proteinases in parasite prepara-
tions with those of enzymes in similar prepara-
tions from uninfected blood and have reported
higher levels of activity in the former. However,
little work has been carried out to determine the
effect that the presence of parasites might have
on the recovery of erythrocyte proteinases. In
many cases, therefore, the origin of the protein-
ases described is in doubt.

Proteolytic activity in malarial parasites was
first reported by Moulder and Evans (212) in
1946 for Plasmodium gallinaceum, a chicken
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parasite. The first attempts to characterize Plas-
modium proteinases were made by Cook et al.
(56), who examined both rodent (Plasmodium
berghei) and monkey (Plasmodium knowlesi)
species. They reported soluble proteolytic activ-
ity with pH optima (4 and 8) for hemoglobin
hydrolysis. The alkaline activity was inhibited
by DIFP, EDTA, and 8-hydroxyquinoline, and it
was concluded that the enzyme was not derived
from host material since erythrocyte activity
was DIFP insensitive. More recently, the occur-
rence of DIFP- and EDTA-sensitive proteinases
has been reported in human and ovine erythro-
cyte membranes (290, 334). Cook et al. (57)
confirmed the presence of a soluble alkaline
proteinase in preparations of P. knowlesi. Chan
and Lee (40) found three peaks of alkaline
proteinase activity in samples of P. berghei sub-
jected to ion-exchange chromatography, but fur-
ther characterization has not been undertaken.
Sherman (297) has pointed out that, in view of
the sensitivity of the activity to EDTA (56), the
use of a chelating agent would prevent detection
of alkaline proteinases in Plasmodium prepara-
tions.

Proteinases active at lower pHs are also pres-
ent in parasite preparations. Levy and co-work-
ers have described them for Plasmodium falci-
parum and P. knowlesi (178) and P. berghei.
(175, 176). The proteinase activity of infected
cells was solubilized less readily than that of the
control uninfected cells. For each species, it was
found that the optimum pH for hemoglobin
digestion was marginally higher for the samples
containing parasites (pH 3 to 3.6) than it was for
the corresponding host cells (pH 2 to 2.5 for the
monkey cells; pH 2.5 to 3.5 for the mouse cells).
Activity in samples of parasites was inhibited by
pepstatin and chymostatin and to a lesser extent
by leupeptin and antipain. It was unaffected by
thiol agents. Activity from infected (with P.
berghei) and uninfected mouse erythrocytes was
also inhibited by PMSF, although this was not so
for the monkey activities. Mahoney and Eaton
(190) have described a proteinase in samples of
P. berghei that is active on hemoglobin at pH 6.
It was inhibited by pepstatin but not by PMSF,
ethylene glycol-bis(P-aminoethyl ether)-N,N-
tetraacetic acid, or N-ethylmaleimide. The en-
zyme was apparently unstable, and this preclud-
ed its purification.
Attempts to separate acid proteinases in Plas-

modium samples have been made. By using
polyacrylamide gel electrophoresis followed by
an imprint-digest method, Hempelmann and
Wilson (108) compared the patterns of hemoglo-
bin-digesting proteinases in preparations of P.
knowlesi schizonts and of uninfected monkey
erythrocytes. Whereas the latter had only one
major activity at pH 3.2, with two minor activi-

ties, one of which was probably of platelet or
lymphocyte origin, the parasite preparation was
characterized by three additional proteinases.
Two of these were also observed when mero-
zoite extracts were used. The properties of the
proteinases have not been reported, however.
North and Coombs (unpublished observations)
have used electrophoresis on hemoglobin gels
(233) to analyze the proteinases in samples con-
taining the rodent parasite Plasmodium cha-
baudi. Three bands of activity were detected at
pH 4.0, two of which correspond to bands
obtained with samples from uninfected blood
and have highest activity in those parasite prepa-
rations most contaminated with host cell materi-
al. An analysis of their sensitivity to inhibitors
showed a striking similarity to those described
for the acid proteinases of human and rabbit
erythrocyte membranes (260, 261, 267). This
includes the somewhat unexpected inhibition of
one of them by DTT and their sensitivity to
TPCK and mercuric ions. It is significant that,
whereas these two enzymes were also inhibited
by pepstatin, the third enzyme, detected only in
parasite preparations, was apparently pepstatin
insensitive. The possibility that a major protein-
ase activity is lost during electrophoresis cannot
be ruled out, particularly in view of the reported
instability of the proteinase in preparations of P.
knowlesi (190). Nevertheless, the results indi-
cate that active proteinases of erythrocyte origin
were certainly present in these Plasmodium
preparations.
The problem of differentiating parasite pro-

teinases from erythrocyte proteinases is also
encountered with another intraerythrocytic par-
asite, Babesia. Aissi and Charet (4) have ana-
lyzed samples of Babesia hylomysci by electro-
phoretic methods similar to those used by
Hempelmann and Wilson for P. knowlesi (108)
and by North and Coombs for P. chabaudi (see
above). Two proteinase bands were observed
for both uninfected blood cells and parasite
samples. The results suggest that these bands,
which appear to be identical to the two observed
by North and Coombs (see above), were due to
erythrocyte enzymes. This is also suggested by
similarities in proteinase properties, including a
molecular weight of 100,000 (4). Proteolytic ac-
tivity has also been reported by Wright and
Goodger (366), who described esterases (hydro-
lysis of tosyl-L-arginine methyl ester at pH 4 to 5
and 8 to 9) and a proteinase (hydrolysis of
hemoglobin at pH 5) in sonicated extracts of
Babesia argentina parasite-stroma suspensions.
Babesia bigemina preparations had strong pro-
teinase activity but only weak esterase. Activity
on tosyl-L-arginine methyl ester has also been
detected in samples prepared from Babesia bo-
vis (367).
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Charet and co-workers (4, 42) have also exam-
ined the aminopeptidases of Plasmodium yoelii
nigeriensis, P. chaboudi, and B. hylomysci and
found similarities between the Plasmodium and
Babesia enzymes. Interestingly, these enzymes
are inhibited by antimalarial drugs such as chlo-
roquine, quinacrine, primaquine, and quinine.

In Eimeria tenella, a chicken parasite, only
low levels of proteinase activity have been de-
tected at pH 4 (347). No activity was detectable
at pH 7. Despite its apparently low pH optimum,
this activity was inhibited by PMSF. This orga-
nism has much higher levels of aminopeptidase
activity (347), as has Eimeria nieshulzi (43). The
aminopeptidase activity of the latter species is
also sensitive to antimalarial drugs (43).

Ciliates
Proteinase activity was first studied in T.

pyriformis by Lawrie (168, 169). Cell extracts
digested casein, gelatin, and a-glutalin with opti-
mal activity on gelatin at pH 6.0. Viswanatha
and Liener (345) obtained a crystalline mercury
derivative of a proteinase which digested hemo-
globin at pH 5 to 6. The enzyme, which also
hydrolyzed N-carbobenzoxy-glutamyl-tyrosine
at pH 4.0, was activated by cysteine. Dickie and
Liener (67, 68) purified and partially character-
ized three proteinases from T. pyriformis W, one
intracellular enzyme and two extracellular en-
zymes, one of which was obtained from cultures
grown without glucose and one from cultures
grown with glucose. The proteinases had molec-
ular weights of 29,300, 10,400, and 17,500, re-
spectively, and optimum pHs for activity on
urea-denatured hemoglobin of 5.5, 6.5 to 7.0,
and 7.0 to 8.0, respectively. Of the synthetic
substrates tested, only a-N-benzoyl-L-arginine
ethyl ester was hydrolyzed by the intracellular
enzyme and to a lesser extent by the extracellu-
lar enzyme from glucose cultures. The other
extracellular enzyme had no esterase activity.
The proteinases exhibited broad specificity on
bovine insulin cleaving the B chain at the follow-
ing bonds: Tyr(16}-Leu(17), Tyr(26)-Thr(27),
and Thr(27)-Pro(28). This pattern is different
from that reported for any of the fungal protein-
ases. More recently, Levy et al. (179) have
described intracellular activities with azocasein,
hemoglobin, and Bz-Arg-2Nap as substrates at
pH 8.0, 3.6, and 6.0, respectively. Five active
species can be separated by ion-exchange chro-
matography, two of which are active on all three
substrates and three only on Bz-Arg-2Nap. Fur-
ther purification and characterization indicated
that the same enzyme was responsible for hy-
drolyzing both azocasein and hemoglobin. From
gel filtration on Sephadex G-100, it was shown
to have a molecular weight of 25,000, similar to
that reported by Dickie and Liener (67). In cell

extracts, the activity was enhanced by reducing
agents and EDTA, and in purified preparations
there was an absolute requirement for a reducing
agent for azocasein hydrolysis. The activity was
inhibited by cysteine proteinase inhibitors, in-
cluding chymostatin, leupeptin, and antipain,
but was unaffected by pepstatin and PMSF.
Hydrolysis of Bz-Arg-2Nap in purified fractions
was more sensitive to the cysteine proteinase
inhibitors than the proteinase activity. An acid
proteinase from Tetrahymena has been reported
to activate trypsinogen (65), but it is not known
whether the enzyme responsible was the same
as that described by Levy et al. (179).

Further evidence for multiple forms of pro-
teinase has been obtained by Blum (26), who
resolved at least three and probably five secret-
ed proteinases by using ion-exchange chroma-
tography. The enzymes were active on hemoglo-
bin at pH 3.4. No detailed characterization was
undertaken, but Blum (25) had earlier reported
that the secreted activity was inhibited by chy-
mostatin, leupeptin, and antipain. Approximate-
ly 25% of the activity remained, even with high
concentrations of inhibitor, suggesting the oc-
currence of more than one type of proteinase.
Pepstatin had no effect, however.

Peptidase activity has been detected in Tetra-
hymena, the most recent being that of Zdan-
owski and Rasmussen (372), who described pep-
tidases in the cytoplasm and on the outer cell
surface of Tetrahymena thermophila.
Although Paramecium proteinases were first

reported in 1903 (202), further study has been
limited. The only recent reports concern a pro-
teinase which affects the structure of the cell
surface immobilization antigen. In Paramecium
aurelia, the proteinase can be separated from the
immobilization antigen by ion-exchange chro-
matography and is activated by mercaptoethanol
and DTT, suggesting that it is a cysteine protein-
ase (308). A similar report has been made for
Paramecium primaurelia and Pseudomicrotho-
rax dubius, in which a proteinase of 25,000
molecular weight is believed to be involved (28).
The finding that this proteinase can be inactivat-
ed by a PMSF-sensitive mechanism implies the
existence of a further proteolytic enzyme.
Entodinium ecaudatum has an enzyme which

hydrolyzes a-N-benzoyl-L-argininamide with
optimum activity at pH 6.5 to 7.0 (2). It is
enhanced by cysteine. Peptidase activity has
also been detected at neutral pH with glycyl-L-
leucine as substrate (2).

Summary
Although there has been an increase in our

knowledge of protozoan proteinases in the last
few years, only a very small number have been
purified and subjected to detailed characteriza-
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tion. Nevertheless, some general features are
apparent. The most notable is the frequency
with which cysteine proteinases have been de-
tected, in contrast to the few examples of this
type reported in fungi. This probably reflects the
predominantly intracellular location of the pro-
tozoan proteinases. Bongertz and Hungerer (29)
have suggested that the susceptibility of the
proteinase from epimastigotes of T. cruzi strain
D to oxidation may allow the enzyme to be
active for just that period required for penetra-
tion of the host cell by the parasite. Second, with
the exception of the Plasmodium acid protein-
ases, the origin of which must still be in doubt,
there is no evidence for pepstatin-sensitive as-
partic proteinases, despite the low optimal pHs
of many of the enzymes. Tang's (326) proposal
that the Tetrahymena acid proteinase is part of
an evolutionary family including fungal aspartic
proteinases and mammalian enzymes such as
pepsin, rennin, and cathepsin D seems unlikely
in view of the similarity of the Tetrahymena
enzyme to cysteine proteinases. One proteinase
whose further characterization would be of great
interest is the acid proteinase of E. histolytica
(198), which is not a cysteine enzyme. The effect
of pepstatin on the activity of this enzyme has
not been tested. Metalloproteinases have not
been demonstrated in protozoa, although phen-
anthroline, a metalloproteinase inhibitor, has an
effect on many flagellate proteinases (58, 233;
M. J. North and G. H. Coombs, unpublished
observations) which by all other criteria would
be considered to be cysteine enzymes. Serine
proteinases have been reported in E. gracilis
(166, 225) and H. culbertsoni (139), and the
proteinase of E. tenella is also PMSF sensitive
(347), although it is active at an acid pH. To
date, only proteins and simple synthetic sub-
strates (amino acid derivatives) have been used
to detect and analyze proteinase activity, and it
may be necessary to employ more specific syn-
thetic substrates to reveal additional proteolytic
enzymes.

SLIME MOLDS
The Mycetozoa or slime molds represent a

unique group of organisms with some fungal
characteristics and some protozoan characteris-
tics but with an overall life cycle that has no
equivalent among the fungi or protozoa. Conse-
quently, it is better to consider them separately,
although it is of interest to compare their pro-
teinases with those of the fungi and protozoa to
see whether this provides any information about
their relationship to other lower eucaryotes.

Acelular Slime Molds
The proteinases of two species of acellular

slime mold have been examined. In P. poly-
cephalum, extracellular and intracellular forms

have been detected. Farr et al. (75) found three
proteinases in the culture fluid of microplasmo-
dia and purified the major one, proteinase II. It
had a molecular weight of 30,000 to 35,000 and
an isoelectric point of pH 4.6. With azocoll as
substrate, it had a pH optimum of 4.5 to 5.0 and
was inhibited not only by thiol reagents such as
p-hydroxymercuribenzoate and iodoacetamide
(albeit at a very high concentration of 50 mM)
but also by chelating agents and reducing agents.
Aspartic proteinase inhibitors were not tested,
and it is not clear to which class this proteinase
belongs. An interesting property of this enzyme
is its milk-clotting activity. Like rennin, protein-
ase II cleaved the Phe(105}-Met(106) bond of K-
casein. By using isoelectric focusing, Haars et
al. (98) separated four proteinases, active on
azohemoglobin at pH 4.1, from extracts of grow-
ing amoebae. The isoelectric points were in the
range of pH 3.5 to 5.0. With growing plasmodia,
there were nine enzyme forms. Only one extra-
cellular proteinase was detected, but since it has
not been characterized, its relationship to the
rennin-like proteinase II is not known.

Multiple proteinases active on azocoll at pH 7
have been found in extracts prepared from grow-
ing haploid cells and dormant microcysts of
Physarumflavicomum (110). Enzymes with iso-
electric points ranging from pH 3.3 to 9.8 were
detected after isoelectric focusing. Asgari and
Henney (8) have also reported a proteinase
activity which may be an inherent part of the
extracellular slime of this species.
Physarum aminopeptidases have also been

analyzed. Polanshek et al. (258) have described
12 electrophoretically distinct enzymes from
P. polycephalum capable of hydrolyzing L-leu-
cine-i-naphthylamide. Hoffman and Hutter-
mann (113) also detected multiple aminopepti-
dases by using 10 4-nitroanilide derivatives of
amino acids. Multiple leucine aminopeptidases
have also been described in P. flavicomum
(110). Franke and Berry (82) chose leucine
aminopeptidase as one of the enzymes used for a
taxonomic study of the order Physarales and
showed that all but one species, Fuligo cinerea,
had some activity.

Cellular Slime Molds
A more detailed characterization of protein-

ases has been achieved with the cellular slime
molds. Most of the work has been undertaken
with one species, D. discoideum, and its intra-
cellular proteolytic enzymes. Proteinase activity
was first reported in 1%9 (322), and in 1970
Weiner and Ashworth (353) showed that myx-
amoebae have a lysosomal activity which hydro-
lyzes hemoglobin at acid pHs. It was optimal at
pH 2 or below. Subsequently, it has been dem-
onstrated that multiple forms of proteinase are
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active in the acid pH range. Fong and co-
workers (79, 80) have provided evidence for two
types of enzyme, one active on protein sub-
strates at pH 2.75 and the other active on Bz-
Arg-pNA and Bz-Arg-2Nap, as well as proteins
at pH 5.5. On the basis of their sensitivity to
inhibitors, it was suggested that these protein-
ases correspond to cathepsin D and cathepsin B,
respectively. By using electrophoresis on poly-
acrylamide gels containing denatured hemoglo-
bin, North and Harwood (234) identified eight
proteinases active below pH 5. These could be
divided into two groups according to inhibitor
sensitivity. The four most mobile enzymes were
sensitive to a number of cysteine proteinase
inhibitors and are probably responsible for the
cathepsin B activity (80). The slower enzymes
were sensitive only to mercuric chloride. One of
these, proteinase E, was the most active protein-
ase at all pHs below 5 (234). This enzyme has
been purified up to 200-fold (235). It had a
molecular weight of approximately 53,000 and
hydrolyzed a range of proteins with an optimum
pH of 2.0 to 3.5. Like many fungal acid protein-
ases, it can activate bovine trypsinogen at acid
pH. It was inactivated by diazoacetyl norleucine
methyl ester at pH 4.8, although this can only be
demonstrated in purified and salt-free prepara-
tions, and by epoxy(p-nitrophenoxy)propane at
pH 3. It was insensitive to pepstatin, however. It
was also inhibited by mercuric chloride and
organomercurials but was insensitive to other
cysteine proteinase inhibitors such as iodoace-
tate, TLCK, leupeptin, and antipain. It is there-
fore considered to be a pepstatin-insensitive
aspartic proteinase which may possess a reac-
tive, nonessential cysteine residue to which mer-
curials bind, inactivating the enzyme indirectly.
Proteinase E probably contributes most of the
cathepsin D activity in cell extracts. However,
Fong and co-workers (79, 80) reported that the
cathepsin D activity was pepstatin sensitive, in
contrast to the findings of North's group (230,
234, 235). The reason for this difference is not
known.
A second proteinase, proteinase I, has been

purified from D. discoideum myxamoebae. Gus-
tafson and Thon (97) have described an enzyme
of unspecified molecular weight but consisting
of three polypeptides, A (approximate molecular
weight 34,500), C (approximate molecular
weight 10,400), and B (unknown but intermedi-
ate molecular weight). The enzyme had protein-
ase activity on azocasein (pH optimum 4) and
gelatin and esterase activity with a-N-carboben-
zoxy-L-lysine p-nitrophenol ester (pH optimum
5.5). The latter substrate was used for routine
assays of the enzyme, although it has not been
reported whether other enzymes in cell extracts
can hydrolyze the substrate. The purified en-

zyme also inactivated endogenous enzymes, in-
cluding uridine diphosphate(UDP)-glucose pyro-
phosphorylase, at neutral pH in vitro. It was
inhibited by iodoacetate, cystamine, and TLCK
and required DTT for full activity, indicating
that it was a cysteine proteinase. Although de-
tailed comparisons with the cathepsin B activity
(80) have not been made, its properties (pH
dependence and inhibitor sensitivity) suggest
that proteinase I makes a major contribution to
the cathepsin B activity of cell extracts.

Further analysis of proteinase I in Gustafson's
laboratory (95) revealed the presence of N-
acetylglucosamine-1-phosphate in the enzyme,
and since O-phosphorylserine was released after
acid hydrolysis, it was concluded that the major-
ity of the N-acetylglucosamine-l-phosphate resi-
dues were esterified to peptidyl serines. This
moiety is believed to be responsible for a com-
mon antigenic determinant in proteinase I and
another hydrolytic enzyme from D. discoideum,
,B-N-acetylglucosaminidase (96), although
Knecht and Dimond (147) suggest that the situa-
tion may be more complex than suggested by
Gustafson and Milner (96).

Further proteolytic activities have recently
been detected in D. discoideum with NH,-termi-
nal-blocked tri- and tetrapeptide 4-nitroanilides
(232). Some were due to particulate enzymes
active below pH 7, and others were due to
soluble enzymes active at pH 7.5.

Multiple proteinases are also present in four
other species of cellular slime mold, Dictyoste-
lium mucoroides, Dictyostelium purpureum,
Polyphondylium violaceum, and Polysphondy-
lium pallidum (150). As in D. discoideuim, two
distinct groups of proteinase may be distin-
guished on the basis of inhibitor sensitivity.
Only one proteinase, proteinase D of P. palli-
dum, was inhibited by pepstatin.

Proteinase activity has also been reported in
germinating microcysts of P. pallidum (242).
Two activities were distinguished on the basis of
pH dependence and changes in their relative
levels during germination. The enzymes respon-
sible hydrolyzed casein, proteinase A at pH 3.5,
and proteinase B at pH 6. It is not yet known
whether these correspond to any of the protein-
ases detected by gel electrophoresis in micro-
cyst extracts (150).
There has been little study of the peptidases of

the cellular slime molds. Firtel and Brackenbury
(77) partially purified a leucine aminopeptidase
active on L-leucine-p-nitroanilide from D. dis-
coideum. Other aminopeptidases have been de-
tected (80; G. Hughes and M. J. North, unpub-
lished observations) but await characterization.
No carboxypeptidase activity has yet been de-
scribed, but carboxypeptidases could be respon-
sible for some of the activities observed with
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chromogenic peptide substrates (232). O'Day
(241) has reported leucine aminopeptidase activ-
ity in germinating microcysts of P. pallidium.

Summary
Few general conclusions can be made at pres-

ent about the proteolytic systems of the slime
molds. In all species examined, there is evidence
for multiple proteinases, but few have been
subjected to detailed characterization. In the
cellular slime molds, cysteine proteinases are
active in the acid pH range, a common feature in
protozoan species. However, other acid protein-
ases which are not cysteine enzymes are also
present. It would be of interest to know whether
these have any similarity to the acid proteinase
of E. histolytica, an organism which has, in
addition, a cysteine proteinase (197). Serine and
metalloproteinases have not been reported in the
slime molds, but a wider range of substrates
must be tested before their presence can be
ruled out. It may be significant that PMSF has
been used successfully to protect a number of
proteins from inactivation during their prepara-
tion from extracts of D. discoideum.

PROTEINASE INHIBITORS
Any assessment of the role of proteinases

within living cells must take into account the
possibility that inhibitors of endogenous proteo-
lytic enzymes may also be present. Table 2 lists
those organisms from which proteinase inhibi-
tors have been isolated or in which their pres-
ence is suspected. Some of the inhibitors have
not been shown to have activity on endogenous
proteinases, but others, particularly those from
yeast, are very specific and inhibit one type of
endogenous proteinase or peptidase only.
The best characterized inhibitors are those of

S. cerevisiae and Saccharomyces carlsbergen-
sis, and detailed discussions have appeared in
recent reviews by Wolf and Holzer (361) and
Wolf (354). The inhibitors are specific for the
aspartic proteinase A, the serine proteinase B,
or carboxypeptidase Y and bind to the enzymes
to form 1:1 complexes. Beck et al. (18) have
shown that proteinase A and its inhibitor are two
independently synthesized polypeptide chains.
Two forms (isoinhibitors) of both the proteinase
A inhibitor (IA) and proteinase B inhibitor (IB)
have been found, and the exact isoinhibitor
pattern depends on whether they are isolated
from S. cerevisiae, S. carlsbergensis, or baker's
yeast. IA and IB are small proteins and are acid
and heat stable. Examples of each type have
been sequenced (24, 191), but, unlike heat-stable
proteinase inhibitors from other sources, they
do not possess disulfide bridges. The carboxy-
peptidase Y inhibitor (1C) is a larger protein and
is neither heat nor acid stable.

The yeast inhibitors are inactivated by pro-
teinases A and B, although neither proteinase
inactivates its own inhibitors (170, 282). The
degradation of the inhibitors in cell extracts
leads to the activation of proteinases A and B
and carboxypeptidase Y during storage at pH 5
(282). Activation of fungal proteinase activity
has been observed in other species, including A.
nidulans (47) and A. niger (315). Although for
both species it was originally suggested that this
might involve the activation of a zymogen form
of the proteinase, recent observations on the A.
nidulans proteinases indicate that activation can
be accounted for in terms of the loss of protein-
ase inhibitor (7). Zymogen forms of proteinase
have been reported in N. crassa (209), but it is
not known whether the data might also be ex-
plained in terms of a proteinase-inhibitor com-
plex.

Within yeast cells, the inhibitors are cytosolic
and thus separated from the vacuolar protein-
ases (see below). Since they are normally pres-
ent in excess over proteinase activity, it is
possible that the inhibitors function as a safety
device against unwanted proteinase action due,
for example, to vacuolar leakage. Beck et al.
(18) have recently studied a yeast mutant with
altered regulation of proteinase A inhibitor ac-
tivity. The growth of the mutant, which has a
70o reduction in proteinase A inhibitor activity,
is sensitive to temperature and pH. Unlike wild-
type cells, mutant cells have an excess of pro-
teinase over inhibitor, but this does not lead to
any detectable changes in overall protein degra-
dation. However, two proteins which are sus-
ceptible to proteinase A in vitro, proteinase B
inhibitor and tryptophan synthase, show en-
hanced loss of activity in vivo under restrictive
growth conditions. Although these experiments
do suggest a vital cellular function, most ques-
tions about the in vivo role of the inhibitors
remain unanswered. If they represent part of a
general safety mechanism against leakage of
vacuolar proteinases, their widespread distribu-
tion within the protozoa might be anticipated.
To date, inhibitors have only been reported in
Paramecium and Tetrahymena (171).

PROTEINASE LOCALIZATION
It is evident that the role of a proteinase must

be directly related to its location. Many of the
fungal proteinases have been recovered from
culture filtrates, although this need not indicate
that they are truly extracellular since some were
isolated from cultures in which the cells had
undergone autolysis (see reference 49). Howev-
er, for at least some fungi, it has been shown that
enzymes are released during nonautolytic
growth (50). The mechanism of release remains
somewhat speculative. An early suggestion that
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TABLE 2. Proteinase and peptidase inhibitors of eucaryotic microorganisms
Species Enzyme inhibited Comment Reference

Aspergillus japonica Papain," cysteine protein- E64, epoxysuccinate deriva- 99
asesa tive

Aspergillus nidulans Proteinase A Heat stable, nondialyzable 7
Aspergillus oryzae Fungal alkaline protein- 194

ases, papaina
Candida albicans Chitin synthetase activator Heat stable, trypsin sensitive 32
Cephalosporium sp. Trypsin' 338
Euglena gracilis Aminopeptidase Protein 19
Histoplasma capsulatum Protein P6, appears coincident 314

with decrease in proteolytic
activity

Mucor rouxii Chitin synthetase activator Heat stable, nondialyzable 199
Neurospora crassa Proteinase I (alkaline pro- Heat-stable proteins 12 and IB 157

teinase)
Carboxypeptidase Heat-stable protein 12 157
Aminopeptidases A1,A2 Heat-stable proteins 11',12,l3B 157

Neurospora sp. Papain," pronase," trypsin' Heat and alkali sensitive, high 247
molecular weight

Paramecium caudatum Cathepsins B" and H' Heat stable 171
Phycomyces blakesleeanus Proteinases B-CM, B-DI, Heat-stable, acid-resistant 78

and B-DII proteins I and 11
Penicillium cyclopium Penicillia acid proteinases Poly(L)-malic acid 299
Rhodotorula glutinis Carboxypeptidase R Heat-stable protein 111
Saccharomyces carlsberg- Proteinase A Heat-stable protein 1A2,1A3 36

ensis and Saccharomyces Proteinase B Heat-stable proteins jB1 1,2 36
cerevisiae Carboxypeptidase Y Heat- and acid-labile protein 36

IC
Tetrahymena pyriformis Cathepsins Ba and Ha, Tet- Heat stable 171

rahymena proteinase
a Not endogenous proteinases.

a vacuolar proteinase of N. crassa was released
by reverse pinocytosis had to be discounted
when it was found that the proteinase was a
constitutive enzyme, whereas the extracellular
enzymes were controlled by nutrient levels
(105). Proteinases have been found in the exu-
dates on various fungal structures (55). These
are liquid droplets enveloped in membranous
material. A study of the formation of A. niger
acid proteinase in response to sulfur starvation
revealed that this extracellular enzyme was pro-
duced by a portion of hypha at least 40 pLm from
the growing tip (368).
The relationship between intracellular and

extracellular fungal proteinases has received lit-
tle attention. In A. nidulans, Cohen (47) has
described three extracellular neutral-alkaline
proteinases (a, y, and £) and one proteinase (1)
that is strictly intracellular. The extracellular
enzymes were also detected in mycelial ex-
tracts. An active precursor of -y, proteinase 8,
was also detected in mycelial extracts and cul-
ture filtrates but was only converted to 'y in
stored extracts. In ammonium-repressed cul-
tures, the only proteinases detectable were two
precursor forms of the intracellular proteinase 1B.

Ansari and Stevens (7) have recently described
three intracellular proteinases from A. nidulans,
proteinases A, B, and C, which probably corre-
spond to proteinases 1B, a, and 8, respectively.

In N. crassa, two intracellular enzymes, iden-
tical to the extracellular alkaline and neutral
proteinases, have been reported (74). Maximum
levels of the intracellular enzymes were detected
when rates of secretion of proteinase activity
were maximal. A strictly intracellular serine
proteinase has also been detected (74, 157).

Proteolytic enzymes bound to the cell wall of
Saccharomyces sake (160), the mycelial surface
of Mucor hiemalis (348), and membranes of A.
oryzae (340) have been described. The mem-
brane-bound acid proteinases of the latter spe-
cies are intracellular and are present in rough
and smooth microsomes but closely resemble
the extracellular proteinases (340).
The difficulties associated with the prepara-

tion of fungal cell extracts by techniques which
allow the isolation of intact organelles have
limited the study of intracellular proteinase lo-
calization. In yeast, the major proteinases A and
B, together with carboxypeptidase Y and the
high molecular weight aminopeptidase, are in
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vacuoles, organelles which are functionally re-
lated to lysosomes. Wiemken et al. (352) have
estimated that for each of the four enzymes
more than 90% of the total cellular activity is
vacuolar. Other peptidases and the inhibitors of
proteinases A and B and carboxypeptidase Y are
cytosolic (see reference 361). The localization of
carboxypeptidase S and the new proteolytic
activities reported by Achstetter et al. (3) have
not yet been established, but some may be
membrane associated. Vacuolar proteinases
have also been reported in N. crassa (105), and
C. albicans (32). Page and Stock (248) fraction-
ated a macroconidial extract of Microsporum
gypseum on Ficoll and found three types of
lysosome-like particles. Two of these contained
proteinase activity, one with acid proteinase and
the other with alkaline proteinase, the latter
being associated with the spore coat. On germi-
nation, the alkaline proteinase became extracel-
lular.

Mitochondrial proteinases have been reported
in yeast (196, 237). The mitochondrial activity
was different from the vacuolar proteinases, as it
was not inhibited by antisera against proteinases
A and B but was inactivated by leupeptin, which
has no effect on the latter enzymes (134). Pro-
teinase activity has been reported in mitochon-
drial preparations from Schizosaccharomyces
pombe and N. crassa (203), and a mitochondrial
enzyme responsible for cytochrome oxidase
turnover has also been described in N. crassa
(158).

Extracellular proteinase activity has been re-
ported in the protozoan T. pyriformis (25, 26, 67,
321). Suprynowicz and Allewell (321) found that
an enhanced rate of proteinase secretion oc-
curred after transfer to nonnutritive medium and
was paralleled by a decrease in intracellular
activity. Blum (26) has shown that acid protein-
ase secretion is accompanied by the release of
other lysosomal hydrolytic enzymes. Few other
attempts to detect extracellular activity in proto-
zoa have apparently been made. Proteinase ac-
tivity has, however, been detected on the sur-
face of E. histolytica trophozoites (87) and on
the surface of T. cruzi cells at different develop-
mental stages (264). The acellular slime mold P.
polycephalum produces extracellular protein-
ases (75, 98). Rossomando et al. (278) have
reported the release of proteinase activity from
the cellular slime mold D. discoideum when
myxamoebae are starved in buffer. The pattern
of proteinases released under these conditions is
similar to that of the intracellular enzymes (231).

Early observations on centrifuged amoebae
had shown that their proteinases were localized
within discrete organelles (114). Subcellular
fractionation has since revealed that in many
protozoa a large proportion of the proteinase

activity is associated with lysosome-like vacu-
oles which contain other hydrolytic enzymes
(73, 179, 184, 198, 310). Many of the proteolytic
activities of the cellular slime mold D. discoi-
deum are also recovered in a lysosomal fraction
(232, 353), although the leucine aminopeptidase
is not particulate. Proteinase I shares a common
antigenic group with the lysosomal enzyme 1-N-
acetyl-glucosaminidase (96).

THE ROLE OF PROTEINASES

Methods of Assessment
Although the in vitro properties of a protein-

ase and a knowledge of its localization may
provide some indication of its in vivo role,
conclusions made solely on this basis must re-
main speculative. In addition, alterations to pro-
teinase levels during physiological responses or
developmental changes do not necessarily re-
flect causal relationships. Nevertheless, much of
what we know about proteolysis and the protein-
ases of lower eucaryotes is based on such obser-
vations.
A more direct approach is dependent on the

ability to manipulate proteinase activity in vivo.
Many inhibitors are now available and have
been used for in vivo studies. However, not all
are necessarily specific for individual proteolytic
enzymes, and there is often a danger that pro-
cesses other than those involving proteinase
activity might be affected (259, 277, 296). In this
respect, the Streptomyces inhibitors such as
pepstatin and S-PI, and antipain, leupeptin, and
chymostatin are of particular value, since side
effects have not been reported. However, unless
it is possible to demonstrate unequivocally that
only one particular proteinase is inhibited by the
agent, conclusions must be limited.
A more precise means of manipulating pro-

teinase activity in vivo is through the isolation of
appropriate mutants. This necessitates the use
of an organism amenable to selection procedures
and suitable for genetic analysis. Since 1975,
yeast mutants have been isolated which have
low levels of or totally lack proteinase A (22,
200), proteinase B (357, 378), carboxypeptidase
Y (132, 360), and carboxypeptidase S (359).
Carboxypeptidase S was first detected in a car-
boxypeptidase Y-less mutant (362). A triple mu-
tant lacking proteinase B, carboxypeptidase Y,
and carboxypeptidase S activity was used to
examine new yeast proteolytic enzymes (3), and
a mutant with low levels of proteinases A and B
and carboxypeptidase Y has been used for the
detection of a new X-prolyl-dipeptidyl amino-
peptidase (317). At least some of the mutations
are probably in structural genes of the proteolyt-
ic enzymes (200, 379). A mutant with reduced
proteinase A inhibitor has also been found (18).
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In Saccharomycopsis lipolytica, mutants pro-
ducing reduced levels of extracellular proteinase
have been isolated. At least 16 genes are in-
volved (303). Some mutations are regulatory,
but the xpr-32 mutation is probably in the struc-
tural gene XPR2 for the alkaline proteinase
(303). Extracellular proteinase mutants have
also been isolated in A. nidulans: xprCl strains
have lost the ability to produce extracellular
proteinase (47), whereas xprDl strains have
control mutations and produce proteinase in the
presence of the repressor, ammonia (46). The
uvs-3 and uvs-6 mutations of N. crassa have
been found to result in the lack of proteinase
(273). A number of mutations affecting cell lysis
associated with protoplasmic incompatability in
P. anserina have been isolated, some of which
have altered proteinase activity. The modC
strains have suppressed lytic proteinases (162),
and modD strains have defects which can be
suppressed by the presence of the modC muta-
tion or by P-phenylpyruvic acid, a proteinase
inhibitor (163).
Many attempts have been made to select

fungal strains that produce higher levels of pro-
teinase, particularly among the aspergilli. How-
ever, the aim has often been simply to improve
enzyme yields and not to understand the control
of proteinase synthesis or secretion.
The role of proteinases has also been assessed

by examining the correlation between the pro-
teinase activity of closely related organisms and
a particular biological activity. This has been
used in particular with pathogenic organisms
(see below). However, comparisons have often
been made by considering the proteinase levels
found under culture conditions, which might not
bear any relationship to those experienced dur-
ing infection. Conclusions based on such com-
parisons are limited.

Posttranslational Processing
Primary translation products are often larger

than the final product, and proteolysis must be
involved in the subsequent processing. Johnson
and Brown (131) looked for proteolytic enzymes
from N. crassa which might be involved in the
removal of the NH2-terminal methionine. The
dipeptidases they detected were not thought
likely to play such a role, however. More recent-
ly, the role of proteolytic enzymes in the co-

translational transport of secretory polypeptides
across microsomal membranes and the post-
translational transport of polypeptides into or-

ganelles has become a major area of interest
(153).
A proposal that yeast cytochrome c oxidase

subunits IV to VIII are synthesized as a cyto-
plasmic polyprotein precursor subsequently

processed in the mitochondrion (262) has since
proved to be incorrect. Nevertheless, it is clear
that there are larger precursors for each of
subunits IV, V, and VI which must be processed
proteolytically during or shortly after entry into
the mitochondrion (63, 153). Recently, McAda
(196) has reported the partial characterization of
a mitochondrial proteinase believed to be in-
volved in the processing of the precursor of
yeast adenosine triphosphatase subunit 2. A
thiol-dependent proteinase responsible for the
processing of a precursor for the small subunit of
ribulose 1,5-bisphosphate carboxylase has been
reported in the alga Chlamydomonas reinhardtii
(69).
The polypeptide portion of yeast carboxypep-

tidase Y is synthesized as a larger precursor
(103). Maturation of the enzyme involves both
proteolysis and glycosylation and has been dem-
onstrated in vitro (213). Hemmings et al. (106)
have described a mutation, pep4-3, that prevents
precursor maturation for carboxypeptidase Y
and at last four other vacuolar enzymes. Al-
though proteinase B will catalyze the conversion
of carboxypeptidase Y precursor to mature
polypeptide in vitro (103), it cannot be responsi-
ble for the in vivo proteolytic processing (106).
Two examples of posttranslational processing

have been reported in Tetrahymena. An enzyme
in the postmicrosomal supernatant which could
hydrolyze N-benzyl-L-tyrosine ethyl ester at pH
8 was believed to be responsible for the proteo-
lytic cleavage of pellicular proteins (54). The
inhibitor TPCK increased the level of precursor
protein. Proteolytic processing of histone H3 in
the chromatin of micronuclei has also been
described (5). It involves the removal of the first
six residues from the NH2-terminus. The en-
zyme responsible has not been described.

Protein Turnover
The turnover of cellular protein, first reported

in animals by Schoenheimer (287), allows the
cells to remove abnormal proteins and to adapt
their complement of protein more rapidly to
changing physiological needs. Most demonstra-
tions of protein turnover in microorganisms
have involved bacteria (256), and relatively few
measurements have been made on lower eucary-
otes. Most of these have concerned turnover
during starvation and differentiation, and in very
few have growing cells been examined. A tem-
poral relationship between levels of protein turn-
over and proteolytic enzymes can be seen in
starving and differentiating cells of a number of
species. In yeasts, the levels of proteinase A and
B increase during sporulation as protein turn-
over increases (23). When sporulation is inhibit-
ed with ammonium ions, there is a decreased
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rate of protein turnover and decreased protein-
ase activity (64, 245). The vital role of the yeast
proteinases in protein turnover can be assessed
from the reduction of 30% and over 40o in
protein degradation observed during sporulation
of diploids lacking proteinase A (200) and pro-
teinase B (358, 377), respectively. Similar obser-
vations have been made in starving mutant cells
which lack proteinase B (358).

Increases in proteinase activity coincident
with increased protein degradation have been
observed in Achlya bisexualis (333) and B. emer-
sonii (186). Antipain blocks sporulation in B.
emersonii and decreases protein degradation,
although the effect on sporulation is only appar-
ent if the inhibitor is present during the earliest
phases (62).

Protein turnover is also triggered by starva-
tion in the slime molds and has been noted
during differentiation of both P. polycephalum
(350) and P. flavicomum (109). It also occurs
during fruiting body formation in the cellular
slime mold D. discoideum (322), but the level of
proteinase activity, at least in the acid pH range,
does not increase (353). Indeed, decreases in
both the cathepsin D-like and cathepsin B-like
activities have been reported (79, 80). Fong and
Bonner (79) have shown that chloroquine blocks
the development of D. discoideum and that this
treatment leads to depleted amino acid pools.
The effect could be reversed by the addition of
amino acids. Similar results were obtained with
TLCK, except that glutathione was also needed
to reverse the effect. Since both agents inhibit
the cathepsin B activity (80), it was suggested
that proteolysis has a regulatory role during
development. However, chloroquine inhibits
other enzymes from D. discoideum, including
proteinase E (a cathepsin D-like enzyme), leu-
cine aminopeptidase, and some non-proteolytic
hydrolases (236). The latter observation compli-
cates the interpretation of any in vivo effects of
chloroquine which are not necessarily due to
inhibition of cathepsin B activity. Further con-
sideration of the developmental role of protein-
ases is given below.

Mitochondrial protein turnover has been stud-
ied in yeast. Rapid turnover of mitochondrial
translation products is believed to be due to the
removal of faulty protein during mitochondrial
biosynthesis (83). The enzyme believed to be
responsible has been identified by Kal'nov et al.
(134).
Activation and Inactivation of Specific Proteins
Protein turnover measurements involve the

total protein of a cell or organelle. However,
proteolytic events are often more specific, re-
sulting in the selective activation and inactiva-
tion of individual proteins.

The activation of zymogens by limited prote-
olysis is a well-known phenomenon, but there
are few examples of its occurrence among the
lower eucaryotes. However, chitin synthetase
from many fungi can be isolated in an inactive
form which can be activated by exogenous or
endogenous proteinases (17, 32, 39, 343). How-
ever, the endogenous activators demonstrated in
vitro are not necessarily the agents responsible
for activation in vivo. The proposal that, in
yeast, proteinase B is involved in the control of
chitin synthetase activity and thus of chitin
synthesis during growth (37) must be revised,
since it has been found that mutants lacking
proteinase B show no abnormalities in vegeta-
tive growth, septa formation, or cell division
(358, 378).
A galactosyl transferase involved in osmoreg-

ulation of the phytoflagellate 0. malhamensis
also exists in an inactive form which can be
activated by endogenous and exogenous pro-
teinases (141).
Enzyme instability in cell extracts can often

be attributed to proteolysis but may not neces-
sarily have any physiological significance. How-
ever, in vivo enzyme inactivation in response to
physiological or developmental changes is fre-
quently observed in microorganisms (324). In
yeast, a number of enzymes are inactivated
when glucose is added to cultures growing on a
poorer carbon source, a phenomenon known as
catabolite inactivation (see references 354 and
361 for details). Because the decrease in enzyme
activity is often paralleled by a loss of enzyme
protein and can be inhibited in vivo by protein-
ase inhibitors, it was believed to be due to
proteolysis. The major proteinases A and B each
inactivate certain of the enzymes in vitro, and it
has been suggested that these proteinases were
responsible for inactivation in vivo. However,
catabolite inactivation still occurs in mutants
lacking proteinase A (200) and proteinase B
(107, 214, 358, 376), showing that neither en-
zyme can be uniquely involved. Asparaginase II
inactivation, which occurs during the transition
to stationary phase, was not affected by a car-
boxypeptidase S mutation (254).

Results from Holzer's laboratory (115, 173,
337) now indicate that, at least for fructose 1,6-
bisphosphatase, proteolysis represents only the
second stage of the inactivation process, the first
being a reversible phosphorylation which con-
verts the enzyme to an inactive form. It is
believed that the phosphorylated enzyme is then
more susceptible to proteolysis, possibly be-
cause it is now recognized by receptors on the
lysosome-like vacuoles.
When statically grown stationary-phase cul-

tures of T. pyriformis are shaken, the specific
activity of several peroxisomal enzymes de-

MICROBIOL. REV.



PROTEINASES OF EUCARYOTIC MICROORGANISMS 325

creases (179). During the same period, the level
of intracellular neutral proteinase activity in-
creases two- to threefold. Actinomycin D and
cycloheximide prevent both the enzyme inacti-
vation and the increase in proteinase activity.
Levy and McConkey (177) observed that a puri-
fied preparation of proteinase was able to inacti-
vate several commercial enzymes, including
ones equivalent to those inactivated in vivo.
However, the increased level of proteinase ac-
tivity is not necessarily responsible for the in
vivo inactivation, since Suprynowicz and
Allewell (321) have noted that under other con-
ditions, parallel decreases in peroxisomal en-
zyme activity and proteinase activity occur.

Selective enzyme inactivation (of phosphoglu-
comutase) has been observed during fruiting
body formation in Schizophyllum commune

(288). Schwalb (289) has described a proteolytic
factor which can inactivate phosphoglucomu-
tase in vitro. The factor could only be detected
at the stage of the developmental cycle (stage II)
coincident with enzyme inactivation. The inacti-
vation factor is not specific for phosphogluco-
mutase or for S. commune enzymes, however.

In many reports on enzyme inactivation, de-
creases in enzyme activity have been described
which occur during periods in which proteinase
activity increases. However, the opposite of this
has been observed during development of the
cellular slime mold D. discoideum, that is, an

increase in enzyme activity during a period in
which proteinase activity decreases. The specif-
ic activity of UDP-glucose pyrophosphorylase
increases at the aggregation stage of develop-
ment, and at the same time the level of protein-
ase I activity decreases (97). Gustafson and
Thon (97) have shown that UDP-glucose pyro-
phosphorylase is inactivated in vitro by purified
preparations of proteinase I and have concluded
that changes in enzyme and proteinase levels in
the cells are not only temporally related but are
also causally related. Further support for their
proposal that UDP-glucose pyrophosphorylase
levels are controlled through turnover catalyzed
by proteinase I comes from earlier observations
of De Toma et al. (66), who showed that preco-
cious increases in UDP-glucose pyrophosphory-
lase activity could be induced by incubating cells
with TLCK, an inhibitor of proteinase I, and
that the activity in cell extracts was stabilized by
the inhibitor. It seems likely, however, that the
proteinase and the inactivated enzyme are in
different cell compartments, since the esterase
activity on a-N-carbobenzoxy-L-lysine p-nitro-
phenol ester, used to assay proteinase I (97), is
recovered predominantly in the lysosomal frac-
tion of myxamoebal extracts (232). It is difficult
to envision how a lysosomal proteinase could
specifically control the level of a cytosolic pro-

tein. The turnover of the enzyme is more likely
to be influenced by cytosolic factors which may,
for example, determine whether the enzyme can
be taken up by lysosomes. It is also important to
note that other workers (e.g., reference 81)
believe that the increase in UDP-glucose pyro-
phosphorylase activity is more likely to be due
to increased rates of synthesis and not to de-
creased rates of enzyme degradation. The role of
proteolysis in controling enzyme levels during
development has been discussed by Wright and
Thomas (365) but without reference to specific
proteinases.
Changes in the size of cyclic adenosine mono-

phosphate binding proteins during D. discoi-
deum development have also been attributed to
proteolysis (61). Conversion of a higher molecu-
lar weight form (found at later stages of develop-
ment) to a lower molecular weight form (found
at earlier stages of development) can be
achieved in vitro by mixing vegetative cell ex-
tracts with late developmental cell extracts: the
conversion is inhibited by the proteinase inhibi-
tor TLCK (S. Cooper, personal communica-
tion). The time at which the change in binding
proteins occurs corresponds to the time at which
proteinase I activity decreases (S. Cooper, per-
sonal communication). Again it would seem
unlikely that a lysosomal proteinase would be
able to control specifically proteolytic events
involving cytosolic proteins, however.

Proteinases and Nutrition
An obvious role for proteinases in organisms

which utilize protein as a nutrient source is in
the digestion of food. In fungi, this would in-
volve breakdown outside the cells by extracellu-
lar enzymes, whereas in the phagotrophic proto-
zoa and slime molds digestion almost certainly
takes place within intracellular vacuoles. A role
for the extracellular proteinase of Tetrahymena
in protein utilization has been discounted, since
a phagocytosis-deficient mutant could not utilize
egg albumin (266). The level of extracellular
proteinase of E. gracilis was increased by the
addition of peptone to the medium (225) and was
higher in a bleached mutant, suggesting that in
this case the extracellular enzyme may have a
role in heterotrophic growth (225). However,
very little study has been made of how the
proteinases of either protozoa or slime molds
respond to changes in the nutrients, although the
effects of starvation and developmental changes
have been studied. In T. pyriformis, an increase
in the level of intracellular proteinase activity
has been noted after ingestion of yeast (271).
The pattern of intracellular acid proteinases of
D. discoideum is basically the same for cells
grown on bacteria as it is for cells grown axeni-
cally (234). The proteinases can hydrolyze the
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protein moeity of a partially purified lipoprotein
complex from Escherichia coli (33).
Fungal proteinase levels do respond to

changes in nutrients, and both induction and
derepression of extracellular proteinases have
been noted. Some of the more detailed studies
have been those of Cohen on A. nidulans (46, 48)
and other species ofAspergillus (51). Extracellu-
lar enzyme production occurs under conditions
of nitrogen, carbon, or sulfur limitation but does
not require the presence of protein. Similar
observations have been made in less systematic
studies of Aspergillus and other species (50, 126,
128, 145, 243, 300, 368) which have demonstrat-
ed repression of proteinase production by vari-
ous nutrients. Reports that repression by glu-
cose can be reversed by cyclic adenosine
monophosphate have appeared (14, 145). In oth-
er fungal species, proteinases are not only sub-
ject to repression but must be induced by extra-
cellular protein. This induction has been studied
in most detail in N. crassa by Drucker and
Cohen and their co-workers (52, 53) and by
Hanson and Marzluf (100). Proteolytic activity is
required before induction can occur (71). Inter-
estingly, there is now evidence that in the N.
crassa system different acid proteinases are pro-
duced under different conditions of derepression
(182), although the same alkaline and neutral
proteinases are induced regardless of whether it
is nitrogen, carbon, or sulfur that is limiting (53,
100). Proteinase induction has also been report-
ed in M. miehei (167), Trichophyton rubrum
(201), Microsporum canis, (246), and C. albi-
cans (268). The role of proteinases in the break-
down of more complex nutrients has received
little attention except for pathogenic species (see
below). However, Fermor and Wood (76) have
recently reported an increase in the level of a
neutral extracellular proteinase during growth of
Agaricus bisporus on killed bacteria.

Direct evidence that peptidases are involved
in nutrient utilization has recently been obtained
in yeast. A double mutant lacking carboxypepti-
dases Y and S was unable to grow with N-
carbobenzoxy-L-glutamyl-L-leucine as the sole
nitrogen source (359).

Proteinases and Development
Proteolysis might play a number of roles dur-

ing morphogenesis and differentiation in micro-
organisms. Since development often occurs as a
result of starvation, general protein turnover is
esseptial for supplying amino acids for de novo
protein synthesis (see above). Proteinase activi-
ty may also be needed for the selective inactiva-
tion of specific growth phase proteins not re-
quired during development and for the
activation and modification of others that are
required.

In fungal cultures, increases in proteinase
activity are often associated with the end of the
growth phase, and links with cytodifferentiation
have been noted. Among the fungal systems in
which development can be followed under con-
trolled experimental conditions, increases in
proteinase activity have been noted during spor-
ulation in yeast (23, 146, 355), sporangia differ-
entiation in A. bisexualis (333), sporulation in B.
emersonii (186), cleistothecium differentiation in
A. nidulans (375), fruiting body formation in
both S. commune (34, 289) and A. bisporus
(363), and carotenogenesis in B. trispora (88).
The significance of this increase to developmen-
tal events has not been firmly established in all
cases. Indeed, a large increase in A. nidulans
intracellular proteinase activity does not always
occur under conditions which allow cleistothe-
cia development. Zonneveld (375) has conclud-
ed that the proteinase action can supply carbon
and energy for sexual differentiation, but this is
dependent on whether external glucose or glu-
can are also available and may be controlled by
cyclic adenosine monophosphate levels. Mu-
tants of A. nidulans lacking extracellular pro-
teinase develop normally (47).

Sporulation in B. emersonii is blocked by
antipain, an inhibitor of the alkaline proteinase.
The effect is not reversible, but antipain is
effective only during the first 60 min of sporula-
tion, suggesting a critical role for the proteinase
for a limited period of time during the initial
phases of sporulation (62). Although sporulation
in yeast proved insensitive to most inhibitors of
proteinases tested (23), it is partially affected by
mutations which result in a lack of proteinase A
(200) and proteinase B (358). Carboxypeptidase
activity may also be important, since triple mu-
tants lacking carboxypeptidases S and Y and
proteinase B have almost completely lost the
ability to form ascospores (359). The proteolytic
enzymes would be required to provide amino
acids from preexisting protein. An additional
role for proteolysis in yeast is the degradation of
the tridecapeptide a factor pheromone (44). The
factor is cleaved at the Leu(6)-Lys(7) bond by
the target a cells to yield an inactive fragment.
The surface-bound activity is present in mutants
lacking proteinase A or B or carboxypeptidase Y
and may be due to one of the new proteolytic
enzymes described by Achstetter et al. (3).

In Blakeslea trispora, a neutral particulate
proteinase may trigger carotenogenesis by re-
moving an inhibitor. However, this has only
been demonstrated in vitro (88).

In P. anserina, four proteinases appear to play
a role in cell lysis associated with protoplasmic
incompatability. The lytic enzymes, proteinases
I, II, III, and IV, are not found in vegetative
cells (161). Studies involving mutants, in which
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the proteinases are either suppressed or elevat-
ed, or the administration of P-phenylpyruvic
acid, which inhibits the acid proteinases III and
IV, have also related the activity of these pro-
teinases to protoperithecum formation, asco-
spore outgrowth, and renewed growth of sta-
tionary cells (164).
The formation of fruiting bodies in some spe-

cies of basidiomycetes is enhanced by the aspar-
tic proteinase inhibitor S-PI (329-331). In Len-
tinus edodes, S-PI administration decreased the
level of an S-PI-insensitive extracellular protein-
ase while increasing that of a metalloproteinase
(331). However, the mechanism by which this
and the enhancement of fruiting body formation
is achieved is not known.
The cellular slime mold D. discoideum has

proved to be an excellent model system for
developmental studies. During fruiting body for-
mation, the specific activity of the intracellular
acid proteinase activity remains unchanged
(353), but there are decreases in the activity of
individual cysteine proteinases (79, 80, 97, 232,
234). The cathepsin B-like activity decreases to
a greater extent in prespore than in prestalk cells
(80). Leucine aminopeptidase activity increases
during development (77), as does that of en-
zymes responsible for the hydrolysis at pH 7.5
of the chromogenic substrates acetyl-Ala-Ala-
Pro-Ala-p-nitroanilide, succinyl-Ala-Ala-Pro-
Phe-p-nitroanilide, and succinyl-Ala-Ala-Pro-
Leu-p-nitroanilide (232), all of which are nonly-
sosomal. One new form of acid proteinase
appears just before fruiting body formation
(234). Evidence for a specific developmental
role for individual proteinases remains circum-
stantial. Fong and Bonner (79) have reported
that development is inhibited by chloroquine,
TLCK, antipain, and leupeptin, all inhibitors of
the cathepsin B activity. Since the effects of
chloroquine and TLCK could be reversed sim-
ply by the addition of amino acids, the results
show that those enzymes which are inhibited by
these agents are responsible only for supplying
the cells with amino acids either for de novo
protein synthesis or for energy. More subtle
proteolytic events cannot be dependent on pro-
teinases inhibited by TLCK or chloroquine,
since such events would not be substituted by
ed by the addition of amino acids to the medium.
As discussed above, the specificity of chloro-
quine is also in doubt (236), and a more detailed
analysis of the developmental effects of antipain
and leupeptin would be useful. The suggestions
that D. discoideum proteinase I controls devel-
opmentally regulated changes in UDP-glucose
pyrophosphorylase and cyclic adenosine mono-
phosphate binding sites are discussed above.
A developmental role for extracellular pro-

teinase in D. discoideum has been suggested by

Rossomando et al. (278), who proposed that the
proteinase released by myxamoebae on starva-
tion could be responsible for cell surface modifi-
cation before aggregation. This seems unlikely
in view of the finding that proteinase release is
not energy dependent and varies with the degree
of experimental perturbation to which the cells
are exposed (231).

In E. gracilis, a PMSF-sensitive proteinase
may have a role in supplying amino acids for
chloroplast development, since light-dependent
chloroplast formation is blocked by PMSF but is
relieved by the addition of a nitrogen source,
ammonium phosphate (374). It was proposed
that light stimulates a proteinase-dependent
breakdown of protein to supply the amino acids.
During germination processes, proteinase ac-

tivity may be required for hydrolyzing spore or
cyst coat proteins or for mobilizing storage
proteins. However, little detailed study has been
made in lower eucaryotes. In H. culbertsoni,
excystment can be triggered by treatment with
trypsin (138), and normal excystment is accom-
panied by the release of hydrolytic enzymes,
including two proteinases (140). Proteinase re-
lease has also been observed during microcyst
germination in the cellular slime mold P. palli-
dum (242). An interesting change in proteinase
property has been reported to take place during
M. gypseum macroconidia germination (249).
There is an interconversion between an intracel-
lular alkaline germination proteinase and an
extracellular keratinase, a process that is trig-
gered by phosphate.

Proteinases and Pathogenesis
Many eucaryotic microorganisms are patho-

genic, causing diseases in plants as well as in
invertebrate and vertebrate animals. For the
interaction between host and pathogen, protein-
ases may be needed by the latter to penetrate the
host tissue or to utilize host proteins for nutrition.
There have been many demonstrations of pro-

teolytic activity in cultures of fungi pathogenic
to plants and also in infected plant material.
However, few have provided direct evidence for
a definite role for proteinases in infection. It may
often be the case that proteinases detected in
culture are actually needed for the saprophytic
growth of a species in the soil and not for
infection. However, a correlation between
pathogenicity and proteinase activity has been
reported for Colletotrichum lagenarium (257)
and for Sclerotinia sclerotiorum and Sclerotinia
minor (142). Ries and Albersheim (272) consid-
ered the possibility that the proteinase from
Colletotrichum lindemuthianum might play a
role in degrading the hydroxyproline-rich struc-
tural proteins of the cell wall, since it was
secreted shortly after endopolygalacturonidase
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activity. Such a role was considered to be un-
likely, since the proteinase was not very effec-
tive at hydrolyzing the proteins of sycamore or
tomato plants. Hislop et al. (112) have recently
concluded that the acid proteinase from Monilinia
fructigena, which they have purified, probably
does not have a direct role in the host (apple
fruits)-pathogen interaction but might be in-
volved in nutrition.

Plant tissues contain proteinase inhibitors,
some of which are active on fungal proteinases,
including those of known pathogens (148, 210,
211). Peng and Black (255) have reported in-
creased proteinase inhibitor activity in resistant
tomato plants in response to infection by Phy-
tophthora infestans. The response was different
for compatible and incompatible races.

Swinburne (323) has made the interesting pro-
posal that a fungal ptoteinase could itself elicit a
protective mechanism within the host plant.
Resistance of immature apples to rotting by the
fungus Nectria galligena has been attributed to
their ability to accumulate benzoic acid. Protein-
ase preparations from N. galligena and other
fungal species can stimulate benzoic acid accu-
mulation. Phytoalexin production was not stim-
ulated when bean cotyledons were treated with
M. fructigena acid proteinase, however (112).
A number of reports have appeared on the

relationship between the proteinase activity of
fungi pathogenic to insects and their pathogenic-
ity. Sikura and Bevzenko (302) found that the
virulence of Beauveria bassiana was not related
to the activity of proteolytic or indeed lipolytic
enzymes produced under deep culture condi-
tions. In fact, Paris and Segretain (253) observed
an apparent inverse correlation between the
extracellular proteinase ofBeauveria tenella and
virulence on cockchafer larvae. Nevertheless,
Samsiiakova et al. (284) have found that the
amount of proteolytic and chitinolytic activity of
both B. bassiana and Paecilomyces farinosus
was in accord with their pathogenicity on the
Colorado beetle. Kucera (154) has described a
toxic proteinase produced by B. bassiana in
culture, and cultivation medium of the same
species has been shown to degrade the cuticle
proteins of greater wax moth larvae (285). Me-
tarhizium anisopliae also produces a high molec-
ular weight fraction containing proteolytic en-
zymes which is toxic to larvae of the greater wax
moth (155). Inhibition of one of the proteinases,
P1, with PMSF decreased the toxicity threefold.
Production of the proteinase activity by sub-
merged cultures of M. anisopliae was highest
when protein from the greater wax moth was
used as the nitrogen source (156).

In the crayfish parasite Aphanomyces astaci,
the proteinase activity remains the same during
and after germination and in the initial growth of

the hyphae. There is no release of extracellular
proteinase during this period (304). It has been
suggested that if the proteinase is required for
penetration of the proteinaceous epicuticle of
the host by the fungal germ tube, then the
proteinase must be attached to the fungal cell
wall. Subsequently, proteinase may weaken the
cuticle invaded by mycelium, since proteinase
release can take place on autolysis (305).

Before concluding a discussion of the inverte-
brates, it is important to record that not all
fungal-invertebrate interactions involving pro-
teinases are harmful to the latter. The protein-
ases of the gut of the fungus-growing ant, Atta
texana, are almost certainly derived from the
mycelial fluid of the fungus on which it feeds
(31).
Many fungal species that are pathogenic to

humans also possess proteolytic activity. For C.
albicans, however, it is doubtful whether pro-
teinase activity is always necessary for patho-
genesis. In a study of denture stomatitis, Budtz-
Jorgensen (35) noted that proteolysis was seen
most frequently in Candida species (C. albicans
and C. tropicalis) that were more pathogenic.
Nevertheless, for 62 strains of C. albicans, there
was no relationship between the severity of the
inflammatory condition and proteolytic activity.
Germaine et al. (85) found no evidence for
proteolysis of salivary proteins in cultures of C.
albicans grown at pH 7 or above. Candida
proteinase was inactivated above pH 5 or 6;
since the inactivation was PMSF sensitive, an-
other proteinase may have been present (84). At
lower pHs, proteinase production was inhibited
by salivary proteins. Thus, it is likely that nei-
ther proteinase production nor activity can oc-
cur in the human oral cavity during infection.

Further evidence against a role for C. albicans
proteinases in pathogenesis was presented by
Saltarelli et al. (283), who found that, whereas
four yeastlike strains produced extracellular
proteinase activity, only one of the two more
lethal mycelial forms was proteolytic under the
same conditions. Nevertheless, since MacDon-
ald and Odds (188, 189) have shown that antise-
rum against the acid proteinase could be useful
for diagnosing candidosis, proteinase must be
produced during some infections.
The role of proteinases in infections caused by

dermatophytic fungi has also been studied. Vari-
ous workers have reported keratinase, elastase,
and collagenase activities elaborated by Tricho-
phyton and Microsporum species (see reference
201). Trichophyton mentagrophytes var. granu-
losum, for example, produces both extracellular
and cell-bound keratinases able to digest hair
(370, 371). Antibodies against one of the cell-
bound keratinases can be detected in the serum
of dermatophyte-infected guinea pigs, although
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the antibodies did not inhibit proteolytic activity
(89). A relationship between proteolytic activity
and inflammatory action has been demonstrated
for Trichophyton rubrum and T. mentagrophytes
(205).
There have been a number of suggestions that

the proteinases of the protozoan parasites might
play a role in the host-parasite interaction, al-
though at present there is very little evidence to
support this. However, a clearer understanding
should be possible once more details of the
proteolytic systems are known.

It is thought that in T. cruzi proteinase activity
may be needed for penetration of the host cell
(29). Support for this idea comes from the find-
ing that antibodies against a purified cysteine
proteinase bind to the cell surface of amastigotes
(264). However, the authors report a cell surface
location for the proteinase in other developmen-
tal forms, and the proteinase may alternatively
be involved in the mechanism of escape from the
immune system (264).

In L. mexicana mexicana, qualitative and
quantitative differences between the proteinases
of the two developmental forms have been dem-
onstrated (58, 233). Coombs (58, 59) has suggested
that the higher proteinase activity in the intracel-
lular amastigote form may be related to the need
to survive within the hostile environment of the
host cell lysosomes. This could be achieved
through the release of amino acids, which, on
further metabolism, would yield ammonia and
amines. These could elevate the lysosomal pH
and thus reduce the activity of potentially harm-
ful lysosomal hydrolases. It has recently been
found that antipain, an inhibitor of the L. mexi-
cana mexicana proteinases (58, 233), inhibits the
growth of promastigotes and transformation
from the amastigote to the promastigote form
(59). It also inhibits the growth of amastigotes in
macrophages (G. H. Coombs, personal commu-
nication).
The idea that the tissue lesions associated

with invasive amoebiasis caused by E. histoly-
tica might be caused by hydrolytic enzymes,
including proteinases, has been suggested by
many workers. Recently, Lushbaugh et al. (187)
have provided evidence in support of a direct
relationship between a cytotoxin from E. histo-
lytica, whose concentration correlates with
strain virulence, and proteinase activity, since
cytotoxin activity can be inhibited by a-i anti-
protease and a-2 macroglobulin. A purified
preparation of the neutral cysteine proteinase
was completely inhibited by human and rabbit
sera, and McLaughlin and Faubert (197) had
suggested that the inhibition was likely to be due
to the a-2 macroglobulin fraction. A plasma
membrane location for E. histolytica proteinase
has been reported (87).

During malarial infection, proteolysis of he-
moglobin probably supplies the intraerythrocy-
tic form with all of its amino acids. Although this
idea was based initially on indirect observations,
it was supported by the finding that parasites
grown in erythrocytes containing radioactively
labeled hemoglobin possessed labeled protein
(298). As discussed earlier, analysis of the pro-
teinases responsible remains problematical be-
cause of the presence of erythrocyte enzymes in
parasite preparations.
Mahoney and Eaton (190) have recently re-

ported that a chloroquine-resistant strain of P.
berghei contains higher proteinase activity than
that of a normal chloroquine-sensitive strain.
Chloroquine is a widely used antimalarial agent,
and the appearance of resistant strains is of
considerable concern. During infection of eryth-
rocytes, a malarial pigment (hemozoin) forms
which may be responsible for binding chloro-
quine and trapping the drug within the cells.
Some workers believe that the pigment forms as
a result of incomplete hemoglobin breakdown,
and Mahoney and Eaton (190) suggested that the
higher proteinase activity of the resistant strain
prevents malarial pigment formation and conse-
quently chloroquine accumulation. However, it
has also been reported that the hemozoin does
not contain protein and probably consists entire-
ly of hematin released by autooxidation of he-
moglobin (297). If this is so, it is difficult to
envision how an alteration to the level of pro-
teinase activity leads to a difference in hemozoin
accumulation. Further analysis of this interest-
ing and important problem is required. Although
there have been suggestions that Plasmodium
proteinases might be good targets for drugs, with
the exception of one early report (212), there is
no evidence that antimalarials directly inhibit
proteinase activity. They have been reported to
inhibit aminopeptidase activity of two rodent
malarial species (42) and aminopeptidases of B.
hylomysci (4) and E. nieschulzi (43). It is not
known how this relates to their antimalarial
action, however.

Proteinases may have a role in the invasion of
host cells by Plasmodium merozoites. It has
recently been shown that in vitro invasion of
monkey cells by merozoites of P. knowlesi can
be inhibited by proteinase inhibitors, particular-
ly chymostatin and leupeptin (13). Merozoite
proteinases which may be responsible have been
detected.
A relationship between proteinase content

and pathophysiological effect has been reported
for the cattle parasite B. bovis (367). A differ-
ence in the proteinase activity (determined as
esterase activity on N-a-p-tosyl-L-arginine
methyl ester) has been found for virulent and
avirulent strains. Proteinase preparations from
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B. bovis induce kinin formation in vivo and in
vitro, and only the virulent strain increased kinin
levels in infected animals.

APPLIED ASPECTS
Proteinases and peptidases have proved to be

valuable reagents in laboratory, clinical, and
industrial processes. They also play an essential
role in a number of food processes involving
microorganisms. Although it is not possible to
describe all these applied aspects in detail, a
brief summary is provided below.

Reagents
The purified fungal proteinases tend to have

too broad a specificity to be useful for protein
sequence analysis. However, the metallopro-
teinase of A. mellea has a specificity for peptide
bonds involving the amino group of lysine and
has proved useful for limited cleavage of pro-
teins (301). It also hydrolyzes bonds adjacent to
formylated lysine (16) and modified cysteine (2-
aminoethylcysteine) residues (70). Carboxypep-
tidase Y from yeast is a useful reagent for
determining carboxyl sequences of peptides
(104). It may also prove to be of value in peptide
synthesis (279, 351).

Proteinase K, the serine proteinase from T.
album, is often used during the preparation of
nucleic acids to remove proteins and inactivate
nucleases (see reference 72). A method has
recently been described which allows selective
removal of ribonuclease activity from commer-
cial preparations of deoxyribonuclease activity
with proteinase K (341).

Clinical Uses
Ever since it was found that extracts of A.

oryzae and Aspergillus flavus possessed fibrino-
lytic activity (309), many hundreds of fungal
isolates have been screened for enzymes which
might be useful as thrombolytic agents. There is
a particular interest at present in the Soviet
Union, where workers are attempting to adapt
proteinase preparations to make them more
effective. One serine proteinase preparation
from Aspergillus terricola, terrilytin, has been
coupled to dextran (183) and to antibodies
against fibrin (27), both of which procedures
decrease its affinity for serum proteinase inhibi-
tors; the latter procedure also increases its fibri-
nolytic activity.
The use of aminopeptidase from Aspergillus

japonica as a digestive aid has been suggested
(319).
An inducible, extracellular proteinase from C.

albicans has been tested as a diagnostic antigen
for candidosis (188, 189).
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Food Industry

A number of traditional fermentation process-
es in the food industry involve the breakdown of
protein by fungal enzymes. In many cases, the
proteinases of the organisms involved have been
studied, but the results have not yet been related
to the food process itself (e.g., references 121
and 349). An exception to this is the role of
proteolysis in soy sauce production, one of the
many Oriental food processes involving fermen-
tation by molds. The process was reviewed by
Yong and Wood (369). Studies on A. oryzae
(219) and A. sojae (220), both used in Japanese
soy sauce production, have shown that the re-
lease of amino acids from soy bean protein
results from the concerted action of many of the
complex of proteolytic enzymes, both endo- and
exopeptidases, produced by these organisms in
koji culture. A study has recently been initiated
on the proteinases of A. flavus var. columnaris
used for the manufacture of soy sauce in Thai-
land (125).

Preparations of A. oryzae proteinase have
been shown to be suitable for reducing the time
necessary for the preparation of Philippino fer-
mented hydrolyzed fish products (6).
Cheese ripening may also depend on the activ-

ity of fungal proteinases, which, together with
lipases, contribute to the development of texture
and flavor (144). Studies on the proteinases of P.
roqueforti and P. caseicolum indicate that these
enzymes play a fundamental role in the proteoly-
sis induced by the molds during ripening (91).
The use of microbial enzymes, including fungal
proteinase preparations, to accelerate cheese
ripening has also been investigated (306).
One of the most important uses of fungal

proteinases in the food industry has been as
rennin substitutes (313). Many fungal acid pro-
teinases have milk-clotting activity, but only a
few are useful in cheese making. Too high a
proteolytic activity results in extensive break-
down of casein protein after clotting has oc-
curred. The proteinases of three organisms, Mu-
cor pusillus var. Lindt, M. miehei, and Endothia
parasitica, are now widely used, sometimes
blended with rennin. Other substitutes are still
being investigated, including, recently, protein-
ases of Rhizopus oligosporus (227) and Bysso-
chlamys fulva (320).
A. oryzae proteinase is widely used in the

baking industry to help control bread texture
and gain dough uniformity (15). The possibility
of using a purified proteinase from S. carlsber-
gensis has recently been suggested (364).
More details of some of the industrial aspects

of microbial proteinases may be found in a
recent review by Aunstrup (9).
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CONCLUDING REMARKS

Although the importance of microbial protein-
ases in industry and medicine has been and will
remain an important influence on the choice of
organisms and enzymes investigated, it has also
become apparent that a study of the proteinases
of lower eucaryotes can provide an insight into
the role of proteinases in general. As fraction-
ation and assay procedures have improved, so a
complexity has been revealed in some of the
proteolytic systems closer to that anticipated
from the range of biological events which might
involve proteolysis. It has recently been report-
ed, for example, that 25 different proteolytic
enzymes can be detected in N. crassa (307) and
that the proteolytic system of yeast comprises
more than just the well-characterized vacuolar
proteinases and peptidases (3). Indeed, the
study of the yeast system has illustrated many of
the benefits of using eucaryotic microorganisms
for analyzing proteinase function. Because it has
been possible to isolate proteinase mutants,
many of the proposals for proteinase function in
vivo can be examined more critically than had
previously been possible. As recently empha-
sized in an article by Wolf (356), some proposals
made on the basis of in vitro proteinase action
have been shown to be incorrect as a result of
examining mutant strains. Hopefully, the type of
detailed study being undertaken in yeast can be
extended to other organisms, for example, A.
nidulans, N. crassa, and D. discoideum, in
which additional functions for proteinases are
apparent, although the list of organisms is at
present limited by the lack of suitable systems
for genetic analysis. This is unfortunately true
for the protozoa, for which a combined bio-
chemical and genetic approach would prove
more difficult. Nevertheless, the study of pro-
teinases in these organisms should still prove
rewarding if only because of the possible role of
proteinases in the pathogenesis of the parasitic
species. There is certainly no reason to doubt
that the study of the proteinases of many groups
of eucaryotic microorganisms will continue to
provide valuable information on the role of these
important enzymes in all living organisms.
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