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all three were sensitive to EDTA although Protease 3 was far more

ABSTRACT

An isolate from coanNinated steerhides, Pseudomonas 461-3-11,

was found to produce 3 extr ce]]y]ar proteases. Thede enzymes were
. L\
isolated and purified by (NH4)2SO4 fractionation and ion-exehange

chromqtography,(DEAE and CM-cel]u]ose). An increase in specific

. activity of 28 times that of:the crude material was obtained. Except

for a minor inactive contaminant:for Protease 3, all enzymes yielded

active single bands on discontinuous polyacrylamide gels (pH 4.3)!
Production of proteolytic activity was found toloccur during

tﬁe growing phdse and was not dependent upon cell autolysis.

The optimum temperature for the growth of Pseudomonas 465—3-1]

was found to be 33-34°C. Protease productipn was greatly influenced

by temperature, being 50 fold greater at 26°C than at 38°C in com-

parison with growth (0D 600 nm.) being 2 fold greater respectively.

In a similar manner, the degree of aeration was found not to delay but.

to decrease the production of protease. Under identical conditions,

. tryptjcase soy broth gaye the highest enzyme production, brain-heart

“infusion broth gave the highest yield of growth, while nutrient

broth gave both the least growth and proteolytic activity. Attempts
to grow Pseudomonas 461-3-11 in synthetic media were unsuccessful. .
The three extracellular enzymes, labelled Proteases 1, 2, and 3

were shown to have molecular weights of 31,000, 33,000, and 59,000

respectively. Only Protease 3 was found to solublize collagen. The .

pH optima for these enzymes were 9.3, 9.5, and 8.5 respectively, and

Al

resistant than the other two. The significance of the similarities



P

\

of Protease 1 and 2, and the differences between these with Protease

v

3 are discussed at the end of this text.

/
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Research 5} definition is an analysis of the unknown. If one relies
totally on what is known or what has'been thught, then that individual
will always be self-limiting. Intuition, imagination, and luck may

not be very scientific but they are a vital part of research.

Dr. A. G. Clark,

Assistant Professor, '
Department of Microbiology
and Parasitology,

University of Toronto.
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INTRODUCTION

Significance of Pseudomonas Species "

During the first part of the twentieth century, diphtheria, scarlet
fever, tuberculosis and pneumococcal pneumonia were common fearsithat
the generé] practitioner had to contend with. Then,with the widespread
introduction of antibiotics, elaborate surgical procedures and
increased accessibility to specialized hosp{ta1 units, cases of Gram-
positive bacterial diseases decreased,only to be offset by an increase
of those caused by Gram-negatives (Flick and Cuff, 1976). The role of
Escherichia coli as a puer?]e pathogén has become more recognized

. Q,
(Hanson, 1976; Neter, 1976), cases of penicillin resistant gonococci

have become more prevalent (Ashford et al, 1976), while an extensive

1%

survey has shown the presence of antibiotic multiresistance within 60%

of Klebsiella-Enterobacter, 90% of the Protéus mirabilis  and 95% of

the Pseudomonas aeruginosa clinical isolates (Grunt and Krcmery, 1976).

As stated by Youmans.gg_gl,(1975), "Although man can build a better
mouse trap, nature always seemé to build a better_mouse."

Of particular imbortance’within recenf years have been infections
7 to the compromised host by Pseudomonas speties. The usual consequence
of corneal ulceration is the loss of an eye (Ayliffe et al, 1966),
mucoid st?%ins.are prevalent in cystic fibrosis patients (Hoiby, 1974),
and on occasion septjcemic epidemics have swept through intensive care
units (Cabrera et al., 1975; Phillips et al, 1971). Within one hospital

. /
ward, for. example, of 172 children suffering from burns, 29 deve]oped//

/

lesions, 22 of which were caused by Pseudomonas aeruginosa. Death

occurred within 24;48 hours after the appearance of the first 1esién

g

-1



(Forkner, 1960).

Although the common reservoir appears to be the patient (Flick
and Cuff, 1976), other sources have yielded unseit]inq statistics. In
one instance, 64% of saline solution bottles used to moisten the cornea
during an operation were subsequently found to contain pathogehia

Pseudomonas aeruginosa (Ayliffe et al, 1966); in another, sutures used

for open-heart surgery were found to be contaminated (DeHaven, 1969);
while in another, disinfectant solutions of phenols or alkyl chlorides
were found to harbour these organisms (Bassett et al., 1970; Elliott
et al., 1977).

- Despite its clinical significance, at times one might feel that
the deluge of medica} reports is presenting a picture too one-sided.

. Just as fn man the organism is usually present but harmless until the
hosf is subjected to stress (Taylor, ]974); so it acts on fish (Herbert
et al., 1971) énd livestock (Brigham et al., 1974; Mehta et al., 19?1;
Shimizu et al.,, '1974). Several speties are pathogenic for plants
although the literature is céntradictory for their general pfoperties.
- Sands et al. (1970) suggests that as a who]e'the§p1ant pathogens appear
less hardy and can use fewer carbon substrates than most species df
Pseudomonas. Ballard et al. (1970) has stated that perhaps the reverse
is more common. As for the everyday bachelor.or househife, they are
probably more concerned with the spoilage of raw vegetables (Green et
al., ]974); meat, poultry, or eggs (Ayres, 1960; McMeekin, 1975), and

seafoods (Herbert et al., 1971). In the past most of the contamination

has been attributed to Achromobacter. However, with bettéf taxonomic

‘ o
methods, species of Pseudomonas have been found to be the main agents

of spoilage (Brown g;_gl;u1959).



Extracellular Enzymes :
Tissue infections (Wilson, 1970), plant diseases (Keen gﬁ_ql;
1967), food spoilage - despite the differing effects of Pseudomonas
contamination, extracellular enzymes have been observed and suqggested
as contributing factors‘to bacterial invasiveness. Extracellular
enzymes for the most part are simply hydrolases of large macromolécules
such as lipids (Stinsqﬁ and Merrick, 1974), barbohydrates (Coleman and
Elliott, 1962), nucleic acids (Coleman and Elliott, 1965), or proteins

(Tarrant et al, 1973) which cannot readily be transported into the

cell.

A]thodgh most Qorks deal with one o;,a few extracellular enzymes,
the reader should not assumeAthat all bacterial cells have such limited
productions. Most investigatidns are selective 'and, aside from a few
exceptions, usually pay little attentionﬁto‘other enzymes which may
be present. One such exception, as‘an fxample, noted 13 extracellular

enzymes of differing substrate specificities within culture filtrates

of Pseudomonas fluorescens (Winters and Corpe, 1971). Finally, routine

conditions not taking into account parameters such as temperature

(Sadovski and 'Levin,. 1969), pH (Cheng et al., 1971), or the absence of

certain gations (Bissell et al, 1971) might inactivate some enzymes,

causing the researcher to assume them absent.

kv

T

Secretion of Extracellular Enzymes

Being extracellular, by definition the enzymes are released by a
a . ®
means other than cell autolysis. As an active form within the cell

would be counter-productive, degrading synthesized components, it is

unlikely that they ever exist within the cytoplasm as active forms



(Both t al, 1972). How they are assembled or how they are released

pose prob]ems baswc to microbiology, and a rev1ew of the 11terature

presents three models.

~

{) Secretory Carriers: Within mammals, trypsin inhibitors have

evolved with the enzyme to prevent an autocatalytic chain-reaction
of the zymogen (Stroud g}_gl; 1975)1 Other common sources of similar
‘inhibitors are found within such plants as tﬁe pdtéto (Rouleau and
Lamy, 1975), chick pea (Belew and Eaker,‘1976‘, and soybean (Finken-
stadt and Laskowski, 1965). These 1nh1b1fors are prote1ns which vary
in their molecular weights (Bryant et al, 1976)\ but do share the

“~. common trait that they combine covalently with‘the enzyme, In the
-examﬁTe of trypéin and the soybean trypsin inhibitor, a suggested
mechanism is that the protease cleaves a sensitiv; peptide bond wifhin
the inhibitor. A covalent bénd then forms between the active seryl

group of trypsin and the newly formeq carboxyl terminal of the inhibitor,
inactivating the protease (Fjpkenstadt and Laskowski, 1965).

An inhibitor to its own extracellular ribonuclease was discovered

in Bacillus amyloliquefaciens, and its possible role as a secretory

carrier was reviewed (Smeaton and El1liott, 1967). In thié context, it
was speculated that the ribonuclease was synthesized within the cell
but then quick]y inactivated by the 1nh}bitor'to prevent degradation
of components in the cytop]asm The two would then be secreted, the )
ribonu~lease oeing react1vated upon the release of the 1nh1b1tor
. Results have indicated, however, that the latter merely prevents any
back-diffusion a< a result of any change:in the cell's permeability

(e.g. by a drop':“ ~sa-ature). Further research has noted that the

binding is essential. versible, masking the active site of the



. .

ribonuclease by hydrophobic binding (Hartley, 1970).

ii) Secretory Vesicles: As mammalian systems have revealed.

specific structures such as the Golgi apparatus for the transport of
macromolecules out of the cell (Jamieson and Palade, 1g66),'so bacteria
were once thought to possess such secretory vesicles (Sargent et al,
1968). However, in the study of penicillinase secretion by Bacillus

licheniformis, vesicles were present in cells not pfoducinq the extra-

cellular enzyme (Ghosh et al., 1968). Also, artifacts resulting from

»the’piasmolysis of Bacillus megaterium cells (Weibull, 1965) are

simiiar‘in appearance, while the lack of correspgndence between freeze-
etches and thin-section data (Ghosh et al., 1969) make the significance
of these vesicles uncléar.

hiii) Secretion Through The Cytoplasmic Membrane: Perhaps the most

~widely accepted model follows that of eukarvotes (Redman, 1967) in Q'
which seﬁretion of extracellular enzymes or zymogens occur at the
cytoplasmic membrane (Both et al, 1972). In the examples of penicilli-

nase by Bacillus licheniformis, a lipophiiic'proenzyme becomes

associated with the bacterial membrane (Bettinger and Lampen, 1971),
and then by the action of a protease (Aiyqppa and Lampen, 1977) it is
released into the media as a hydrophilic form (Bettinger and Lampen,
1975) .. | |

" As for the translational site of these enzymes, several
investigators béiieve this to be membrane-associated also (May and
El1iott, 1968; Sargent énd‘Lampen, 1970)..within species of ‘Bacillus,
most of the cell's ribdsomes (Dijk-Salkinoja et al., 1970) and about
25% of its RNA (Yudkin and Davis, 1965) have been demonstrated as

membrane-bound. A common trait for the synthesis of extracellular
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enzymes is that they-are usually more sensitive to inhibitors than are
most proteins.of the cé]] (Gfew and Heath, 1971). This appears to be

a property of membréne'assoﬁiation (Stiﬁson ‘and Merrick, 1974) although
intracellular enzymes sucH as /3-galactosidase or galactokinase.
(Paigen, 1963;_Paigen and Williams, 1970) also exhibit fhis property.
Fina]iy, pq]yribosomes bearinQ nasgent polypeptides o kaTine

-

phosphatase have been_]oca]ized at the\cytop]asmic membrane of Eschgrj—

chia coli (Canceddé and Schlesinger, 1974). /

Proteases
0f the varieous extracellular hydrolases, perhaps the proteases

are the most interesting because of their wide range of functions:

- i) Nutrition: Within Streptococcus lactis (Thomas et al., 1974),

~ the primary role of a proteinése bound to its cell surface was found

to be digestion of external proteins. To most people, the stomach and
pancreatic enzymes are common knowledge. A]thoUgh each has its own
specificity, combined they can degrade most polypeptides. Trypsin
hydﬁp]yzes at the carbonyl group of basic aﬁino acids (Casey and Lang,
1976), chymotrypsin at hydrophobic groups (Lehninger, 1975), elastase .
at small neutral residues (Largﬁan et al, 1976), whi]eipepsin cleaves
at the imino function of hydrophobi6/;;\Sc{g}z/amino ackds (Fruton,
1975). A generality thﬁt may give %urther inﬁight into the nature of a
protease has been suggested by Neurath (1975). If the erzyme or '
co]]ectiog of enzymes have extremely broad or overlapping areas of
specificity, then their function is probably the hydrolysis Qf poly-
peptides for nutrition. If, however, c]eaVage is specjfjc, such as only

~

at flexible regions or exposed loops of the substrate (Naslin et al,



1973 Johnson and Smillie, 1974), then their funétion may be one of
activation rather than degradation. ‘

ii) Activation: Many enzymes, hormones, or physiologically active
proteins such as complement or éhe blood-clotting factors are synthe-
sized as inactive precursors then converted to active forms by selective
cleavage of peptide bonds (Neurath and Nalgh, 1976). One example of such
limited proteolysis for activation are the pancreatic enzymes mentioned
above (Kassal] and Kay, 1973). In a similar mannér% activation of a
mammalian macrophage collagenasa is by a neutral protease secreted by
the saﬁe cell (Horwitz éﬁ:gL, 1976).

iii) Development: The activation of cocoonase after the maturation
of insect larvae (Felsted et al, 1973), cleavage of viral proteins for
sgquentia] assembly (Laemmli, 1970), and qptivétion of chitin synthetase
for separation of yeast mother and daughter cells (Cabib and Farkas,

1971) are different examples where proteases play a key role in develop- -
ment. Within bacterial cells, spores of Bacillus species carry out no
detectable endogenous metabolism or macromo]ecu1af synthesis (Sakakibara_‘

et al, 1965). Upon germination, however, proteolytic enzymes degrade
specific proteins within the interior of the spore to generate amino
acids for protein synthesis (Setldwaﬁnd Primus, 1975; Setlow, 1976).
Nithin the vegetative ce]l,‘protégsegpas yet do nbt appear to be
directly significant for cell wall synthesis. For growth, degradation
is essential, cleaving existing bonds to allow insertion of new

segments of completed precursors (Shockman, 1965). For this hydrolysis,

‘however, in the example of Streptococcus faecalis, only a native mura-

midase appears to be present (Boothby et al, 1973; Rosenthal et al,

1975; Cleveland et al., 1976"
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jv) Microbial Antagonism: Aside from the release of penicillinase

from Bacillus licheniformis membranes (Aiyappa and Lampen, 1977), very
11tt1e attention has been paid to proteases and their role in microbial

antagonism. A strain of Pseudomonas fluorescens has been noted to

produce a mixture of exoenzymes which degrade cell envelopes of Gram—
negative bacteria (Whiteside and Corpe, 1969; Winters and Corpe, 1971)

while a strain of Pseudomonas aeruginosa produces an endopeptidase

that cleaves the pentaglycine cross-bridges of Staphylococcus aureus

cell wall peptidog]ycan (Lache et al, 1969). %ossib]y as conditions go
from an agar plate back to the fie1d,'0bservéE10ns'of~this nature will

become more evident.

C]assification'of Proteases

Although the function of a protease states why it is there,
characterization resolves how it acts. For the latter, classification
can take several directions. The effects of 1nh1b1tors (Walsh, 1975;
| Schnebli, 1975) homologous sequences and s1m11ar chain folding KNeurath
et al, 1967; Titani et al., 1972), action on spec1f1c substrates such as
| by collagenase (Carrick and Berk,. 1975) or keratinase (Nickerson and
Durand, 1963), and the nature of activity [whether the enzyme acts as
an endopeptidase (Burstein et al.s 1974) or exopeptidasé (Schmid énd
Herriott, 1974)] are a]] feasible but the most widely used is by the
mechanism of action (Mor1hara, 1974; Walsh, 1975) .Rather than a single
manner by which a protease can hydrolyze a polypeptide, bas1ca]1y four
have been resolved depend1ng on their ‘mechanism and constituent groups
" at the act1ve site. Rather than go 1nto any length over the differences

between or w1th1n the four maJor sets, brief outlines of the%r general



characteristics have been presented below. <:j\\\\\\\

i) Acid Proteases: Although pepsin is the model for thi group'

(Fruton, 1970), w}fﬁ1n_§hg‘m1crobial world they can be fo d as extra-
ce11u1;r enzymes of yeasts or moulds (Matsubara and Feder, 1971).
-Having pH optima between 2-4, hence their désigq?t1on'(Mor1hara, 1974),
the key amino acid within their active sité appears to be aspartic acid
(Sodek ahd Hofman, 1970; Kovaleva g;_a1q 1972). For the degradation of

their substrates, Fruton (1970) has speculated on the concerted action
of two acidic residues ;1th1n,the enzyme on the substrate's peptide
bond. One acidic group's carboxyl acts as a proton donor to the sub-
strate's cqrbony]; fhe other acts as a nucleophile, forming an unstable

anhydride with the latter which rapidly undergoes hydro1ysis at

the peptide bond. Thi§ mechanism is further supported by the resistance -
of the profeinase to 1qh1p1tors such as DFP, EDTA, or PCMB, but sensi-
tiv1ty to diazoacetyl-DL-norleucine methyl ester which in the presence
'of cupric fons binds to aspartic acid (Sodek and Hofman, 1568; Mizobé

et al, 1973).

i1) Sulphydryl Proteases: Papain from pabaya fruits, cathepsins of
animal tisﬁues, streptococcal proteinases, and c1ostf1d10-pept1dase B:
are all examples of the set that has a free sulphydryl group essentié]
for activity (Drenth et al, 1971). Activation ié effected by reduction
of disulphi&e bonds by agents such as cyanide, cystejne, or glutathione;
" while 1nact1vat10njoccurs if the sulphydryl is alkylated by compounds'
such as iodoacetate, methy]ami;e, or methy]gaﬁnidine (Mitchell and
Harrington, 1971). Despite controversy over its mode of hydrolysis on
. polypeptides, essentially it is believed to use a two-step process. in

papain, the reactive cysteine has been shown to form an acyl-thioenzyme



complex with the substrate which is then deacylated by the carboxyl“ion
of aspartic acid, acting as a baée (Glazer and Smith, 1971). Whether a
proximal histidine.either within papain or a streptococcal proteinase
plays a major role in this mechanism or not has yet‘td be determined

(Gerwin et al., 1966; Clark and Lowe, 1976).

iii) Serine Proteases: Found within bacteria, mouqu, or yeasts
(Pacaud and Uriel, 1971; Turkova et al, 1971; Hayashi and Hata, 1972),
these enzymes share similarities in mechanism with the pancreatic
enzymes (Morihara and Tsuzuki, 1968). Trypsin, chymotrxpsin, and
" elastase all have w1th1n their catalytic sites a serine, histidine, and
aspartic acid res1due (Blow et al., 10°7). Compounds such as DFP that
react with the serine by a]ky]phosphory]at1on (Morgan et al., 1972) in-

- activate these enzymes, hence their des1qnat1on Initially the hydro-
‘phob1c environment within the reactive pocket a]]ors the transfer of a
neutral aspart1c ac1d S proton to a neutral h1st1d%ne at pK's of 6.8
(Koeppe and Stroud, 1976) With the serine these then form a tetrahedra]
intermediate with the substrate (Stroud et al, 1975) and hydrolysis
proceeds by the shuttle of protons. Siiver jons that bind between the
aspaftic and histidine residues, therefore, can also be strong inhibitors
(Chambers et al., 1974). Di%fereﬁceg in pH optima (Morihara, 1974) or
specificities may b$ accounted for by the sizes or charggs of amino
acid side groups within this pocket ‘rrieger et al, 1974; Shotton and
Watson, 1970). ‘

iv) Metal-Chelator-Sensitive Proteases: Although metal ions such

as calcium or zinc -have been known to Stabilize several enzymes (Bissell
et al, 1971 Trotman and Greenwood, 1971; Dahlquist/et al, 1976),

within th1s c]ass of proteases the metal is also essent1a1 for activity.

i
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They are, therefore, sensitive to chelating agents such as EDTA or’

o—phenanthro]ine but seldom to othér reaqgents such as DFP, PCMB, or

soy-bean inhibitors (Morihara, 1974).\' |
Despife an enzyme's sensitivity to cﬁg]ating agents, one should

be cautious about classifying it within this category simply by noting

fnhibition by EDTA, for example. For thermolysin, calcium ions are

used for ‘stability while zinc is at the active site (Dahlquist et al,

1976). It is possible, therefore, to have an enzyme that does not have.

a metal at its active site but requires such a component for its

stability. Enzyme 2 of Pseudomonas aeruginosa (Morihara, 1964) is sen-

sitive to jodoacetate suggesting a sulphydryl protease, while all three
enzymes of Serratia NRC 1004 are sensitive to DFP (Nunokawa and McDonald,
1968) suggesting a serine protease. These are also sensitive to EDTA

and so one*éannbt adequately classify them without furthe+ clarification.

Finally, Morihara and Tshzuki (1964) have observed that for the peptide

.peptidohydrolase of Pseudomonas aeruginosa, EDTA inhibits the enzyme
sir by masking the active site. | {
For substrate hydrolysis, using carboxypeptidase A as‘a model,

there is still much controversy over the mechanism (Hartsuck and
Lipscdmb, 1971; Breslow et al., 1975). A compromise has been suggested
in which bo.h the arginine and tyrosine residues within the active
site restrain the substrate's free carboxyl group while zinc and
glutamate actively hydrolyze the peptide (Brés]ow and Wernick; 1976).
Other traits of these enzymes are that alkaline protééses are more
‘common than neutral proteases (McConn et al, 1964) and that the latter

are more sensitive to EDTA (Morihara, 1974). Also, Proteése I of

Myxobacter AL-1 has the unusual property of beir~ ab]e-to lyse cell

s
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walls of some bacteria (Ensign and wolfe; 1966; Jackson and Wolfe,

1968 ) . (‘\f:“l‘,\‘)’

Extracellular Proteases of Grém-negative Bacteria

Proteases can be found in everything from insects (Garcia and
Garcia, 1977) to carnivorous plants (Clancy and Coffey, 1977); yet,
Ofor Ehe Gram-negative bacteria, works on extracellular proteases are
sparse. A few researchers have generalized that they are produced by
only certain strains of pseudomonéds or vibrios (Po]]ockf%1963; Cos-
terton et al., 1974). Although there are significant diffé;ences
between Gram-positiVe and Gram-negative cell wall peptidoglycan (Braun
and Sieglin, 1970; Heilmann, 1972), Stinson and Merrick (1974) have
suggested that the restriction of protease prodﬁction'might instead
be4§i:ef1ection of the outer membrane or- envelope of Gram-negatives.
The "leaky" nature of some ~species (Lopes et al., 1972), releaée of
periplasmic enzymes- by high moiarity solutions (Cheng et al., 1970;
plasts (Cheng et al, 1971; Bhatti et al, 1976) give-added support to
this belief. However, upon scanning the sections dealing with Gram-
negativés within Bergey's manual (Buchanan and Gibbons, 1975), one will
frequently find statements ‘that several organisms “...liquefy gelatin
...liquefy gelatin over several weeks...[or cause] liguefaction in less

than half the t¥fme of controls.” Therefore, the statement that extra-

S

c_?TETan\proteaSes.o% Gram-neqgatives belong only to certain strains

of pseudomoné&gfar vibrios may be misleading, based on limited. investi-
gations.” The following are brief summaries of the reported species

within Gram-negative bacteria:

‘\/
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i) Enterobacteriaceae: As early as 1949, Simmonds and Fruton

reported that 'mutant strains of Escherichia coli which needed certain

amino acids for growth could utilize synthetic peptides as lony as the
peptides contained the essential amino acids. In more recent times an
aminoendopeptidase has been located within the perip]as;ic space of
Gram-negatives (Murgier et al., 1976). With Escherichia coli K-10,
studies of this hydrolase seems to yield more questions than answers.
For aminopeptidase activity (hydrolysis of L-alanine p-nitroanilide)
its pH optimpm is 7.0, whi]e for endopeptidase activity (hydrolysis of

casein) the opt1mum is 7.5 (Lazdunski et al, 1975c). Regulation is not

by limiting n1trogen or carbon sources but instead by the extracel]ular

level of 1nngan1c phosphate (Lazdunski gt al, 1975b}. Osmot1c shock

or treatment with EDTA and lysozyme are effective for the release of
alkaline phosphatase, another periplasmic enzyme, but are only partially
successful in releasing the protease (Lazdunski et al, 1975a). Finally,

although most extracellular proteases of bacteria are metalloenzymes,

“this one is a sulphydryl protease, inactivated by N-ethylmaleimide but

not by EDTA (LazdunskTet a]Q 1975¢). _ %

A strain of C trobactgi freund11 produces an extracellular

, protease with a molecular weight of 45 000. The 1atter is insensitive

: NS
to DFP or PCMB but strongly inhibited by metal chelators. One mole of

: : i
zir =5 been found to be incorporated within one mole of enzyme
. o o

(Nakajima et al., 1974).

Serratia marcescens strain NCIB 10351 synthesizes a zinc metal’

- protease cf a molecular weight.of 30,000. It hydro]yzes caseih or

o

tendon collagen at an opt1mum pH of 9 yet cleaves synthet1c substrates

optimally at pH 5. The hexapeptide, carbobenzoxy- -gly- pro -gly-qly-pro-ala,

kY



:]4_
is cleaved between the two adjacent glycine residues (McQuade and ‘
Crewther, 1969) which is suggestive for collagenase activity (Schoellman
and Fisher, 1966). The hydrolase does not appear if the strain is sub-

cultufed in synthetic media but is induced by the addition of casein
(CastanedalAgu11o, 1955) dnd‘fepressed dy the presence of carbohydrates
such as glucose (Ryden and Hofsten, 1968). |

The extracellular profease of a Serratia sp. pathogenic for
silkworms has been purified and foundlgo be sensitiveito EDTA near
neutrality but not td EDTA above pH 8.0, iodoacetate, PCMB, or DFP
(Miyata et al, 1971). Aside from casein which is readily degraded,
the enzyme can hydrolyze denatured lysozyme, insulin, or IgG but is -
severely restrjcted by native forms of these substrates (Miyata et
al, 1970b). Zinc is the prosthetic group (Miyata e. :1., 1971) which
when removed and replaced by other metals will give different stabili-
ties or proteolytic rates (higher for cobalt, Tower for magnesium for
both properties). The enzyme has no detectable sulphur containing
amino acids such as cysteine or methionine (Miyata_g;_gl? 1970a),ia
property once'thought”to be a universal trait of extrace]lu]arlenZymes,
(Pollock, 1963). However, as several extface]]u]ar proteases do have

these residues (Prescott et al, 1971; Cdrrick and Berk, 1975¢ Lazdunski

et*al., 1975c), the low abundaﬂce\zifper than the complete absence of

—

sulphur containing amino acids appears to be more accurate.

Other work on;S Serratia related species has been with the
ob]iga;e psychrophiT%E\ET?ain NRC 1004 which produces three proteases.
The three are similar in that DFP or EDTA inactivate them while
o-phenanthroline, PCMB or iodoacetate do not {(Nunokawa and McDonaTd,
1968). The sensitivity of these enzymes to DFP suggests that they

are serine proteases. All three enzymes exhibit an optimum pH
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of 9.8-10.8 and an opt%mum temperature of 40°C in contrast with the
protease of Serratia marcescens which has an optimum pH and temperature
of 9.0 and 45"C respectively (McDonald and Chambers, 1963).
In 1916, Jones reported the repression éf prqteo]ytic activity
of Proteus vulgaris by the présence of carbohydrates. Aside from a few
~ papers (Walker, 1927; Gorini, 1950), it wasn't until several years
later that the presence of two enzymes with pH optima between 7.2-7.6
and one more heat stable than the other (Bensusan et al, 1954) was

reported.

Proteus mirabilis, has but one protease that has a high tyrosine

and aspartic acid content and is irreversibly inactivated by EDTA. An
unusual property of this enzyme is that although it cleaves the cysteic
acid-glycine bond 7-8 of oxidized.insulin B-chain, the identical bond

at 19-20 is not hydrolyzed (Hampson et al., 1963).

ii) Vibrionaceae: In Vibrio parahaemo]yticug, although attention
has focused primarily on its thermostable haemo}ysjp,(Sakurai gﬁ_a];
;]975; Honda et al, 1976), an extracellular proteinase is also produced.

Sensitive to EDTA and requiring de novo protein synthesis,.the enzyme
is repreﬁged by metabolizable carbon such as glucose, qglycerol, or
casamino acids but stimulated either by“qelatin or its partial hydro-
lysate (Tanaka and Iuchi, 1971).

Studies on Aeromonas Qroteolytica revealed two extracellular

enzymes, an aqinopeptidase and an endopeptidase (Prescott and Wilkes,
1966). fhe‘former has been more exténsive]y.studied and has é molecular
weight.approxiMate]y 29,000, and is unusually high in acidic amino acids
but low in basic residues, and has 2 atoms of zinc as its prosthetic

groups (Prescott'gg_gl, 1971). The highest yield within a culture

»
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occurs when asparagine or sodium nitrate with glycerol are added to "
L .. BN SN
the medium. A\partia] hydrolysate of casein afso greatly stimulates

its production (Litchfield and Prescott, 1969b). For the latter enzyme,

AN

although a partial hydrolysate of casein also increases its yield, o
asparagine or sodium nitrate with giycerol'represses rather than

induces jts production (Litchfje]d and Prescbif,?1969§). It should be

noted that in a growing culture; a peak of aminopeptidaéé'prdettiqn -

occurs first and then only after several hours does the endopeptidase
peak appear (Prescott and Wilkes, 1966);

iii) Pseudomonadaceae: In ]963, Mandl sfated "all evidence

points to the conclusion that co11agenb]ytic activity is uhique]y

associated with Clostridium histolyticum, CI. perfringens, and possibly

C1. captivole," believing that results tp thg.contrary came from.faulty
L o . o - PR

preparations of the substrate. NSEHngei and Swartz (1969) reported

negative results for collagenase production by Pseudomonas aefugjnpsa
in spite of the fact that proteaseé were broduced that were capable

of hydrolyzing Carbobenzoxy—gl;—pro-q]y—qu-pro—ala.—Brown.gg al
(1974) reported similar findings while in 1975, Gray and Kreger
expressed their opinion that in case;\of Pseudomonaé,infections of the
eye, corneal damage . : due to the release of polymorphonuclear lyso--

somal enzymes rather than collagenases from the -bacteria.

Pseudomonas aeruginosa and its collagenases have been of consider-

able interest due to corneal infegtidgs stemmihq from either the
improper antisepsis associated with the use of contact lenses (world
Contact Lens Report,A]959) or in the production of cosmetics (Marzulli
et al, 1972). Although the hydrolysis of carbobenzoxy—q]y—pro—g]y:qu—

pro-ala might not be sufficient to label a protease a Eo]]agenase

U




-17-

0 \

(Schoellman and Fisher, 1966), reports of Pseudomonas aeruginosa pro-

teases degrading native collagen are present (ngher and Allen, 1958;
Horn et al., 1973; Carrick and Berk:81975). Differences in results
might be due either to long lag periods for the appearance of the
collagenase (Adamcic and Clark, 1970), the variation‘in cross-linkages
of the substrate (Giffee, 1971), or the variation beﬁheen observed
strains. Brief reviews rather than comparisons are therefore qgiven

below.

Fivefproteases labelled A to E have been isolated from a strain
/I

mellonella. A1l five are sensitivé to EDTA,'théir pH optima range
from 7.5 to 9.0, their molecular weights are:13,000 to 70,000, all but
A are co]Tageno]ytic while all but'D are elastolytic (Kucera and Lys-
enko, 1968). . |

Kreger and Gkiffin (1974) purified 3 proteases that have a mole-
cular weight of approximately 20,000, are inactivated by 15 minutes
at 80°C, have isoelectric points of 4.6, 5.8, and 8.8, aﬁd are not
produced if the culture is grown in 4.7% ammonium sulphate.

Through ethanol fractionation, ion—excﬁange chromatograph&”and
gel filtration, Carrick and Berk (1975) have isolated a single colla-
genase after a 1575 fold purification and 24% recovery. Ferrous chloride,
cysteine, EDTA, or ammonium sulphate inactivated the preparationvwhile
after treatment with metal—che]étors, coba]t or zinc ions reactivated
proteolytic activity. The pH optimum was 7.5 although activity was
greater in TRIS than fn phosphate buffers of the same ionic strength or
pH. An unusual characteristic of the.collagenase is that by qgel

exclusion chromatography its molecular weight was determined as 17,500, -
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while on SDS polyaéry]amide gels it was 34,000. The authors Attributod
this discrepancy to dimer po]ymerizatio% above pH 8.0. |
As most reported collaqgenases have been foqnd to be metalloprnteiné,
attempts have been made to stop corneal degradation ‘in cases of Pseudo- |
&ggg§_infections of the eye by applving solutions 9f EDTA. Results
havé been éontradictory, kanging from c]gims of cansiderable improvement
(Brown et al., 1969) to no apparent influence (Bohigian et al., 1974).
Wilson (1970) has stated that possibBly calcium found in tears or within
the cornea might be the source of the discrepancy, while Liu and Hsieh
(1969) have speculated that the proteases under investigation miqht
slow rather than increase cdrnea] infections by deqrading exotoxins
prbduced by the microbe. & |
Aside from collagenases, some strains of P§pgggmgpg§ aeguginosa
produce other proteases, notably elastase. Rather than the hydrolysis
of beptide bonds, elastolytic activity specifically refers to unravelling
and solublization of the substrate (Ha1l and Czérkawskil~1961a;-Ha11
and Czerkawski, 1961b) although most elastases have both'properties
‘(Morihara and Tsuzuki, 1967). Characteristics of these enzymes may
vary wit; the strain (Suss et al., 1969; ﬁzrihara and Tsuzuki, 1966)
but studies have shown that most-exhibit a molecular weight of approxi-
mately 40,000, and sensifivityfto EDTA, phenanthroline, molar sodium
chloride, or metals such as mercury, nickel, and zinc. Thé pH optimum
is difficult to determine as it varies with the ionic strehgthband
type of buffer, being 8.0 in 0.03 M TRIS, 7.2 in 0.10 M TRIS, 7:574n
0.03 M phosphate, or 7.0 in 0.03 M carbonate (Morihara gg'gL,‘fQGS).
Several reports indicate that oﬁher proteinqses are also secreted

with the e]éstase‘(Morihara; 1964; Morihara and. Tsuzuki, 1966; Morihara

3
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and Tsuzuki, 1967). One of the aécompanying proteases has been
! [ i

characterized to have a molecular weight of 48,400 (Inoue et al., 1963),

\requires calcium for stability (Morihara et al.,, 1973), has an optimum

pH between 7-9, and has an optimum temperature of 60°C. It i1s .1so ‘
inactivated by EDTA, ojphenanthroliné, or oxidizing agents such s
potassium permanganate (MOrﬁhara, 1963). As the effects of chelators

are reversed by simply dialyzing against distilled Water, it is bnlieyed
that EDTA merely masks g%e active centre without removing the constit-
uent metal (Morihara and Tsuzuki, 1964). Another endopeptidase, although

not extensively studied due to its low yijeld, is unusual in that it

appears to be common to several strains of Pseudomonas aeruginosa and

is insensitive to EDTA or phenanthroline (Morihara, 1964).

Within the previous section dealina with protease function ahdﬁ

A

microbial antaqdnism, it was stated that a strain of Pseudomonas

qggggjggéé_produées an enzyme lytic for speﬁjes of Staphylococcus
(Zyskind et al, 1965; Lache et al, 1969). The enzyme has been analyzed
~to the exé?nt that it has a sharp pH optimum of 8.0,vis inhibited by
0.07 M TRIS, and is 1nactivatéd by EDTA, mercury, or copper ions
(Burke and Pattee, 1967). |

Aside from Pseudomonas aeruginosa, -other species have had their

proteases characterized. During pathogenesis, Pseudomonas lachrymans,

the casual agent of cucumber angular leaf spot, produces a proteinasef
. that can hydrolyze casein, haemoglobin, or cucumber leaf proteins but
not collagen, ‘elastin, or gelatin (Kegn gg_gl$ 1967). Inhibition of o
this enzyme is by zinc or cobalt ions WHile EDTA, DFP, PCMB; KCN, or |
iodoacetafe have no effect. Also, autoclaving for 10 minutes withiﬁ a

buffer of pH 11.0 (its optimum is pH 8.0) will activate the enzyme. As
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for its induction, addition of proteins to the growth media have little

influence, while the production of the proteolytic enzyme increases if

either sucrose or glutamic acid levels are increased to 0.2%. Above

tpgse concentrations, enzyme produclion again decreases (Keen and

Williams, 1967).

]

A serine protease from Pseudomoggs maltophilia has been purified

by ammonium sulphate prec1p1tat1on, Sephadex G-75, and Bio- -rex gel
chromatography. A]though the recovery was 37% and the specific act1v1ty
merely doubled, polyacrylamide gels have revealed only a single band,
suggesting an absence of cell lysis and that the enzyme constitutes‘

a major portion of the extracellular proteiné. The pH optimum for this
enzyme was found to be 10.0, and although it is insensitive to iodofg

acetate, both EDTA and DFP inactivate‘it\(Boethlinq, 1975).

Pseudomonas fragi produces a chelator-sensitive protease that

activated by zinc and stablized by calcium, It has an opt%mum‘pH

between 6.5-8.0, an optimum temperature of 40°C, and a molecular weight
of 40,000-50,000\(P0rzip and Pearson, 1975). The enzyme is.extreme1y
heat-labile, losing 50% of its ac1t1v1ty upon 1ncubat1on at 35°C for
5 minutes. Also, growth w1th1n a Koser S ;1trate medium having ammonium
as the nitrogen source will 1nh1b1t the microbe's product1on of the
protease while addition of several amino acids with a few dipeptides
will cause its production to be unimpaired (Tarrant et al, 1973).

Other Pseudomonas extracellular proteases that have been charac-
terized to some extent are those belonging to psychrophiles. A psychro-
philic halophile has been isolated which requires high salt Tevels not

only for growth but also for the production of its two pfoteases. If

the temperature rises above 5°C, it has been found thét the relative
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proportions of these two enzymes will vary, shifting to an increase
of one over the other (Kato et al., 1972). A psychrophi]ic species of
P§ggggmggg§iisd1ated from the arctic was found to produce a protease
which hydrolyzed gelatin, casein, or 79-lactogiobulin but not bovine
serum albumin. It was inhibi;ed by EDTA qnd lost 96% of its activity
after being left at 40°C for 25 minutes (McDonald et al, 1963).
Although McDonald et al. (1963) hqve suggested that bsychrophi]ic
bacteria might produce heat-labile enzymes, studies with Pseudomonas
spp. responsible for milk spoilage suggest the contrary to be true.
Within 70-90% of all raw mi]k-samples, psychrophiles are present which
- produce heat resistant proteases (BenthSGn et al, 1973; Adams g}_glwl
1975). Despite sterilization (Mayerhofer et al, 1971), the proteases
continue to'degrade milk for several days, causing clearing, gelation,

or bad flavours (White and Marshall, 1973). The extracellular enzyme

of Pseudomonas fluorescens P26, as an example, has zinc as its prqsthetjc
metal and is stabilizéd by calcium. ATthough when in milk it still |
retains 10% of its activity after 90 seconds at 149°C (Barach et al,.
1975), it is sensitive to metal che]atorS'(Barach'et al, 1976) and will
1ose 90% of its activity within 10 minutes at 55°C if purified and

left in buffer (Barach et al, 1975).

In 1965, Giffee et al. reported three Pseudomonas stra1ns isolated
from contam1nated steerh1des that contr1buted to the d1spersa] and
solublization of the substrate co]]agen. The f0110w1ng\1nvestﬁgation
was undertaken to purify and characterize the proteases of one of thesé
strains,‘Pseudomonas 461—3—11, ana to study factors in the stimu]atipn

of fts activity and production.



MATERIALS AND METHODS

I Materials:

Chemicals, reagents, or solvents used were of reagent grade and
obtained from commercia)-sources{ The azocoll substrate (50-100 mesh,
lot number 5101]0) was purchdseddfrom Calbiochem. Sephadex dextran
beads and Blue Dextfan 2000 were made by Pharmacia Fine Chemicals.
CM-cellulose cation exchanger (medium mesh, 0.60 meq./qm. capacity,
1ot.number 87B-3110) and DEAE-cellulose anion exchanaer (medium mesh,

0.88 meq./gm. capacity, lot number 30C—2370) were purchased from

L . -
Sigma ‘Chemical Company. Ampholytes were purchased from LKB Produkter.

IT Organism and Culture Cénditions:

1) Stock Culture: the 'organism used .throughout the investiqation

hds.been designated as Pseudomonas 461-3-11. It was originally isolated
from curing steerhides and was classified by standard taxonomic tests
as belonging to the genus E§gggggggg§_but not assiqgnable to any exist-
ing species (J. N. Campbell and M. E. Rhodes, personal communications,
1961). Stock cultures were maintained by the weekly transfer to b]ates
of 3.0% gelatin and 1.6% agar in 0.01 M NaH2P04—NaQH buffer.pH 7.2 at
room temperature. For the production of protease, 3.0% TCS was inocu-
lated with a lToopful of growth from the gelatin-agar plate and sub-
cultured at least twdce at 30°Cvat 300 rpm. for 24 hours.

2) Culture Media: The media was prepared according to the

manufacturer's specification. Bacto Nutrient Broth and Bacto Brain-
Heart Infusion were both produced by Difco Laboratories, Trypticase
Soy Broth was purchased from Baltimore Biological Laboratories.

4
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3) The Microfermentor: For large volumes, 5 litre cultures were

grown in a Microferm Fermentnr. Model 214 (New Brunswick Scientific
Co.) with a forced aeratic or 5 litres/min., an agitation of 300 rpm. .
for the mixing paddles, and a temperature of 26°C. A 1.0% inoculum °

was used and during incubation of the cultures, Antifoam Spray A (Dow

Corning Corp.) was used as necessary.

ITT Cell Counts:

Total cell number was estimated using a Petroff-Hausser counting
l chamber. Viable cell numbers were estimated by plate counts using 0.1
ml. volumes on 3,0% TCS agar and 24 hours incubation at 30°C.

|/

IV Cell Disruption:

\
Cell breakage was done with a sonic oscillator Model Biosonik III

(Bronwill Scientific Co.). The maximal power outpﬁt was 300 watts and
a 3/8 inch probe was used at 20,000 cps. Samples were contained in a
10 m1. beaker and were sonicated for 15 second intervals. Between these

times the beaker and the probe were cooled on ice. ¥

V Absorbance and pH:

~

Absorbance was measured with a Beckmah-Gi]ford‘Spectrophotgmeter.
The monochromator was a Beckman Model 2400 while all other components
were made by Gilford Instruments Laboratories. For a scan df abgbrbaﬁg;
a Unicam SP 8000 U]travib]et Recording Spectrophotometer’w7th an SP
8005 Programme Controller (both by Pye Unicam Ltd.) was usTd. .

pH was determined using a Metrohm pH-Meter, Model E300B.

{

P . |
' |
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VI Purification Techniques:

1) Gel Exclusion Chromatography: 2.5 cm. X 38 cm. columns of

G-25, G-50, and G-100 (Pharmacia Fine Chemicals) were equilibrated and
eluted with 0.01 M TRIS-HC] buffer pH 7.5, at 4°C. A pressﬁre head of
10 cm., and thezk1ut1on flow of 0.5 ml./min. were approximated for all
runs. The void volume was determined using Blue Dextran 2000, the

total volume with FeC13, both at a concentration of 1 mg./ml of buffer.

2) Anion Exchaggg_ChrquEggrgghx; As both the buffers and column
dimensions varied congiderab]y in accordance with the design of diff-
erent experiments, specifics are noted in Results and Discussion. The
flow rate was 0.8 m]./min.; the temperature of operation was 4°C.
ETution was done using a 0 to 1.0 M NaCl grad1ent within the specific
buffer having a tota] volume of 400 ml.

3) Cation Exchange Chromatography: Various combinations of buffers

s

and column dimensions were used and are specified in the Results and
Discussion. The flow rate was 0.8 m]./min.,‘the temperature of operatﬁon
was 4°C, and elution was as)before except that a 0 to 0.3 M NaCl

- gradient in the specific buffer was used.

%
4) Ultrafiltration: For large volumes of several litres, the

mefhod of choice was a Model TCIC filtration apparatus (Amicon Corp.)
with a 15 cm. diameter PM 10 membrane. The pressure used was 40 psi.
compressed air Qith 20 psi. nitrqgen for a total of 60 psi. The
filtration was conducted over 4 days at 4°C.

For smaller volumes of a few hundred m1., Model 400 with!a 7‘5
cm. diameter PM 10 membrane at 10 psi was used. Concentrat1on was S
usually cont1nued until a final volume of 10-20 m1. was obtained.

5) Ammonium Su]phate Fract1onat1on Ammonium sulphate was added
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to yield a 36% saturation at 4°C (200 qm./]itre):’The solution was

left for 8 Hours at 4°C, centrifuged at 27,000 X'g for 15 min., then

the pellet was discarded. Another 200 grams of solid émmohiﬁm sulphate

was added as before (65% saturation at 4°C), the solution was 1e€t for

8 hours, then centrifuged at 27,000 X g for 15 min. The pellet was ' )
- saved, suspended in 10-15 ml. of distilled water, then dialyzed

against normally 2 litres of buffer (changed once).

6) Isoelectric Focusimg: An IEF apparatus, LKB Model 8100-1

(LKB Produkter) with a 110 m1. capacity column was used and cooled
with running tap water (16°C). The power source was Model HV 1000

CVR (Savant Instruments, Inc.). The following solutions were used:

i) Lower Dense Electrode Solution (pH 11.7)

Sucrose ///lg,gm:
Distilled water =" 10 m1.
J
| 1 M NaOH 6 ml.

3 ii) Mixing Chamber Solution

Ampholine carrier ampholyte
(pH range 3.5-10.0) 1.35 ml.
Sucrose 27 gm.
Sample (salt free, 0.5 mq.
protein/ml.) 20 ml.
Distilled water © 15.65 mi

i) Reservoir Chamber Solution
Ampholine carrier ahpho]yte

(pH range 3.5-10.0) 1.35 ml.

Sucrose 2.7 gm.

Sample (salt free, 0.5 mg.
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protein/ml.) . v 40 m).
Distilledwater 11.65 ml.

iv) Upper Light Electrode Solution (pH 2.5)

15% (v/v) H3P04 . 1.5 ml.
Distilled wdter 8.5 ml.
The anode (+) was connected to the top while the cathode (-)
was connected to the bottom o «he column. The initial current was

16 mA., 300 volts, and 5 watts. After 36 hours the values were 1 mA.,

1000 volts, and 1 watt.

VII Proteolytic Assays: (Assastare designated by their substrates)

1) AZoco]l ASsgx; The method of Moore (1969) was used with the
following modfficatﬁons. Five ml1. of 0.01 M TRIS-HC1 buffer pH 7.5
and 25 mg. of azocoll were added to each 50 ml. ErTenmeyer flask,
These were agitated at 200 rpm. at 37°C for 15 winutes. After pre-
incubation, at 1 minute intervals, .01 to 0.05 ml. of.samples to
assayed for proteo1ytic activity were addgd. After an additional 15
min. incubation, the flasks were removed and the mixture filtered
through a Whatman No. 2 filter paper under suction. The A 580 nm.‘of
the filtrate was then measured¢. One unit of enzyme is defined as that
amount whjch causes an increase jin-absorbance at 580 nm. of 1.0.

7

* S 2) Haemog}ébﬁn Assay: The substrate was prepared by the method

of Anson (1938) with modifications noted by Giffee et al. (1965). Sodium

azide wagpadded to a final concentration of 0.02¥. Final haemoglobin
g . ‘ o

concentrations-were usually 14 mg. protein/ml. in 0.N M TRIS-HCI

pH 7.5.

Modifications to the assay were that 0.3 mi. of substrate and
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1.2 ml. of 0.01 M TRIS-HC1 buffer were mixed, preincubated at 37°C

for 15 mﬁn.. and then 0.01-0.05 m1. samples to be tested for proteolytic
activity were added at215 second intervals. After 15 min. at 37°C.

1 ml. volumes of cold 5% TCA were added to éach tube also at 15 second
intervals. These were kept at 4°C for 10 min., centrifuged for .15 min.
at 27,000 X :ignd then A 280 nm. of the supernatants were read.

One unit of enzyme is defined as that amount which causes an

increase in A 280 nm. of 1.0 in the acid-soluble fraction.

3) Casein Assay: i) Prepa}ation of Reagent: For this assay, the
method of Kunitz (1946) was used with Fhe following modifications:
Five qm. of casein were added to 400 ml1. of 0,01 M TRIS-HC1 buffer pH
7.5 with 0.05% sodium azide. This was aqitated at 300.rpm. for 4 hours
at 4°C. The mixture was then centrifuged ;{ 27,060 X g for 30 min.,
and the supernatant kept. The 1§tter had its pH adijusted to 7.5 with
1M NqOH. Final casein concentrations were routinely 3 mg. protein/ml.
The on]y exception to the above procedure was for the determination
of pH optima in which 0.02 n TRIS (no HC1) was used. The final con-

centration for the latter was 9 mg. protein/ml.

¢

- 11) Protease Assay: The procedure to determine proteolytic
activit} is similar to the haemoqlnbin assay with the exception that
1.5 ml. of the casein reagent, rather than 0.3 ml. haemoglobin and

1.2 ml. buffgr, was used. One unit of enzyme is defined as that‘amount
which caused an 1nérease in A 280 nm. of 1.0 for the acid-soluble

fraction.

4) Collagen Assay: The preparation, sterilization, and test

procedure with steerhide collagen followed the method by Giffee et

al. (1965). Collagen of 4-5 mg. was preincubated for 15 min. at 37°C
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in 0.9 ml. of 0.01 M TRIS-HC1 pH 7.5. 0.10 ml. of eifher culture
|supernatant or purified enzyme was added, and then the samples were
incubated for an additional 3 hrs. at 37°C with occasional mixing. The
buffer was then removed, 1 ml. of 0.3 M CaC]2 added, and the tube then

incubated at 55°C for 15 min.
Collagenase activity was estimated visually by estimating the

solublization of the collagen block.

T

[

VIIT Determination of Protein Concentrations:

To defermine protein concentration, the technique of Lowry et al.
(1951) was used. Crystallized and l1yophilized bovine serum albumin
(Sigma Chemical Company) was used for the standgrd. Final mixtures
were read for absorbance at 660 nm..

3

IX Discontinuous Gel Electrophoresis:

Polyacrylamide qgels of pH 8.6 .and 4.3 were prepared and used
according to the methodsnof Davis (1964) ana Reisfield et al. (1962)
-respectively, as modified by Shuster (1971). The reager’s are listed
on the fd]]owinq_paqes. b | o \

0.5 cm. (inner diameter) by 7 cm. glass tubes had 1.0 ml. small
pore and 0.2 ml. large pore gel dispénsed:into each. These were prerun
for 2 hrs7 at 2 hA/gei tube, the chamber buffe}s were reﬁ]a;ed and the
gels were then left to cool~for 30-60 min.

Samples were prepared by the addition of crysta]]ine sucrose to
-a final concentration of 10%. To gels of the system pH 8.6, 5 ul of
0.05% bromopﬁeno] blue were added to each sample; to those of pH 4.3,

0.05 ml. of methy]l qreen,was added to a separate ael, As before,



REAGENTS FOR DISCONTINUOUS GEL ELECTROPHORESIS AT pH 8.6

Buffer for Buffer for Small

Separating - Spacer Pore

Gels (pH 8.6) Gels (pH 6.7) Reagent
T N HCI 48 m1., "1 N HCI 48 ml. Acrylamide 28.0 qm.
TRIS 36.6 gm. ql RIS 5.98 gm. BIS 0.74 gm.
TEMED 0.23 ml. - TEMED 0.46 ml.

water to 100 ml. water to 100 ml. water to 100 ml.
Large Riboflavin: 4.0 mg./100 ml. water .
Pore. . i
Reagent Sucrose:  40.0°gm./100 ml. water
Acrylamide 10.0 gm. N .

BIS 2.5 gm. Ammonium persulphate (fresh):

water to 100 ml. . 0.14 gm./100 m1. water

Chamber

Buffer (pH 8.3) ' Tracking Dye o 2
TRIS 6.0 gm. 0.05% Bromophenol Blue

Glycine  28.8 gm. run on same gels as

water to 1 litre : samples

(dilute above 1:10
with water before
use) I

Stock solutions were prepared with double-distilled water, filtered,
then stored in brown glass bottles at 4°C.

Terminals: Cathode (-) upper electrode
Anode  (+) lower electrode

_?9_
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REAGENTS FOR DISCONTINUOUS GEL ELECTROPHORESIS AT pH 4.3

Buffer for
Separating
Gels (pH 4.3)

1 N KOH 48.0 ml.
Glacial

acetic icid 22.4 ml.
TEMED 4.6 ml.

water to 100 ml.

lLarge
Pore
Reagent

Acrylamide 10.0 gm.
BIS 2.5 gm.
water to 100 ml,

Chamber
Buffer (pH 4.5)

~2 alanine  62.4 gm.

Glacial

acetic acid 16.0 ml.

water to 1 litre
(dilute above 1:10

- with water before
use)

Buffer for mall "~
Spacer

Gels (pH 5.8) Reagéﬂ};__-___,_;_

1 N KOH 48.0 ml. Acrylamide 28.0 qm.
Glacial BIS 0.74 gm.,
acetic acid-2.88 ml/
TEMED 0.46 m1.

water to 100 ml .- water to 100 ml.

Riboflavin: 4.0 mq./100 ml. water

Sucrose: /40.0 gm./100 ml. water

Ammonium/persulphate (fresh):
0.4 gm./100 ml. water

Tracking Dye

0.05% Methyl Green run on gels
other than those used for samples

iy

Stock solutions were prepared with double-distilled water, filtered,

then stored in brown gllass bottles at 4°C.

Terminals: Anode (+/ upper electrode
Cathode (-) lower electrode



electrophoresis was at-2 mA/tube and until the tracking dye was 2-5
mm. from the end of its tube. Gels were stained 1 hour in 1% Buffalo
Black in 7% acetic agid (Racusen, 1973; Wilson, 1973). Gels were
destained electrophoretically for 20 min. in 7% acetic acid.

For the location of proteoTytic aétivity,-dup]icate gels were
run concurrently. One was stained as described abové: the other was
‘cut into 2 mm. transverse slices, each slice placed into a 125 ml«
Erlenmeyer flask with 10 m1. of 0.01T M TRIS-HC1 buffer pH 7.5 and
. 0.05% sodium azide. The samples were dispersed with a glass rod, then
25 mg. of azocoll were added and the flasks fncubated at 30°c for 12
hours with shaking. The contents of the flask were then fi]tereq and

_ » -
the A 580 nm. of the filtrate measured.

X SDS-Slab-Gel Electrophoresis:

The proqedure\of Ames (1?74) was followed, using t;e slab-gel *
electrophoresis apparatus, Modé1 SE 520 (Hoefer Scientific Instrument;)v
-wfth gel dimensions of 28 cm. X 14 em. X 1.5 mm. . The reégents used
were as listed oﬁ the fo]]éwing'page. The determination of molecular
Qeights of SDS-protein complexes was as de;cribed by Neville (1971).

| The separating gel was prepared first, dispensed into the slab
gel apparatus, and thenlover1ayed with a thin film of 1;butan01. After
po]ymerii?tipn, the surface of the gel was rinsed witn.dist111edywater
gontaining 0.1% SDS, and then the stacking gel was added.

Protein samples were dialyzed againstrdisti11ed'water, Tyophilized,
and finally suspended in sample buffe;. E]ectrophéresis was carried

‘out with an initial current of 5 mA until the bromophenol blue was

concentrated at the interphase of the stacking and separating gels.



REAGENTS FOR SDS-SLAB-GEL ELECTROPHORESIS

y
Volume (ml.)

Separating Gel Stacking Gel
. (pH 8.8) , (pH 6.8)
Reagents (12.5% acrylamide) (5% acrylamide)
M TRIS-HC1 pH 8.8 30.00 L -
M TRIS-HC1 pH 6.8 - " 2.50
10% SDS : 0.80 : ©0.20
30% acrylamide, 0.85% BIS 32.41 . 3.24
TEMED 0.06 - 0.01.
Distilled water 16.13 13.95
10% ammonium persulphate
(fresh) 0.60 0.10 )
TOTAL - 80.00 o 20.00
Electrode Buffer Volume (m1.) Sample Buffer.Volume (QI;)
10 fold strength TRIS-gtycine M TRIS-HC1 pH 6.8_ 0.6
(30.3 gm. TRIS, 144 gm. glycine 10% SDS 2.0
in one litre water) 200 5% 2-mercaptoethanol 0.5
10% SDS 20 20% Glycerol 2.0
Distilled water 1780 . 0.01% Bromophenol
. ~ Blue 0.1
TOTAL ' : ~ Distilled water 4.8
TOTAL 10.0

Stock solutions were prepared with doub]e—distj]]ed water,'fi1tered,
then stored in brown glass bottles at 4°C,

hal



The current was\theh increased to 12.5 mA and left until the tracking
dye reached the bottom of the gel.

The prdte}ns were fixed and stained by flooding the removed
gel with a solution of 25% 2-propanol, 10% acetic acid, and 0.05%
Coomassie Blue. Destaining was by several changes of 25% 2}propano1

in 10% acetic acid. ‘ W

A
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RESULTS AND DISCUSSION
I) PRODUCTION OF PROTEASE ACTIVITY BY PSEUDOMONAS 461-3-11

1) Evaluation of Protease Assays:

During the course of the investigation on Pséudomonas 461—3—11,
three assdys were used to determine proteolytic activity in cell
cu]tures, crude supernatants, or purified enzyme préparations. Generally,
the haemogliobin or césein substrates were uséd if several samples had
to be analyzed, while azocoll was used if highef levels of sensitivity =
were required. Figure 1 is a comparison of the hydrolysis rates of the.

crude protease on the three substrates. '

i) The Azocoll Assay: This procedure had the advantage of maximum

sensitivity. The method of Moore (1969) was followed despite several.
authors reporting maximum absorbance at 520 nm. (Oakley et al, 1946;
Todd et al, 1948; Boethling, 1975) rather than 580 nm. (Jackson and
Matsueda, 1970). Figure 2 is an absorption spectrum of fhe product
released from azocoll by crude Pseudomonas 461-3-11 protease. Althouc
the maximum absorbance was found to be at 20 nm., to be consiétent

with initial experiments, the A 580 nm. was used throughout.

ii) The Haemoglobin Assay: F%gure 1 reveals that haemoglobin is

less readily degraded than eith?r casein or azocoll, It should be
noted that, at the end of 2 houé%, although casein and haemoglobin
were present in an initial concentration>of 3 mg./mi., the latter was
1ess';eadily hydrolyzed, as evidenced by the smaller amount of TCA
soluble material re]easéd by digestion with crude protease. This

/f\—\

difference in rates of hydrolysis on various substrates has been -

. VN
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FIGURE 1 |
|
PROTEOLYTIC ACTIVITY OF CRUDE PSEUDOMONAS 461-3-11

PROTEASE ON THREE SUBSTRATES

Three substrates were preincubated at 37°C for 15 minutes (see
Materials and Methods). 0.01 ml. of a 24 hour Pseudomonas 461-3-11
culture SUpernatanlt was then added. The concentration of casein and
hemoglobin were both 3 mg./ml., that of azocoll 5 mg./ml.. A1l were

in 0.01 M TRIS-HC1 buffer pH 7.5.

Activity on Haemoglobin, A A 280/hm. Oo—0

Activity on Casein, aA 280 nm. D\

Activity on Azocoll,aA 580 nm. Q-----~-0-
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FIGURE 2
THE ABSORBANCE SPECTRUM OF THE HYDROLYSIS
PRODUCTS OF AZOCOLL RELEASED BY CRUDE
PSEUDOMONAS 461-3-11 PROTEASE.

0.28 units of crude protease were added to 25'mg. of azocoll
- §n 5 ml. of 0.0 M TRIS-HC1 buffer pH 7.5 (see Materials and Methods).
After 15 minute§ ;f\§7°C7*the—mixture was filtered and the - filtrate

then scanned-on a Unicam SP* 8000 Spectrophotometer.
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observed with other proteasgs. Pseudomonas lachrymans can degrade
haemoglobin but not gelatin (Keen et al, 1967), an arctic isolate of
Egggggmgggi can hydrolyze gelatin but not bovine serum albumin
(McDonald et al., 1963), while a Serratia sp. can hydrolyze only dena-.
tured 1ysozymé, insulin or ng (Miyata et al, 1970b). |

ii1) The Caseinqusay: This substrate, although initially clear

(see Materials and Methods for its preparation), becomes.opale :nt
upon hydrolysis (Skelton et al, 1977). Casein norma]iy exists in milk
as mice]]es formed by the interaction of ®S1, /3, and K casein (Pepper
et g_ 1970) and stabilized by calcium ions (Chiba et al.,, 1970).
C]eavage of the K-casein, which is also essential for stability, re-
1eases a fragment that is soluble in 12% TCA, Jeaving. the rest of the :
protein which is largely insoluble in water (Armstrong et al., 1966;
Sternberg, 1972). Whether the proteases of; Pseudomonas 461-3-11
followed the same mechanism was not investigated. Clearing of the
opalescent so]utfon undeé continued iﬁcubatiohs can be atcountéd for
by the further hydrolysis of a]]lcaseih peptides. o

The addition of 0.02% sodium azide to all preparations -to prevent
microbial growth QaS'done on the assumption that this réagent did not
affect pfotease activity Thevmechanism of microbia] inhibition by '+
sodium azide was or1g1na11y be]1eved to inhibit ox1dat1ve phosphory]a—
: tion (Roisin and Kepes, 1973) by binding to cytochromes (Wevere_z_gl,
1973a; Wever et al, 1973b). It has been $hown, however, to inferactgl
with enzyme systems'unrelated to respiration [e.g._gggnu]éte cyclase
(Kimura et al., 1976), threonine synthetase (Daniel, 1976), or protein
synthesis through methionine starvation (Nazar and Wong, 1972; Nazar -

and Wong, 1973)]. Whether this would play a role in this study is unclear.



2) Factors Affecting Growth and Enzyme Production:

i) Phase of Growth: To determine when the protease appeared in

*

the growth medium, 300 ml. of 3% TCS in a é Titre flask was inoculated,

) incubated at 23°C with an agitétion of 300 rpm., and at the noted‘
times 2 ml. aliguots were removed for various assays. Proteolytic
actjvity (azocoll assay), total and‘viab1e cell number ( Materia]%
and Methods) were obtained for each sampie.

Despite difficulties in determining tﬁtal\cell number, this count
does approximatéiy correspond to viable number. As is evident from |
Table 1, prqteo]ytic activity was not a constant funét{on of cell
number .. During the initial 9 hours, none of the'former was detected
whi{e from 15 hours to 20 hours after dnoculation, proteciytic activity
‘increased 250%‘to an increase iQ cell number of 25%. Enzyme production,
therefore, was fognd to occur near the end of the cu]turé‘s growing

phasé. T

As previously mentigned within;the introdﬁction of‘this téxt.
extracellular enzymes usQa]]y appear in the media dﬁring the exponen-
tial phase of growth. Release of these enzymes is by a mechanism other
than cell auto]ysis (Winters and Corpe; 1971). Within the genus
Pseudomonas, ce11 autolysis has been observed, but only afger the
ce]]s‘havé.ehtereq sﬁationary phase (Levin aﬂd Sickle, 1976; Rogul and
Carr, 1972). |

i) Temgerature; Table 2 shows the effect of various incubation
temperatures on Pseudomonas 461-3-11 (see footnote of:Fiqure 3). The

exponential growth-rate constants or generations per hour was deter-

n

mined by using the equation:
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TABLE 1

GROWTH OF PSEUDOMONAS 461-3-11 AN? PROTEOLYTIC ACTIVITY

3

Time ~ 0D = 'Total Cell _ “Viable Cell  Seu./ml.
(hrs.) 600-nm. ! Number/ml. Number/m1 .
o 0.08 3.4x10°  3.3x10° 0
‘ 9 8
3 0.38  1.1X10 5.2 X 10 0
6 2.03 4.0x10°  3.1x10 0
9 465 9.5%x10°  7.0X10° 0
12 7300 3.0x100 " 1.9x 100 0.9
15  8.64  3.8x10°0 3.6x10" 6.2
20 100 48x10°% as5x100 220
) !
25 12.85  5.6Xx100 6.2x 100 31.4
41 15.10 6.8 X 10‘§ 9.6 x 10'0 n.7

,_ \
_ N

1. Plate Count ‘Assay

2. Petroff-Hauser Assay

3. Azocoll Assay>j
\ R
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GROWTH OF PSEUDOMONAS 461-3-11 AT VARIOUS TEMPERATURES

TABLE 2

Incubation Time (hrs.)

Temperature -
(°C) 0 1.5 3.0 4.5 6.0
22.5 .033 060 143 338 746
25.0 .033 067 201 405 .29
27.5 033 119 295 1.29 72
30.0 .033 119 423 1.66 81 -
32.5 .033 147 546 1.96 .32
35.0 033 128- 531 2.08 10
37.5 033 .083 1336 866 .84
40.0 .033 052 .  .189 259 472
42.5 .033 084 075 27 150

Growth is expressed as 0D 600 nm.
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1ogygNy - 109N,

k (Stanier et al, 1970)
0.301 t
where.k = the number of generations per hour
N0 = population size at a certain time
Nt = pobu]ation size after a subsequent time
t = duratién of time between the above two populations

For these calculations, it was assumed that an 0D 600 nm. of 1.0
\ .

9 cells/ml. (see Table 1). Aside from temperature,

represented 3.7 X 10
growth can be restricted by other parameters such-.as pH, aeration,
depletion of nutrients, or the accumulation of toxic end products.

However, as all calculations were based on samples taken within the

early phase of growth, these latter factors were judged to be
roUgh1; equivalent between the samples.
From Figure 3, it was determined that the optimum temperature
for growth yith 3% TCS was between 33 and 34°C.
Fiqure 4 indicates the kinetics of growth (0D 600 nm.) for Pseudo-

monas 461-3-11 at different températgres. Although cu]thres incubated

"at 26, 28, and 30.5°C were also monitored, these are not presented as

they were similar to 33.5°C except for a slower growth rate. Above the

optimum of 33.5°C, the growth curves are unusual in that they appedr

tsynchronous, entering stationary phase at the same time. Even the pH

changes in the various cultures were comparable (e.g. the initial pH
was 7.21 for all, at 12 hours it was 8.0-8.1). The “2asnns -zr these

similarities was not determined]

' Of particular interest is,the lag, towards the end of the growing
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\ FIGURE 3

AT DIFFERENT TEMPERATURES

TCS was inoculated then aseptically dispensed (10 ml. per
50 mi. Erlenmeyer flask). These were then incubated in water-bath

shakers at the indicated temperatures. At given times a flask

from each series was removed, and growth was estimated by measuring’

the 0D 600 nm.
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o
FIGURE 4
GROWTH OF PSEUDOMONAS 461-3-11 AT

¢

DIFFERENT TEMPERATURES

1.0 ml. of a 24 hour culture was used to inoculate 500 ml.
of 3% TCS which was incubate& at 26°C with shaking for one hour.
10 m1. were then dispensed into each sterilized 50 m1i Erlenmeyer
f]ask. These were 1nﬁubated at the indicated temperatures. At noted
timeé, a flask was removed and its contents assayed for growth

(0D 600 nm.) and proteolytic activity (casein assay).

S Incubation
0D 600 .nm. Temperature
" Curve (°C)
1 33.5
2. 35.0
3 ' ’ 36.5
4 38.0
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.phase that is evident at 20 hours in Figure 4 (also at the 21 hour
readings for gré&th curves 2 and 3 in Fiqure 6). As reviewed by Stanier
et al. (1970), this change in'the rate of growth may be due to the
exhaustion of one metabolite and the subsequent utilization df another
after a delay due to the synthesis of inducible catabolic enzymés. As
observed by Stinson and Merrick (1974), a metaleite may be present but

gradually be made unavailable to thé cell. In their example of Pseudo-

monas lemoignei, an increase in the culture's pH blocked the transport

mechanism for succinate which then led to a derepression of protease
production of the cell. Whether a similar mechanism also occdrred for

Pseudomonas 461-3-11 was not researched.

Figure 5 presents the proteolytic activity of the cultures of‘
Pseudomonas 461-3-11 at different témperatufes. Although at\thé peak
of enzyme production proteolytic activity at 26°C was approximately
50 fold greater than at 38°C, the 0D 600 nm. of the former culture
was -only about ‘twice that of the latter (see Figure>4).

Juffs et al. (1968) noted that for several Pseudomonas spp.,
.proteélytic activity per cell was far qreater at 3?C thgn at 28°C,
psychrophile decreased gréat]y}aé the temperature increased. Pseudomonas

| 461—3-1i, therefore, resembles severé] others in being more efficient
in the production of its protease at suboptimal temperatures. .
Tweﬁty—eight degiiff/ggyg,thewhf§ﬁ€§t yields but due to the loss

of actjxi;y/ef/tﬁéfénzyme (see Figure 5) and for convenience, incubation

e

" for the production of the protease in subsequent experiments was under-

taken at room temperature: (22-26°C).

Upon reviewing Figure 5, the most apparent characteristic is the

>
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FIGURE 5
KINETICS OF PROTEOLYTIC ACTIVITY OF PSEUDOMONAS 461-3-11
AT DIFFERENT TEMPERATURES

For clarity, proteolytic activities have been so arranged

as to correspond with staqes.of growth. Enzyme activity was determined s

by the casein assay.

-

Proteolytic Incubation
Activity Temperature
Curve of Culture (°C)°
1 26.0
28.0
30.5 /
33.5
35.

36.

o o O

38,

Phase of Growth: A Ihcreasing Growth R 2

Decreasing Growfh Rate

ow
"

Sta%ionary—Dec]ine
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undulate nature of enzyme production. Friedman et al..(1953) reported

similar findings for Bacterium linens proteolytic activity, while aside

from different temperature ranges, almost identical results were
reported by Peterson and Gunderson (1960) in their investigations with

Pseudomonas fluorescens. Only the former authors ventured the speculation

that the undulate nature was due to the production of two different

7 enzymeg. As noted in the introduction of this thesis, Aeromonas proteo-

lytica produces an aminopepgidase peak first and then only after several
hours does the,endopeptidase peak appear (Prescott gnd Wilkes, 1966),
The sections dealing with purification and characterization of Pseudo-
monas 461-3-11 will lend supporf'to the hypothesis that the undQlate

" nature of proteolytic activity is due to the production of different

enzymes.

ii1) Degree of Aeration: When research was first undertaken,

attempts to iﬁcrease the culture volume and hence yield of proﬁease

appeared counterproductiﬁe. To determine if aeration was the cbntributing

Y N

factor, 700 m1. of 3% TCé was inoculated, shaken thoroﬁgh1y and then
dispensgd‘as six-lo ml., two 50 ml1% and one 400 ml. volumes in the
appropr{ate flasks. A1l were incubated at 30°C with agitation-at 300
rpm.. Growth response (0D 600 nm.).and enzyme production (haemoglobin
assay) were monitored at given intervals using 1ml. samples. One 10
'ml.,cultdrg was used per saﬁp]inq'time, one 50 m1. culture was used

three time's before proceeding to the next, and the one 400 ml. cu1ture.

was used throughout the experiment.

9 |
Table 3 shows the results of different surface to volume ratios

(degree of aeration) on growth and enzyme production of Pseudomonas
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461-3-11. For the sake of being céncise, only the data for 16 hours
has been presented-—~
TABLE 3
THE EFFECT OF DIFFERENT CULTURE VOLUMES ON GROWTH AND
ENZYME PRODUCTION BY PsEUDOMONAS 461-3-11

L4

Volume of Culture .Final 0D 'eu./ml.].

Dispensed . pH 600 nm.
10 m1./50 ml. flask 8.21 11.17 4.6
50 m1./250 mi. flask 8.00 8.24 2.6
400 m1./2 litre flask 7.62 9.17 2.0
| . /f//ii

1. Haemoglobin lassay
ta

Attempts to scale up to 5 litres of culture using the Microfer-
mentor (see Materials and Methods) were even less productive, yielding
a peak of 1.4 eu./ml. at the end of 17 hours.

Although the ratios of culture volumes to flask sizes were constant

in Table 2, the lower surface per volume of 1asger cultures appears to
have impeded aeration. As for thé’Microfermentor,_the air flow of 5
Titres/min. with an agitation of 300 rpn. was also clearly sﬁboptima1.-
Following the procedure of Kato et al. (1972), Figure 6 confirms that

culture size restricts aeration and hence growth or enzyme production.
) |

N 4

A comparison of curves 1 and 3 for proteolytic activity reveals that

[ra]

the effect of poor aeration is not to delay but rather to decrease

enzyme production.

Several authors héve observed a similar correlation between extra-

cellular enzyme production and aeration. Coleman and L1liott (1@65)
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FIGUﬂRE 6
THE EFFECTS OF THE DEGREE \ERATION ON
CULTURES OF PSEUDOMONAS 461-3-11
N
One litre of 37 TCS.within a 2 litre flask was inoculated with
Fml. of a 24 hour culture of Eggggggggg§;461—3—ll. This was shaken
at 300 rpn“fat room temperature (;2°C) ior one hour, then the volumes
noted be1ow were d1spensed into 1 11tre Er]enmeyer flasks Incubation
was as descr1bed in the text At noted times, 1 ml.\a1iquots}were
removed and analyze for growth (QD 600 nm.) and proteolytic activity

%

(haemoglobin assay). -

Growth (0D 600 .nm.) Proteolytic Activity

50 m1. culture C)——;———————<) 1 O . o ]

250 ml. culture "\ o 5o o__® ___. o 2
500 ml. culture O——— o7 o-m-nug 3
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noted that the production of ribonuclease by Bacillus subtilis was

inhibitgF by anaerobiosis, Keen and Williams (1967) reported the influ-
ence of aeration on both growth and the production of a proteinase

Pseudomonas lachrymans, while Kato et al. (1972) found that as the

culture volume increased within a 500 ml. flask, proteolytic activity

Y

decreased for a psychrophilic Pseudomonas sp. ' -

- Although aeration plays a significant role in enzyme production
as noted in Figure 6, the actual mechanism as yet is unclear. For the \

growth of some Pseudomonas spp., a decrease of oxygen 0 0 . J5 atmo- S

" sphere has not been found‘siqnifiCant (Pierson et al, 1970; Clark

- and Burki, 1971} whvre tbe increase of carbon d&bx1de to 0.3 atmosphere

is of ]1tt1e coqsequence to growth when temperatures are above 20°C

. A

“(Ingram 1962 C1ark and Lentz, 1969)

) Growth Med1a Growth response and protease product1on of

J,‘.
Pseudomonas 461 3-11 were tested in nutr1ent broth, brain-heart infusion,

and t;yptgcase soy b?ﬁth. The resu]ts are summarized in Figure 7 and
details a;e given in’ the accompanying legend.

By far TCS gave the best‘results for broteo]ytic activity while .
brain-heart infusion gavefthe highest growth response. Nutrient broth
supported the 1east amount of growth or proteolytic activity. THe
Q

med1a const1tuents respu s1b1e for these differences were not determined.

‘Several attempts to qrow Pseudomonas 461-3-11 in various synthet1c

:med1a proved unsuccessfu1 The med1um by Eyzagu1rre et al. (1973),

although suitable for Pseudomonas aerug1nosa, proved vnadequate for the

former bacter1a1 spec1es despite supplements ‘of minerals, amino acids,

or carbohydrates (see Append1x) As yeast extract and vitamin-free

casam1no ac1ds d1d st#mu]ate growth an organic nitrogen source was
. : )} ‘
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FIGURE 7
GROWTH AND PROTEOLYTIC ACTIVITY OF PSEUDOMONAS 461-3-11
IN DIFFERENT MEDIA

The microbe was transferred three times in the noted broths,
then 0.1 ml. of a 24 hour culture was used to inoculate 200 ml. of
the resaective media within a 1 litre flask. Incubation was at 30°C

with shaking. Proteolytic activity was determined by the azocoll

assay.
Growth (0D 600 nm.). Proteolytic Attivity

Nutrient Broth oO———0 o-———-¢

Brain-Heart Infusion g— ———q ————-n

Trypticase Soy Broth a&A~—— A A — e &

t
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the probable requirement. The specific nature of this requirement was
not investigated.

In 1964, Merke] g;_gl:réported different proteolytic activities

and growth responses of Aeromonas proteolytica on simply two different
lot numbers of Difco peptone. In the int;oduction of this thesis, also,
it was noted that several researchers reported that‘either proteins or
their .partial hydro]ysétes stimu]até the production of proteases by
Pseudomonas spp.. The partial hydro]ysate§ of proteins within TCS,
‘theféfore, msy alsa be stimulatory for the enzyme producfion by Pseudo-
lmgggi 461-3-11. Other contributing factors within TCS aside from those
listed én the label are the denatured trypsin of 24,000 molecular
weight, carﬁa]ized components, a?d¥§&§1lggd products (persona] communi-
caiions, B. M. Smith, Technical Sé;b}ces of Baltimore Biological
Laboratories, 1975)7 o .

From the results of ?igure 7, TCS was-choseﬁ as the meaium for
the‘production of protease. On a number of occasions, however, this
proved a great source of anxiety as cultures would tend to lose their
" proteolytic activity after pfo1onged subculturing in this medium. This
then neces%jtated starting anew with a lyophilized active stock culture.
This sponténeods loss on TCS Sr gelatin-agar that had been supporting
growth for several weeks appears similar to the obsérVations of McKaY'
and Baldwin (1975). or Efstathiou and McKay (1976) fér extracellular

proteinase activity in Streptococcus lactis. In these studies, the

sppntaneous Toss of ‘enzyme activity led to the eventual correlation
between the production of protease and a 10-million-dalton plasmid.
Pd§$ib]yc§imi1ar lines of research may prove a rewardina avenue of “

researgb;for the extracellular profeasés of Pseudomonas 461-3-11.

O -

1

oo hf';;;
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I1) PURIFICATION OF PSEUDOMONAS 461-3-11 EXTRACELLULAR PROTEASES

The purification sequence which proved the most satisfactory .is

summarized in the following flow sheet:
PURIFICATION SEQUENCE FOR PSEUDOMONAS 461-3-11 PROTEASES

Grow cells in TCS for 36 hours at 22°C
Centrifuge culture at 27,000 X g for 30 minutes.

Discard cells. The supernatant is "crude enzyme".

| l

Add ammonium sulphate to 36% saturation at 4°C.

Keep at 4°C for 8 hours. Centrifuge at 27,000 X g

for 30 minutes. Discard pellet.

l

Add ammonium sulphate to the supernatant to 65%

. Y
. o . L
saturation at 4°C. l éQ%az

Keep at 4°C for 8 hours. Centrifuge at 27,000 X g

L ,
for 30 minutes. Discard supernatant.

l

Redissolve pellet in distilled water. Dialyze

A

~against 0.01 M TRIS-HC1 buffer pH 8.0 at 4°C for
7, 8 hours. Centrifuge at 27,000 X g for 15 minutes.

Discard pellet.
| -59-

i
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Apply supernatant to a 2.5 cm. X 35 cm. column of
 DEAE-cellulose, 4°C. Elute with a 0-1.8 M NaCl
gradient in 0.01 M TRIS-HC1 \buffer pH 8.0.
Concentrate the active peak of proteolytic activity

by PEG at 4°C. o T

¢

Dialyze against 0.01 M NaH2P04—Na2HPO4 buffer pH 6.0
for 8 hours at 4°C. ~
i
Apply to a 2.5 cm. X 35 cm. column of CM-cellulose,
4°C. Elute with a 0-0.3 M NaCl gradient in 0.01 M
NaH2P04—Na2HPO4 buffer. | |
Protease 1 does not adsorb to the column. <
Protease 2 elutes with 0.03 M NaCl. , .
Protease 3 e]ufes with 0.07 M NaCl.

Test purity by disc gel e1ectrophoré§is.

The individual steps in this sequence will be discussed separately in

more detail.

1) Crude Supernatant:

Maximum enzyme production in 200 ml. of TCS in 2 Bitre flasks,
6ccurred between 24-36 hours incubation at 23°C, 300 rpm.. These ’

_conditions were routinely used for the production of Pseu&bgbnas 461-3-11

proteases for purification. Cells were removgd by centrifugation at .

. X



AN

27,000 X g for 30 minutes.

2) Ammonum Sulphate Precipitation:

The crude supernatant was fract1onated by precipitation with
ammonium sulphate as described in the 1egend of Figure 8. The resu]tg,
as presented in Figure 8, show that approximately 70% of the activity
and 5.5% of the total 1nitfa1 proteih was precipitated at 36-65% satura-
tion at¥4°C. Below 36% saturation, 100% of the proteo]ytic activity was
foged in the soluble fraction; above 65% saturation, only 1% of the
proteolytic activity remained. About 29% of the activity, therefore, was
lost through inactivation by precipitation.

Precipitation by fhe‘addition of ammonium sulphate has been used
to purify Pseudomonas extracellular proteases a]though,w%th différent

results. Although Boethling (1975) found it suitable fé?lthe protease of

——

"Pseudomonas maltophilia, Carrick and Berk (1975) found the collagenase

of Pseudomonas aeruginosa extremely. sensitive to concentrations of

ammonium sulphate. It was subsequently found with investigation of Pseudo-
monas 461-3-11 that the microbe produced three proteases. It was not
determined, however, whether ammonium sulphate partially inactivated ai

or specifically acted against one enzyme.

3) Dialysis:
. The precipitate from 36-65% saturation (4°C) was suspended in

distilled water;ﬁﬁ;o ml. was dispenséd into each of.several dialysis

bags (1/4 inch tubing), and then dialyzed against the buffers indicated

in Table 4. To compensate for a dilution of bag contents due to an

A

uptake of water (usually an increase in volume of 40%), act1v1ty within
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FIGURE 8
- AMMONIUM SULPHATE PRECIPITATION OF PSEUDOMONAS 461-3-11 PROTEASE

FRQM CRUDE CULTURE SUPERNATANT

From a 26 hour culture of Pseudomonas 461-3-11 grown at 26°C,
the cells were removed by centrifugationvat 27,000 Xlg for 30 min..
To 10 m1/ aliquots of the supernatant, solid ammonium suiphate was
added. After ‘being left 12 hours at 4°C, the samples were centrifujed
as above, the supernatant removed, and the pellet redissolved in 10
ml. of distilled water. Protein was determined byifhe method of

" Lowry et al, (1951), proteolytic activity by the azocoll assay.

Protein o o

Proteolytic Activity Am—— ~ A



THE EFFECT OF DLAXEIS ON ANAM
\‘& . A N

TABLE 4

IUM SULPHATE

- e
PRECIPITATED PROTEASE OF PSEUDOMONAS 461-3-11

Time of Relative Relative Proteolytic Activity
Dialysis  Conductivity Dialyzed against DiaTyzed against
(Hrs.) (%) 0.01 M TRIS pH 7.5  0.01 M phosphate pH 6
] 100 70 76
2 19 78 79
4 5.6 77 79
8 3.2 79 71
16 2.6 83 91,
24 2.6 76 84
Buffer . .
only 2.6 0 -0

~64-



each was multiplied by"

Initial sample protein/ml.

Protein within dialysis ‘bag/ml.

‘ Proteolytic activity was determined by the azocoll agsay, protein
by the method. of Lowry gﬁ_gl;(19510. The conductivity was measured to
determine the salt content. Aside for some minor activation over several
hours, neither tﬁe Tength of dialysis nor the jonic species of the buffer
appeared to revekse\the partial inactivation by ammonium sulphate pre-
cipit@;ion. Table 4\a1so'indicated that diaiysis should be for at least
8 hours to achieve equilibrium. |

Upon dia]ysis against 0.01 M phosphate buffer pH 6.0, a precipitate
of protein was found within the dialysis bag. Since the specific activity
of the soluble portion was unchanged, it was concluded that the enzyme
. was bging precipitated. The precipitation appeared'+> be dependent on
the concentration of protein as diTution in phospr>~ buffer H 6.0
redissolved this precipitateé. It should be noted that cultures of E§§ggg;
monas 461-3-11 were'usua11y at pH 8.0 or. higher upon harvesting the
protease.

Ty

4) DEAE-cellulose:

In order to compare thereffect of pH on the Biﬁdiﬁg'of proteolytic
activity to DEAE-cellulose, 4 samples were used as follows:

i) A 36-65% sgtﬂration émmonium sulphate precipitate was divided -
into 4 equal parts and each was dialyzed to equilibrium against either;
a) 0.01 M NaH,P0,-Na,HPO, buffer pH 6.0 |
b) 0.01 M NaH,P0,-Na,HPO, buffer pH 7.0
c) 0.01 M _TRIS-HC1 buffer pH 8.0



. ‘.‘__-;',;:}_,. e

¥

d) 0.01 M TRIS-HC1 buffer pH 9.0
i1) Each sample was applied to a fresh 2.5 cm. X 25 cm. column -
of DEAE—ce?]u]ose, eluted with 120 mi. of the respective buffer, then
with a 0-1.0 M NaCl gradient also in the same buffer.
iii) 6.8 m1. fractions were collected and assayed for proteiql
(A 280 nm.), Protease activity (haemoglobin assay), and NaCl concentra-

tion (conductivity).

Results are shown in Figure 9, 10, 11, and 12. As can be seen by
these results, as the pH increased more protein adsorbec te che column
until at pH 9.0, where all the A 280 nm. material and proroolytié
activity was bound to the column, requiring 0.03 M .aCl for elution of
the latter. Nhén'all the figures are compared for profeo]ytic acfivity,
the most obvious cgpractéristic is that as the.pH increased, recovery

grééf]y decreased. For clarity, Table 5 pres&nts a summary of these

results.
TABLE 5

EFFECT OF pH ON BINDING OF PROTEASE TO AND ITS
ELUTION FROM DEAE-CELLULOSE

ao b

pH of Samp]e]' Relative Protein (A 280 nm.) in percent
and Elution  Proteolytic Unbound Bound ‘
Gradient Activity (%) Fraction Fraction

6.0 100 '55 45

7.0 . 87 57 - 43

8.0 . 35 36 . - 64

9.0 13 0 100

1. Details on samples and buffers used have been given in text.

L
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, FIGIRE 9 - o '
ELUTION OF PSEUDOMONAS 461 3- 11 PROTEASE sl N
FROM DEAE«CELLULOSE (pH 6. 0)
s
An ammohium sulphate preéipitate of pH 6.0 (24 mg. protein) was
applied to a DEAE—ce]JuTose$¢olumn. For the size, operation, and

eiution of the column, see actompanying text. All.fractions were 6.8

&

ml.. The buffer used throughout was 0.01 M NaH,P0, -Na, HPO, pH 6.0.
Proteolyt1c act1v1ty was determined by the haemoglobin assay, prote1n A
by A 280 nm., and concentrat1on of NaC] by conduct1v1ty

Protein : : Cy______13

- : Proteolytic Activity . A.ime........ A

g . NaCl O -

i
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FIGURE 10
, - ELUTION OF PSEUDOMONAS 461-3-11 PROTEASE
! . 7

FROM DEAE-CELLULOSE (pH 7.0)

/
[

,’AH conditions were identical as previous]y described in Figure

t

9 except that the buffer was 0.01 M NaH,

POa'-NazHPO‘t PH 7.0.
| :

Proteolytic Activity Aceooen... A " v
NaC1 e

“ ‘:
| .‘,}'
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FIGURE 11 ‘
ELUTION OF PSEUDOMONAS 461;3-11 PROTEASE

I

J\gd‘ FROM DEAE-CELLULOSE  (pH 8.0)
J‘f‘“f/u ‘ .

A1l conditions were identical as previousi‘y described jn Figure
: , /

9 except that the buffer was 0.01 M TRIS-HC1 pH 8.0. //

Protein ‘ Oo—0
Proteolytic Activity A-eeeeeeeeeenns A
NaCl o o— 0

4
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FIGURE 12
ELUTION OF PSEUDOMONAS 461-3-11 PROTEASE
FROM DEAE-CELLULOSE (pH 9.0)

A1l conditions were identical as previously described in Figure

<

9 except that the buffer was 0 01 M TRIS-HC1 pH 9.0.

“ Pr‘gﬁtein' >—0
~ Proteolytic Activity Aeeeccereeccf

NaCl - Y S—

. ag e T
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‘although DEAE-cellulose" itk

~75-~

Whether the decrease in proteolytic activity was due to pH inacti-
vation or to autodigestion was not investigated. However, the precipition

of the enzyme at an acidic pH gave 1rreproduc1ble resu]ts whenever hiah

‘COncentrat1ons of protein were bpp11ed Therefore, pH 8.0 was chosen

for pur1f1cat10n on DEAE-ce]]u]ose, Also, although proteolytic act1vo%y

' Q
was not significant]y,@dsorbed to the column at pH 6.0-8.0 (see Figures

9, 10, and 11), at the latter pH, a larger amount of contaminating

protein was removed as is evidenced in Table 4.

One advantage of the use of DEAE-cellulosé was the removal of a
green pigment that'also precipitated in the 36-65% saturation with
ammoniuh sulphate. Although the pigment bound strongly to the column,

under alkaline conditions it tou]d be partia]ty eloted with 1.0_M

NaCl. Although the pigmentshof Pseudomonas spp. were implicated with
pathogenicity, during the early part of the century in Europe,

"pyocyanase", an extract from Pseudemﬁﬁﬁs aeruginosa, was actua11y used

to treat infections of anég&qx as quoted by Liu, 1974). Therefore
‘“(“ﬂ" ‘i :
wmzasefu1 in the part1a1 pur1f1cat1on of

&.;\

Pseudomonas 461-3-11 proteo’yt1c act1v1ty, 1t may also prove usefu1 in

- other 11nes of research such as the pur1f1cat1on of pigments or other

f7components within the culture supernatant.

Tt

5) CM—ce]]u]ose'

The proteo]yt1c peak from the DEAEmCe11u1ose column was concentrated '
F» -

w1th PEG, then app11ed to 2.5 cm. X 30 cmt co1umns of CM-cellulose as

descr sed 1n.Mater1a1s and Methods E]ut10n was with a 0-0. 3 M NaC] N

gradient in 0. 01 M phosphate buffer pH 8.0 (4°C). The elution prof11e N
. : : N

is shown in Figure 13. As can be seen, three proteolytic peaks were )

{
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; FIGURE 13
ELUTION PROFILE OF PARTIALLY PURIFIED PSEUDOMONAS
461-3-11 PROTEASE FROM CM-CELLULOSE

A}
MY -

- The ammonium sulphate precipitate of a.24 hour culture of
JPseudomonas 461 3-11 was chromatographed q@gagDEAE—ce]]u]ose column
“*mqiconditions were as described in Figure 11), The proteolytic peak
- (36.6 mg. of protein) was then chromatographed on CM-cellulose. For
“the size, operation, and e]ut1on of the latter column, see accompany1ng
text. A1l fractions were 6.8 m] and the buffer used was 0,01 M
NaH2P04-‘Na2HPO4 PH 6.0. Proteolytic activity was determined by the
ﬁ”haemoglobin‘assay, protein by A 280 nm., and molarity of NaCﬁ by

conductivityf

Protein N o S

o v
« Proteo]yt1c Act1v1ty Doveeeen ‘;""A 7 )
, Conductivi;y e - .
: N | "
Protease 1 = ,
Protease 2 = 2 . |
Protease 3 = 3 *

s

Loy
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w . , ) i
separated, eluting at 0 0.03, and“d.07 M NaCl in buffer. These were
designated Protease 1, 2 and 3 respect1ve1y Equilibrating the column

at pH 7. 0 or 8.0 (the latter in 0.01 M gRIS HC]) made no apparent

&

| Y dtffenence ih the elution prof11e oo o

Nithin the genus Pseudomonas having more than one protease appears

to be the rule rather than the except1on (see Introduction of this text).

Whether the proteases of Pseudomonas 461-3-11 bear similarities to the

_Proteases of these or other species was not investigated. Three of the

four proteinases elaborated from Streptomyces fradiae (Morihara et al.,

1967) and Streptomyces griseus (Nah]by, 1968), for examples, .bear ‘
striking resemblances tQ,,Eseudomona s 461-3-11 proteases both in the1r |

‘_elut1on characteristics and relative amounts isolated. on CM—ce]Iu]ose

//
i o .
[ . i
AW

chromatography.
It has been reported that column d1mens1ons piay a ke"ro/e in the

separation of proteins with anion-exchange chromaQ%graphy For examp]e,

‘Sabbagh and Fagerson (]976) rgﬂorted that reso}ujign[1s a funﬂ!1on of

the square ‘root of the co]umn s 1ength wh11e Pnt;g: E? rEg@rted that

*‘,"n o

separation depended on co]umn length and cross-sectional area For

Pseudomonas 461 3-11 proteases partially pur1f1ed by DEAE-cellulose;”

1.5¢cm, X 23 cm. columns of CM- cel]u]ose cons1stent1y Qfﬁ{mﬂ

proteln peaks, one at 0 and another at 0. 06 M Nﬂﬁ] either 1n phosphate

| buffes pH 6.0 or TRIS-HC1 pH-8.0. As these results were from separate |

exper1ments under vary1n§ctond1t1ons, the obser!at1on that sma]ﬂer

columns gave poorer reso]ut1on than 1arger columns shou]d be viewed as™

\;uggestgve rather than conc]us1ve A ' _f ' j

kx o

T o . - o
- \ . e
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6) Disc Gel Electrophoresis:

To determine purity, the three peaks separate Y. M-cellulose

were subjected to discontinuous polyacrylamide gel &lectrophoresis.

Details are given in the 1egends'accompanying the figures and in
Materials and Methods. - —

i) Polyacrylamide Gels (pH 8.6): Electrophoresis at pH 8.6 yielded

the results pictured in Figure 14A. As Protease 1, 2, and 3 were
separated by a cation exchanger, it was concluded that bv having the

| cathode as the upper electrode, these eniymes migrated away from the
gels. Rather than simply reverse the‘termina1s, the method of.Reisfield
et al. (1962) was used. o | .

.11) Polyacrylamide gels (pH 4.3): Electrophoresis under these

. conditions with no pretreatment yie]ded several inactive bands on each
of the gels. This could: have been the resu1t of the oxidation of
su1phydry1 grgups of the protein by the ammoniun persu]bhate present in
the gel. To test this hypothes1s, ge1s were pre -run for 2 hours to
* remove residua] ammon fur persulphate. The resu]ts of these exper1ments
| are shown in F1gure 14B. Severa1 authors have noted that this reagent

can cause both inactivation and mu1t1p1e band1ng, the 1atter asxa ‘result
\.

of differences in ox1dat1on over the populat1on of” prote1n Mitche11
¢

. 1967; Fantes and FurmmgerL 1967 Benn1ck 1968). oH § | V

For gels 2, 3, and 4 “all maJor.bands werezactive upan éxtrattion“
“with 0.01 M TRIS- HC] buffer pH 7. 5 The fa1nt band below the malor one,
on’ ge1 4 was 1nact1ve In’a simz]ar manner, Barach et al. (]976) and
“YokOSawa et al. (1976) have reported success in the use. of d1scont1nuous ‘

ge]s at pH 4.3 for their proteases under study
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FIGURE 14
DISCONTINUOUS POLYACRYLAMIDE GEL giECTROPHORESIS OF
. "PURIFIED PSEUDOMONAS \:16]-341’\' PROTEASES | .
 K-pHBE
B-pHg3. - . .
' \

In both cgsesl, preparation of Qe] s, sample application, electro-

phoresis, and stainingrof gels are described in Matefia]l.s. and Methods.

Stacking gels have been removed. o. F
- Gel Number . \, . Sample
1 - 100 ugm. crude supernatant of cu]tufe
o : T
2 50 ugm. Peak 1 from Figure.l3 -
: 9 .- _ A S e
. 3 N m@50 pgmﬂ.‘ Peak 2 from ﬁggre 13@ S
2 4 L% S 50 pgm, Peak 3 from Figure 13 .~ ¢
The 'bQSition' of ac»ti,vg bands ha\)/é ,bgeh noted iby: > _h P ' s ‘
oy
- S . s ,
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7) Summary: . ' -
Fpr Table 6, fifteen 2 litre f]asks; each with 200 ml. of 3" TCS,

were inoculated and then incubatéd at 22°C under 300 rpm. aqitation

. for 36 hours. The purification sequence for the Pseudomonas 461-3-11

proteases followed that noted at the beqginning of this section. The

CM-cellulose step has not been included in a comparison with the o}her

techniques, because the total enzyme units and protein did not differ

significantly from Peak 1 of the DEAE-cellulose step. There was a 28 |
fold purificafion of proteolytic ac ivity from the crude supernatant

'of the»culture to the CM-cellulose step.

8) Unsuccessful Procedures Attempted:

i) Ultrafiltfation: for large volumés of crude supernatant from

cultures of Pseudomonas 461-3-11, ultraflltrq\\on proved cumbersane
and lengthy. Initial concentration was done on Model TC]C'fOr 4 davs.
which had a lower limit of 1 litre. This volume was concentrated
further on Hodel 400 (Am1con Corporat\on) for 1-2 days. Aside f}om
blockage of the membranes. recovery of proteolytic activity by this
series of filtrations was determined to be 427, erec1u1tatxnn of the
protease by ammonium sulphate proved more convenient.

i1) Gel Exclg§iqgwjaygfgigggigny: A.Z.S ¢m. X 38 cm. column of
Sephadex G-100 was found effective for fractivnating 36 mq. of Ps'eudro-
nonas 461-3:f1 crude supernatant concentrated by ultrafiltration.®
However, when large amounts of brqtein were applied to similar columns
{e.q. 1.05 gramé was attempted), poor résolution occurre 5 a résult
of overloading. Cé}lblose ¢hromatography was found to be less restrictive.

iii) Isoelectric Focusing: Purified Protease 2 which gave a sinale



TABLE 6

TYPICAL PURIFICATION OF PSEUDOMONAS 461-3-11 PROTEASES

Samplé -Total Recovery‘- Total Recovery Specific
Enzyme (%) Protein (%) Activity
Units (grams) (eu./mq.
o . ~______ protein)
Sonicaté of -
Culture 54,000 100 19.2 - 100 . 2.8
Supernatant '
of Culture ~ 758,000 i 107 12 A3 4.8
Ammon fum |
Sulphate
Fractionation( .
(36-h5% sat.) 29,000 54 1.5 6.8 22.1
Peak 1 of “ \

DEAE-cellulose. 26,300 ‘A0 0.195 1.0 134.9

Proteolytic activity was determined by the casein assay.

-83-.
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band on polgacrylamide aels (pH 4.3), upon application to the [[F
apparatu; gave inconsistent results with much loss of activity. It has
been reported in some cases that ampholytes will che]qte and remove
essential metals (Righetti and Drysdale, 1974). Boethling (1975%)
reported that during the purification of a protease from Pseudomonas
maltophilia there was a loss of activity and irreproducible results
due to the extraction of calcium metals by the IEF apparatus. This

procedure was therefore abandoned.



111) CHARACTERIZATION OF PSEUDOMONAS 461-3-11 PROTEASES

1) Localization of Activity Within and Without the Cell:
. T L} T

For Table 7, 300 ml. of 3% TCS in a 2 litre flask was inoculated,
incubated at 23°C with agitétioﬁ at 300 rpm., and then had two 3 m]sv
aliquots removed at noted times. Only one of these samples héd it§ cells
removed by centrifugation at 27,000 X g for 30 minutes. A1l samples were
diTuted 1:10 in distilled water and were disrﬁpted'with the same .
oscillation as described in Maté;ials and Methods. The efficiency of

f .
cell breakage was estimated visually to be 90%. Proteolytic activity

\

was determined by the azocoll assay.

As can be seen frdm Table 7, all four samples had approximately
the same proteolytic activity, indicatina that essentially none of the
detectable protease is éel]-qssociated. gel] breakage did not cause the
levels of this enzyme to increa;e siqnificantly. Thése results are
similar to those of May anq Elliott (1968) who reported that the extra-

cellular protéaseﬁqf Bacillus subtilis réquired de novo protein synthesis

and that in nd instance waé a pool of enzyme present within the cell.
Although the samples had approximately the same proteolytic activity,

pf the four, sonication of the crude culture haviﬁg whole cells iniEially

gave _he ]owest‘readihgs. As there ére several protéases within the cell

kMil]er, 1975; Paéaud and Uriei, 1971); one wouid expect the highest,

not the lowest proteolytic agtivities within these upon cell disruption.

Two possibi]ities that might explain this di#crepascy ére the release

of internal sa]ts into the médium upon breakage (see subsection 4

dealing with osmotic sensitivity of the enzymes) or the presence of an

inhibitor within the cell as a guard against back-diffusion (émeaton

-85-
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| TABLE 7
EFFECT OF CELL DISRUPTION ON THE LEVEL OF PROTEOLYTIC ACTIVITY
FOR A CULTURE OF PSEUDOMONAS 461-3-11

3.

-

— R . \

Sampling 0D 600 nm. Proteoljtic Activity (eu./ml.) o
Time of CuTture Sonicated  Supernatant ‘Sonicated
(Hrs.) Culture : - Culture Supernatant
; _ . . e
0 - .03 0 0o 0 0 \\
8.5 6.09 1.38 ~0.56 - 0.58 0.76
10.5 9.0 1.76 1.14 1.20 n.98 !
12.5 11.28 2.94 2.2 2.80 2.94
14.5 12.31 9.66 8.26 9.3 = 9.2
16.5. 12,67 18.4 15.2 8.2 17.7

22.5 14.34 - 23.6 20.8 22.1 21.7

w

Protéolytic activity was determined by the Azocoll Assay.

Sonication was 12 times at 15 seconds per fime at 20,000 cps.

©



and Elliott, 1967; Hartley, 1970).

2) Stability: o ;

- As enzymes are proteins, a common problem in the purification of |
proteases is loss due to autodigestion. Figures 13, 15, and 56 show
tﬁe elution profiles from CM-cellulose Obtaiﬁed with 3 identical samples
under similar conditi@ns\wjth the exception that preincubations differed
prior to elhtion thrdﬁgh CM-cellulose. Figure 13 shows the result of aﬁ
elution immediately qfter the 6EAE-celldfose step, Figure 15 had the
second sample preincubated 14 days at 4°C, and Figure 16 had the third
sample at 22°C for 10 days. .It can be seen that the A 280 nm. material
and broteolytic activity for peaks 2 and 3‘Hecreased while in peak 1
these properties increased as the prei%;uﬁétion period increased.
Electrophoresis of this latter peak was not undertaken.

Even storage at -20°C was not sufficient to prevent degradation of
Pthe purified pfoteeses! Figurés 17A and 17B show the reszlts obtained
when purified Prgteases 1, 2; and 3 of Pseudomonas 461-3-11 were left
for 3 months at this temperature and then analyzed electrophbreticql]y.
If one compares tﬁese with Figures 14A and ldB in which "fresh"‘enzyhe§
were subjected to electrophoresis, the appearance of new bands upon
aging is evident. Of the three enzymes, Protease 3 appears tb be the
. most stable as new bands are not Qpparent either in gels of pH 8.6 or
" of pH 4.3;\Time permitted only the analysis of the latter gels for
proteblytic activityf A1l bands were found active except: for the minor
band below Protease 3. } : i

- Loss of‘eniyme éctivity in purified preparations*bf prbteasés.hqs;

been reported in a Sarcina strain (Coccus P) by Bissell g;_gl}(]Q?])

-87-
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. FIGURE 15 ,
ELUTION PROFILES OF PSEUDOMONAS 461-3-11 PROTEASES FROM
CM-CELLULOSE AFTER PREINCUBATION 14 DAYS AT 4°C

The protease peak from the DEAE-cellulose column {2.8 mg. protein
per ml., 13 ml. total volume) was incubated in the presence of 0.05%
sodium azide for 14 days at 45C. After this time it was chromatographed

on CM-cngh]ose-as described jn the legend 6f Figure 13.

Protein " O—ie——0O
‘Proteolytic Activity &ecc-sceeeeeeiep
NaCl ' . O———————0

Protease 1 = 1
Protease 2 = 2
= 3

". Protease 3
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FIGURE 16
ELUTION PROFILE OF PSEUDOMONAS 461-3-11 PROTEASES
FROM CM-CELLULOSE AFTER PREINCUBATION 10 DAYS AT 22°C
A1l conditions were fdentical to Figure 13 except .that the

sample was preincubated 10 days at 22°C:

Protein O————o0 /.

. i Nl e
Proteolytic Activity Broroseramene it g NG

NaCl

Protease 1 =
] -Protease 2 =

Protease 3

i
W ‘N



-
’
"

L

»

PR

H



FIGURE 17 |
PISC GEL EL.ECTROPHORESIS OF PURIFIED PéEUDOMONAS
461-3-11 PROTEASES STORED AT -20°C FOR 3 MONTHS
A - pH 8“.6 .
B - pH 4.3 B
The separate protein peaks shown in Figure 14, after storage at

-20°C for 3 months, were run' on polyacrylamide gels.

Polyacrylamide Gel Sample Vo
1 ~ 50 pgm. Protease 1
- i 2 ~ - 50 ugm. Protease 2
3 : 50 ugm, Protease 3

U
/

The position of new bands are noted by the symbo] -



and in a Serratia species by Miyata‘g&»glh(1970a). Sarngr et al. (19/1)
: quantit. 2d the agtodiqestion of a Sarcina étrain (Coccus 'P) by
incorporating 18¢ yeucine into the eszmé, then ndting the rise in radio-
aﬁtixity in the TCA soluble fraction.‘A1though time did not permit such
an‘énalysis, the experiments cealing with change in behaviour on ion-
exchange chromatography and po]yacry]am1de aels suggests that autod1gest1on

~ of Pseudomonas 461-3- 11 proteases does occur.,

3) Collagenolytic Activity:

As Pseudomonas 461-3-11 was d1scovered and 1solated because of its
action on steerhides, the hydr01y<1s of th1s largely insoluble material
by pur1f1ed proteases was 1nvest1gated. Co1]agen01ytic activity was
determinéd by the procedure noted in Materials and Methods. |

Of the three enzymes, only Protease 3 exhibited an ab111ty to
‘so]ub11ize co]]agen Unlike ”true co]lagenases" which can hydro]yze the
helical regions ofuc011agen (Mand], 1963) Pseudomonas 461~3 o acts |
against the non-helical regions (Giffee et al., 1965; G1ffeé, 1961),~
causing loss of covalent interpeptide bonds and.hence dispersal upon
dehaturation.'Othef‘Spécies of Pseudomonas have been répofted‘tq have
ico]]agenolytic activity (Schoe]]maﬁ and Fisher, ]966§ Adamcic and Ctark, °

1970). Kucera and .Lysenko (1968), fbr examplel have isolated S‘proteasesl

- from Pseudomonas aeruginosa vary%ng in their properties. A1l but enzyme

A were found to have co]]agenése activity while-all but enzyme'D,had '

elastinase activity.

4) Sensitivity to External Agents:

i) Ionic Strength: Preliminary experiments, using high concentrations
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of Euffers to determine pH optima, led to tke conclusion that thenl
enzymes of Pseudomonas 461-3-11 were extremely*sensitive to the molaraty
of solutes. To test the sensi;ivity of the crude protease to 1Qn1(
. stréngth, the fbi]owing experiment was arranged 0.05 ml. é]\duots ot
a supernatant of a 24 hour culture of Pseudomonas 461-3-11 grown on
‘jCS were assayed for prqtease activity by the azocoll assav n the
presence of increasind amounts (0-2.0 M) of:

a) TRIS-HC1 buffer pH 7.5

b) NaCl (in 0.0} M TRIS-HC! pH 7.5)

c) Sucrose.(in-Q.OI M TRIS-HC) pH 7.5)
In this experiment, preincubation times, pH, temperaturp./and qubetrat
concentr&lions were constaﬁt. The only introduced variable was the
given molarities of solutes within the buffer. No studies were done on
the sensitivities of the individuafﬂproteases. N

As shown in Figure 18, the greater sénsitivity té.TQXS or Na(l thyn

to sucrose indicéte that the restriction of the amount of avariable
water present is not the sole explanation. Of particular sianificance
is.the slight stimulation by 0.02 M TRiS followed by a rapid decreae
in activity as the ionic strength is increased. Althouat the mechaniss
has not been clarified, a similar result! ‘j} been repérted by Bufye-anf

Pattee (1967) for a Pseudomonas aerfiginosa enzyme that lyses a speciec

of Staphylococcus. The sensftivity of proteasgs.to their ionic envirgn-

ment has bee . :d in'several papers. The research of Morihara e? al.

(1965) on P:audomoras aeruginosa elastinase and c- Se' “ow {1976) on a

Bacillus mege * ~iur spore protease have both yielded enzymes that are

-~

inactivaﬁed by moiar NaCl while Carrick and Berk (1975) have repcrted

that a Pseudomonas aeruginosa collagenase is six times more active in
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FIGURE 18
‘THE EFFECT OF MOLARITY OF DIFFERENT COMPOUNDS ON

THE PROTEOLYTIC ACTIVITY pf A PSEUDOMONAS 461-3-11 CULTURE
e T

A culture supernatant of a ?4 hour TCS arown culture was assayed !
for pro_te(\ﬂytic activity by the azocoll assay under the following
solute conditions. Acti <ty of crude supernatant in the standard )
assay (25 mg. azocoll in 10 ml. 0.01 M TRIS-HCI pH 7.5) was assigned

a value of 100.

i

TRIS-HC1 pH 7.5 . O—ow—0
NaCl in 0.01 M TRIS-HC] pH 7.5 A
Sucrose in 0.01 M TRIS-HC1 pH 7.5 o0———0

©
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0.1 M TRIS buffer pH 7.5 than 0.1 M phosphate buffer pH 7.5.
ii) pH: Five ugm. of the individual purified proteases in 0.05 ml. v
of distilled water, were added to reaction mixtures of the casein assay.
The results are asvpresented in Figure 19 (for further experimental
details, refer to the legend of this fiqure). The pH optima for Proteases
1, 2, and 3 were found to be 9.3, 9.5, and 8.5 respectively. In compari-
son with other organisms, aside from protease 1 of Pseudomonas aeruginosa
which has a PH optimum of 6.5 (Morihara, 1964), most proteases isolated
from Gram-negative bacteria have been found to have an alkaline ﬁH
optimum (Miyata et al, 1970b; Keen et al, 1967; Morihara et al, 1965)

Also, for Pseudomonas 46] 3-11, it should be noted that during growth
16:}CS the pH of the culture medium wi]l rise, to a maximum of 8.6-9. 2

In an environment that becomes strongly alka11ne. extracellular proteases\
exh1bit1ng alkaline pH optima should come as no great surprise. | |

111) Chelating Agents: In the characterization of proteases, one

group has been classed by virtue of its sensitivity to metal-chelators. "
To determine if the proteases of ?seudomonas 461—3-1] were within this
classification, the azocoll assay was used with two modificat}ons. The

first was that vafjous concentrations'ot EDTA (adjusted to pH 7.5 with

- NaOH) were diluted in 0.01 M TRIS-HC]. The second was the preincubation

of the enzyme for 15 minutes at 37°C in the TRIS:EDTA solutions before

the aﬂﬁitiqn of the substrate. Relative, rather than absolute trends

. " should be considered as the reagents may contribute trace metals to the
solution (ﬁorihara, 1974). _ ’ /

Table 8 demonstrates that all three enzymes were inactivated b§

EDTA although Protease 3 is clear]y more resistant than either Prétease

1 or 2. The significance of these differences will be elaborated in
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FIGURE 19

RELATIVE ACTIVITY OF PSEUDOMONAS 461-3-11 PURIFIED
PROTEASES 1, 2, AND 3 AT DIFFERENT pH

The proteases were purified by the method described in the text.

| Incubation mixtures were: 1 mi .ﬂgi/soluble casein in .0.02 M TRIS; .

| 0.02 M NaH2P04. 0.02 M HC1, or 0:02 M NaOH (used eiither solely or. in
combination to adjust the pH); and 0.05 ml. of the purified enzyﬁ)e

in distilled water. 0.02 M NaCl was used to brin'g‘ the final volume to

]

3.0 ml,

Protease 1 O ——C)
Protease 2 A __,

Protease 3 . O—w——p
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TABLE 8
INACTIVATION OF PSEUDOMONAS 461-3-11 PROTEASES BY EDTAV

!

EDTA | Relative Activity (%)
»(Mqlarity) Protease ] Pro%fase 2 “Protease 3
~ P -
0 100 ° | 1d§ | 100
5 x 107 93 -9 :
1 x 1078 79 a7\ 102
2 x 1076 43 95 93
ax10° . 1 65
. 6 l‘ ° ]
6Xx 100 1 . 1 58
6 L :
8x 107 R 1 63
1x 1072 2 3 54 .
2 X 1070 ] ) 48
4 x10° 0 0 30
6X 102° 0 0 20
8 X 107> 0 0 15
1 x107? 0 0 8
5 X 1074 0 0 5
ax103 o, 0 1 )
2x102% ° 0 0 0o
1x 107! 0 0 0

.2 Azocoll Assay was used for the above. All enzyme
sai - © csed were 5 ugm. of protein as determined by -

i e e S A e

tie . of Lowry et al.(1951).
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the summary of this section. Time did not permit either studies with

!

other chelators (e.g. EGTA, o-phenanthroline, and 8~hydroxyquinoline)

-

or of the mechanism of EDTA inhibition.

hel

5) Molecular Weight:

To determine the molecular weight of the three purified enzymes
of Pseudomonas 461-3—11, 50 ugm. of each of proteases 1, 2, and 3,
as well as standard proteins of known molecular weight (see legend to
Fiqure 20) were denatured and analyzed electrophoretically. The
sléb—ge] electrophoresis followed the procedure of Ames (1974), the
reagents listed in Materials and Methods were used as according to
the procedure of Laemmli (1970).

,FigurE 20 is a sketch illustrating the separgtion of various
- polypeptides obtained. The molecular weights for all but haemoglobin
are as’noted by'Dunker and Rueckert (1969). For this orotein, although
the compound is a tetramer wifh a total Eo]ecu1ar weight of 64,000,
under 5% 2-mércaptoethéﬁol‘it will dfssociate to dimer and finally to
monomer subunits (Tyuma gﬁ al., 1966). Trypsin shows several faint
bands of lower molecu]ar‘weight thaﬁ 24\g90, probably as a hesult of
autodigestion. Also, a}though lysozyme has a larger molecular weight
than ribonuclease A, the former has migrated further, possfb]y due to
abnpfmal SDS binding (Weber et al, 1972). Protease 1 and 2 were
. unusual 4n that instead of one band, several were present in tHe séme'
proximity. Whether this was due to autodigestion, abnormal SDS binding,
or several subunits of the eﬁzymes having similar molecular weight
wus not resolved. | |

Fo]]owing.the method of Dunker and Rueckert (1969), Figure 21
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FIGURE 20 -
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P___,,,////gggARATION OF POLYPEPTIDES BY SDS-GEL ELECTROPHORESIS ‘

—

50 ugm. each of purified Pseudomonas 461-3-11 proteases 1, 2,

and 3 and the designated control proteins were analyzed electrophore-

tically as described in Materials and Methods.

Slot Number

Sample

>

Molecular Weight

H W

10
1
12

Mixture of Protein Standards
Bovine Serum Albumin
Ovalbumin
Haemoglobin: dimer'unit

| monomer unit
Trypsin
Ribonuclease-A
Lysozjme
Mixture of Protein Standards
Protease 1
Proteése 2
Protease 3

Mixture of Protein Standards

66,000
46,000
32,000
16,000
23,800
13,680
14,400




LOG (MOLECULAR WEIGHT x 10-4)

0.9

0.8

0.7
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0.1
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0.2
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| L- | L1 l

2 4 6 8 10 12
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*+ COMPARISON OF MOLECULAR WEIGHTS OF POLYPEPTIDES

. FIGURE 21

SEPARATED BY SDS-GEL ELECTRGPHORESIS

The data from,Figure 20 has been plotted as shown.

. BsA
OVA
HB2

HB]
TRY
LYS

RN

P

P2

P3 -

-

Bovine Serum Albumin
pva]bqﬁin
ﬂaemoglobin (dimer)

Haemoglobin (monomer)

'Trypsfn

Lysozyme
Ribonuclease-A
Pseudomonas 46]—3-11'Protease 1

Pseudomonas 461-3-11 Protease 2

Pseudomonas 461-3-11 Protease 3 .

. “106-
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presents the above data in graphic form. From the interpe1afion of

theée results, it was eetimated that the molecular weights of Proteases
ﬁ, 2, and 3 were 31,000, 35,000, and 59,000 respective]y. Whether these
were homologous enzymes or subunits of similar molecular weights
dissociated by 2-mercapfoethanol was not determinedL

6) Summary:

Table 9 presents a summary of the character1zation of Pseudomonas
461-3-11 proteases 1, 2; and 3. Although several topics have been
undertaken, in two ways the characterization is deficient, The first,
as with nest charact. izations, is fhat by no means is it complete.

. Sedimentation coefficients, amino acid analysis, pH or temperature \
stability, carbohydrate or 11p1d content, and sites of substrate cleavage
are all basic studies that were not doneion the three enzymes. The
‘second is that superffcia] rather than 1& depth investigations have

vbeen done. The enzymes were found to be inactivated by EDTA. What was

the mechanism of this inhibition? Had EDTA chelated a metal essen§1a1

for activity or stability? I%.so; what were these metals? What are the
effects of other che]ators? Did pH, ionic strength, or temperature
influence this %nhibition?

Howeyer, just as there are deficiencies, s0 the data also present
insight and poss1ble\d1rect1ons of research. All three enzymes neither
adsorbed to DEAE-cellulose nor showed anionic mob111ty under alka11ne
conditions (i.e. pH 8.0 for the former and pH 8.6 for the 1atter)

Does the cationic nature of the freshly pur1f1ed enzyme play a role
Cin act1v1ty or substrate spec1f1c1ty? The)mo]ecu]ar weights, EDTA
sensnt1v1t1es, pH optima, and»c011ageno1yt1c activities presented in

,
I
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SUMMARY OF THE CHARACTERIZATION OF

TABLE 9

PSEUDOMONAS 461-3-11 PROTEASES

Property

Protease

1

Protease
2

Protease

3

Adsorption to
DEAE-cellulose

Adsorption to
CM-cellulose
(elution with M NaCl)

Anionic mobility in
disc gels 8.6

Cationic mobility in
disc gels pH 4.3
(cm. after 90 mjn.)

Collagenolytic
activity

Sensitivity to
Ionic Strength

pH optimum

EDTA sensitivity
(Molarity)

Molecular Weight

0.5

+

9.3

4 X107
31,000

6

0.03

1.2

+

9.5

4 x 1070

33,000

0.07

2.0

+

8.5

4% 10
59,000

3

A2
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Table 9 show similarities between Protease 1 and 2, vet distinct
differences between these and Prote;gé}3. Are Proteases 1 and 2
distinct enzymes or are, they merely the same enzyme altered bv auto-
digestion? Is Protease 3 unrelated chemically or is it an aqgreqate,

subunit, or precursor of the other two?

The above questions and possibi]ifies for other avenues of resecarch
mentioned throughout this text indicate that Pseudomonas 361-3-11,
initially isolated because of its éction on curing steerhides, has “ar

more potential than simply the investigation of col]aoeholytic activity
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In each of the following, metal compounds were added to 750 ml.
of distilled water, the phosphate to 50 mi., the nitrogen sources to

100 m1., and the carbohydrates to 100 ml.. Each had their pH adjusted

APPENDIX

A LIST OF SYNTHETIC MEDIA

to 7.2 with NaOH and HC1. These Qere then autoclaved, combined and

aseptically adjusted to a final pH of 7.2.

Medium A (by Eyzaguirre

et al, 1973)

D-Glucose
NH4C1
KoHPO,
FeS0, .
MgS0,- 7H,0-
MnS0,H,0

Medium B
D-Glucose
NH4CT

K HPQ4 v

2
FeSO4

M9594'7H20,
MnSO4'H20
CaC12-2H20

10 gm.
6.6 gm.
2.0 gm.
13 mgm.
0.5 gm.
13 mgm.

9.0 gm.
4.06 gm.
1.74 gm.

11 mgm.

015 gm.

13 mgm;

11 mgm.

Medium C
D-Glucose
NH461
K,HPO,
FeS0,
MgSO4-7H20
MnS0,, - H,0
CaCl,"2H,0
ZnC12~
C0C12'6H20
BaCl,"2H,0
SnC1,,+2H,0
A1CH

3

CuSO4'5H2

NaCl

0

. (NH4)2M004

9.0 gn.
4.06 gm.
_.i.74 gm.
30 mgm.
0.28 gm.
17kmgm.
15 mgm.
14 mgm.
24 mgm.'
24 mgm.
22 mgm.
14 mgm.
25 mgm.
’ 0.58 gm.
0.10 gm.
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Medium D
Glycine
NaH2P04
D-Glucose
FeS0,
MgS0, - 7H,0
Mn$04-H20
CaC12v2H20
ZnC]2
CoCl,-6H,0
CuSO4-5H20

(NH4)2M004

Medium F
KNO3
NaH2P04
D-Glucose
FeSO4

. MgSO4-7H20

MnSO4-H20

CaC12'2H20

ZnC]2

CoC]2'6H20
CuSO4'5H20

(NH4)2M004

7.5 gm.
1.38 gm.
6.0 gm.

15 mgm.
0.14 gm.

17 mgm.

15 mgm.

14 mgm.
24 mgm.
25 mgm;.
20 mgm,

10.1 gm.
1.38 gm.
6.0 gm.
15 mgm.
0.14 gm.
17 mgm.
15 mgm.
14 mgm.
24 mgm.

25 mgm. .

20 mgm.

Medium E
NH4C1
NaH2P04
D-Glucose
FeSO4
MgSO4-7H20
MvSO4-H20
CaC]2-2H20
ZnC]2

C0C12~6H20

CuSO4-5H20:
‘ (NH4)2M004

\

Medium G
Glycine
Cysteine
Methionine
NH4C1
D-Glucose
KH,PO,
NaCl

5.3 gm.
1.38 ém.
6.0 gm.
15 mgm.
0.14 gm.
17 mgm.
15 mgm.
14 mgm.
24 mgm,
25 mgm.
20 mgm.

15 gm.
0.24 gm.
0.34 gm.

\.,-\/

5 gm,

.0 gm,

2.72 gm.

5.8 gm.



Medium H,

Glycine ) 15 gm.

Cysteine 0.24 gm.

Methionine 0.30 gm.

NH4C1 1.06 gm.
Fructose - 3.6 gm.
KH2P04 2.72 gm,

NaCl 5.8 gm. .
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