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Abstract

Pseudomonas fluorescens T20, a psychrotroph of milk origin produces an
extracellular heat-stable protease which in large quantities causes spoilage of milk
and milk products. The protease was purified by affinity column chromatography
using carboxy-D-phenylalanine-triethylenetetramine Sepharose 4B. It was shown

to have a molecular weight of 44,000.

Two mutant strains of P. fluorescens T20 were generated using N-methyl- N'-
nitro-N"-nitrosoquanidine. The extracellular extracts of both mutants were shown
by immunoprecipitation to be negative for the presence of the heat-stable
protease. The intracellular extracts in turn were tested by immunoprecipitation
and only one, the Type A mutant strain, showed the presence of cross reacting
material. Thus two types of mutants were generated, one which could express the
sequence encoding the heat-stable protease but which was unable to export the
protease out of the cell and another, which could not express or export the heat-
stable protease. The mutant strains were designated Type A and Type B

respectively.

The genetic origin of the heat-stable protease was investigated and it was
determined that the resident plasmid in P. fluorescens T20 carried the gene
encoding the heat-stable protease. The plasmid had a molecular weight of 44.06
Kbp. A 3.3 Kbp Sal 1 fragment was cloned from the plasmid into the vector,
pUC12. The cells transformed with the recombinant showed phenotypic
expression of the heat-stable protease. In furtherance of the attempt to find that
region of the plasmid encoding the heat-stable protease a restriction endonuclease

map of the plasmid was constructed.
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Chapter 1

Introduction

1.1 Biological properties of Pseudomonas fluorescens

P. fluorescens was first identified in 1889 as Bacillus fluorescens. A general
definition of its biological properties proposed by Stanier et al., (1966) continues
to be applicable today (Doudoroff and Palleroni, 1974). Typically, they are
characterized as Gram-negative, rod shaped cells occurring singly. They are
approximately 2.0 to 2.8um in length by 0.7 to 0.8um in width and they are
asporogenous, aerobic bacteria that are motile by means of multitrichous polar
flagella. Also, as the species name implies, they produce a diffusible fluorescent
pigment, phycocyanin. They are chemoorganotrophs, whose metabolism is
respiratory, never fermentative. The basic nutritional requirements are quite
simple. They can grow in mineral media, supplemented with a single orgahic

compound as the sole source of carbon and energy.

P. fluorescens has been observed to grow at 4°C and at 35°C. Its optimum
temperature for growth is 25°C. Subsequently, it has been defined as a
psychrotrophic microorganism, that is, one whose optimum temperature of growth
lies in the mesophilic range, between 20°C and 45°C, but which can adapt to
grow in the psychrophilic range between 0°C and 7°C (Eddy, 1960). |

1.2 Properties of extracellular heat-stable proteases

Many genera of psychrotrophic Gram-negative bacteria such as Acinetobacter,

Aeromonas, Enterobacter, Proteus, and Pseudomonas are known to produce
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extraéellular heat-stable proteases. The best studied are those which are
produced by Pseudomonas, with P. fluorescens as the most common
representative. = There have been numerous studies on the properties of

extracellular proteases produced by psychrotrophic pseudomonads (Richardsion,v

1981; Yen and Gunsalus, 1982; Patel et al., 1983; and Stepaniak and Fox, 1985). .

While some biochemical and immunological diversity exists between them
(Jaékman et al., 1983), general trends are apparent. Most have been classified as
heutral metalloproteases (Morihara, 1974). The optimum pH f'or_activity OCCI—II‘S-
between pH -7.2 and pH 7.4 (Gebre-Egziabher et al., 1980).' As metalldp_roteases N
they require divalent cations for activity and stability. Theif apoenzymes are
generally activated by Cat? and Mn*?, although high levels of these have proven
to be inhibitory (Jackman et al., 1983; Stepaniak et al., 1982).

Temperature optima for Pseudomonas proteases occur between 30°C and 45°C |
(Stepaniak et al., 1982; Patel et al., 1983). Their activities have been observed to
decline sharply between 45° and 55°C (Patel et al., 1983). However, they have
been shown to retain considerable activity at a temperature range between 60 to
120°C. In the case of P. fluorescens AFT 36, it retained about 30% maximum |
activity at 7°C (Stepaniak et al., 1982). |

While many ‘.psychrotrophic bacteria are destroyed by pasteurization (Witter,
1961), most produce extracellular proteases which are extremely thermostable and.
can withstand high-temperature short time exposure (HTST = 72°C/ 15s) and
ultra-high temperature (UHT = 138°C/ 2s) treatments (Zall, 1980). Proteases
produced by psychrotrophic pseudomonads have been estimated to be quite
thermostable since they are 400 and 4000 times more heat resistant than spores of
Bacillus stearothermophilus and Clostridium sporogenes, respectively (Adams et
al., 1975).The proteases of thirteen species of pseudomonads isolated from raw
milk were shown to retain 55% to 65% of their activity after 77°C/ 17s and 20%
to 40% of their original activity after exposure to 140°C/ 5s (Griffiths et al.,
1981).
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Barach et al.(1976) found that the heat-resistance of a Pseudomonad proteéfe
was markedly reduced in the absence of calcium. They were led to conclude that
the protease: was protected at high temperatures by binding calcium. The
thermostable properties of the enzyme produced by Pseudomonads are similar to
that of thermolysin produced by B. therrnoproteolyticu;s with respect to its
calcium requirements, lack of sulfhydryl groups, molecular weight, and high
content of hydrophobic amino acid residues. Subsequently, it was suggested that
these properties allowed the proteases to be flexible when denatured at high
temperatures, then to refold quickly and accurately with the formation of calcium

salt bridges when the temperature was lowered (Barach and Adams, 1977).

While all isolates produced proteases which retained partial activity after being
heated at elevated temperatures between 90°C and 120°C for 10 minutes, the
greatest reduction in protease activity occurred when the protease was heated to
50°C for 10 minutes. This inactivation at temperatures just above the optimum
temperature for activity, has been referred to as low temperature inactivation,
(LTI) (Barach et al., 1978). It has been proposed that LTI occurs when the
enzyme undergoes a conformational modification which alters enzyme structure.
The altered enzyme then interacts with casein micelles to form an enzyme-micelle
complex. Subsequently, the active protease is removed from the milk. However,

at temperatures greater than 60°C, hydrophobic interactions are no longer

favoured.

Others have suggested that LTI is due to autolysis. This process would occur as
a two stage process. First the molecule would undergo a conformational change
at 50°C where the molecule opens, resulting in a reversible loss of catalytic
activity and susceptibility of the protease to proteolysis by other protease
molecules not yet denatured. The second stage involves the association of the
denatured enzyme with casein micelles as a result of altered hydrophobic

interactions (Barach et al., 1978 and Richardson, 1981).
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1.3 Effects of psychrotrophic contamination in milk

Milk is an excellent medium for the growth of a wide variety of microorganisms. o
The main groups found to constitute the microflora of raw milk include
micrococcl, streptococcel, Bacillus sp., and Gram-positive and Gram-negative rods
(Cousin, 1982). In the past, poor cooling was responsible for the development of
off flavours and high acid in raw milk, associated with the growth of lactic
streptococci and other mesophilic bacteria. Today, however, there is a much
higher standard of care taken to ensure that contamination in raw milk is kept to

a minimum.

Technological advances in the dairy industry have led to the trend of
maintaining raw milk at refrigeration temperatﬁréé for extended periods of time.
Subsequently, the growth of lactic acid streptococci and other mesophilic bacteria
and . the Spoilage they cause is effectively curbed (Law, 1979). However, this
practice of holding raw milk at low temperatures for 4 days or more has resulted
in a shift of the major type of microorganisms in milk from mesophilic lactic acid
bacteria to psychrotrophic microorganisms, and new problems arise as a result of

the ability of these microorganisms to produce a heat-stable protease (Cousin and
Marth, 1977 and Stepaniak et al., 1982). |

While types of psychrotrophs isolated from raw milk vary, most have been
characterized as Gram-negative rods. @ The most common genera of
psychrotrophic organisms isolated from raw milk include Alcaligenes,
Arthrobacter, Enterobacter, Flavobactersum, and Pseudomonas. The most

common genus isolated is Pseudomonas (Cousin, 1982 and Thomas and Thomas,
1973).

1.4 Effects of psychrotrophic heat-stable proteases on milk, cheese,
and other dairy products

It has been widely reported that the heat-stable proteases produced by o
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psychrotrophic microorganisms lead to gelation and the production of bitter
flavours in milk (Adams et al., 1975; Law et al., 1977). Raw milk which had been
inoculated with 5 x 108 colony forming units/mL of P. fluorescens NCDO 2085
were obser#ed to develop a gel-like texture and a bitter flavour 10 to 14 days
‘after UHT sterilization (140°C/ 35 s) and storage at 20°C (Law, 1979). The same
result was observed when cell-free culture supernatantéof P. fluorescens NCDO
2085 and other proteases produced by strains of P. fluorescens (Richardson and
Newstead, 1979; McKellar, 1981) were added to UHT sterilized milk. This
effectively proved that the adverse effects of the milk psychrotrophs were due to o

an extracellular protease as opposed to one which was cell-bound.

The protease acts by specifically attﬁcking the caseins in milk. It preferentially
| hydrolyzes p-casein, which results in the accumulation of bitter peptides and
subsequéntly the development of bitterness or off flavours (Grieve and Kitchen,
1985). Most proteases also attack x-casein, resulting in destabilization of the
casein micelles and coagulation of the milk (Law et al., 1977, Gebre-Egziabher et
al., 198§). Notably, the whey proteins in milk, such as ﬂ-lactoglobulin and
a-lactalbumin are insensitive to degradation by psychrotrophic proteases. It has
been suggested that this might be due to the globular nature of the whey proteins
as opposed to the random non-helical structure of the caseins (Bengtsson et al.,
1973, and Law et al., 1977).

Much evidence has been presented which indicates that high counts of
psychrotrophs in milk, together with long periods of storage, lead to reduced
yields of cheddar cheese (Law et al., 1979). Others have reported that the growth
of psychrotrophs in cheese milk reduces rennet coagulation time (Cousin and
Marth, 1977). It was established that milks with high counts of psychrotrophs
(i.,e. > 10 c.f.u./ mL) before pasteurization and pasteurized milk containing
culture filtrates of P. fluorescens stimulated starter culture growth. The
streptococci and lactobacilli used in starter cultures are nutritionally fastidious |

and require some preformed amino acids. It was proposed that the stimulation of
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lactic acid production by the starter culture was due to the activity of the

protease on casein which resulted in increased concentrations of peptides and

amino acids (Cousin and Marth, 1977).

Other dairy products such as ice cream and butter are not susceptible to the
action of psychrotrophic proteases. White and Mai'shall (1973) found that with
the addition of protease from P. ﬂuorescehs P26 there was no adverse effect on
their quality. This is expected since these products contain very little protein.
However, it may also be a reflection of the fact that most psychrotrophic
proteases have a neutral pH and a temperature optimum between 30°C and 45°C,

whereas these dairy products generally have a low pH and are stored below 10°C
(Law et al., 1979).

1.6 Genetics of the production of extracellular proteases

While extracellular enzymes of psychrotrophic origin have been studied
~ extensively with respect to their isolation and characterization, the genetic origins
and the mechanism underlying their synthesis and regulation has not yet been
determined. A model for the regulation of extracellular enzyme synthesis has
been proposed which is based on work carried out on Gram-negative
microorganisms. [ suggests that the regulation of extracellular enzyme synthesis
i1s based on induction, end-product repression, and/or catabolite repression
(Harder, 1979). The model assumes that the organism produces a low basal level
of extraceilular enzyme in the absence of inducer. It suggests that translation
occurs at special sites associated with the cytoplasmic membrane and is
maintained under specific conditions by a large pool of exoenzyme messenger
ribonucleic acid (mRNA) which results from a positive imbalance of transcription

over degradation of the messenger.

Indirect evidence has been put forward which suggests that the synthesis of
extracellular enzymes occurs on polysomes associated with the cytoplasmic )

membrane (Both et al., 1972). Direct evidence for this was provided for the
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periplasmic enzyme, alkaline phosphatase, of Escherichia coli, which was
demonstrated to be synthesized on polysomes associated with the membrane
(Cancedda and Schlesinger, 1974). Unfortunately, no studies have been reported
regarding the mechanism of regulation of the heat-stable protease of P.
fluorescens. However, by inference, it can be assumed that its regulation follows
Harder’s (1979) model which is based on work with both Gram-negative and
Gram-positive microorganisms. The genera included were Pseudomonas

(Boethling, 1975; Stinson and Merrick, 1974), and Vibrio (Reid et al., 1980).

Direct evidence for the existence of an mRNA pool was provided using the
transcriptional inhibitor rifampin-SV.  The émtibiotic was added to cell
suspensions of P. maltophtla at various times to a final concentration of 100
pg/mlL. When added at zero time, the secretion of the extracellular protease was
completely inhibited. However, when it was added to actively secreting cells, in
mid-log phase, there was a lag of about 30 minutes in the absence of mRNA
synthesis, before the accumulation of protease was inhibited (Boethling, 1975).

1.6 Plasmids in Pseudomonas

A plasmid is an extrachromosomal genetic element that 1s capable of
autonomous replication. It most often occurs as circular DNA. Some plasmids
can integrate with the host chromosome. In Pseudomonas species they can range
in size from 5.5 Kb to 300 Kb. In addition to an origin of replication which is
essential, plasmids carry genes for a number of other functions. Those which
involve plasmid function include genes for the formation of pili or plasmid
transfer during conjugation. They have also been shown to include genes which
are nvolved in the host metabolism. The best known of this group are genes
which encode antibiotic resistance and they are called R plasmids. Plasmids may
in some instances; contain genes that are normally found in the chromosome.
This has been found in the Pseudomonas plasmid, R68.45. This plasmid has been
shown to have a capacity for tn vivo cloning of selected regions of the bacterial .

chromosome (Holloway, 1978; Morgan, 1982). On the other hand, genes normally
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occuring in plasmids have been found in the bacterial chromosome. Resistant
isolates have been found that normally utilize a plasmid déi;ermined mechanism of
antibiotic resistance, however no R plasmids could be detected. In 30 of 50 -
gentamycin-resistant clinical isolates of P. aeruginosa, gentamycin—modifying
- enzymes that are usually plasmid mediated could be found. However, R plasmids

carrying these genes could be found in only 10 (Jacoby, 1980).

In carbenicillin-resistant clinical isolates from France, the most frequently
isolated plasmids carrying the ﬁ-lactamase genes were PSE-1 and OXA-2
(Phillippon et al., 1984), while in Great Britain, the most frequently isolated
plasmids from such isolates were PSE-4 and OXA-1 (Williams et al., 1984). In the |
case of plasmid-free strains which nonetheless produced p-lactamase,
chromosomally integrated transpoSons were demonstrated. These results suggest
that there is an exchange of resistance genes between plasmids and the
Pseudomonas chromosome. The ability of bacterial genes to shuttle between
chromosome and plasmid might have led to difficulty in distinguishing which

genes were of plasmid or of chromosomal origin.

It has been demonstrated that plasmids confer the ability to degrade a diverse
group of compounds. They include aliphatic and aromatic hydrocarbons,
terpenes, alkaloids, and chlorinated aliphatic and aromatic compounds. A group
of plasmids have been found which specify the degradation of m- or p-xylene,
1,2,4-trimethylbenzene, 3-ethyltoluene, and toluene as well as their corresponding
alcohol and acid derivatives. They are known as the TOL plasmids (Williams and

Murray, 1974; Reineke and Knackmuss, 1980).

Among the degradative plasmids studied most extensively is the CAM plasmid.
This plasmid has been shown to carry a set of genes, many of which are arranged

to specify coordinately inducible enzymes, which are involved in the conversion of
camphor to isobutyrate (Rheinwald et al., 1973). While both the TOL and the

CAM i)lasmids have been found in Pseudomonas putida, other Pseudomonas .

species have been shown to carry degradative plasmids as well. Notably, P.
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fluorescens has been demonstrated to carry a plasmid, pEG, which confers t_l_!f? |

ability to degrade styrene (Bestetti et al., 1984).

Species of the genus Pseudomonas, particularly the fluorescent species, have
been found to be extremely nutritionally versatile (Stanier et al., 1966). Many do
not excel in the utilization of sugars, however other organic compounds are
readily used by many species. They include hydrocarbons, carbohydrates,
aliphatic acids, amines, amides, amino acids, alcohols and aromatic compounds.
Some strains have been shown to utilize as many as 100 of 135 substrates
(Palleroni, 1981). While not all catabolic pathways are plasmid encoded, they are
perceived to be agents of rapid evolutionary change. They can transfer across a
wide range of species and genera, and are capable of coming or going as the
selection pressu're' for the genetic elements they encode increases or decreases
(Davey and Reanney, 1980). Plasmids havé often been implicated in cases where
bacteria have adapted to rapid changes in their environment. They include
antibiotic resistance, heavy metals, and sequences coding for new catabolic
pathways for different or unusual substrates. It is then conceivable that a plasmid

might be responsible for the ablity of P. fluorescens to degrade casein.

The heat-stable protease produced by psychrotrophs such as P. fluorescens T20
represents a significant problem for the dairy industry, particularly in view of its
adverse effects on inilk and other dairy products. While the biochemical and
biophysical properties of heat-stable proteases have been studied in some detail,
the molecular origins of their production have not been given the same

consideration. The objectives of this study were as follows:

a) To purify the extracellular heat-stable protease of P. fluorescens T20.

b) To find the genetic origin of the protease.

¢) To clone the gene encoding-the heat-stable protease and construct a physical

map of the region containing the gene.
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Chapter 2
Materials and Methods

2.1 Materi#ls

The following chemicals were purchased from Sigma Chemical Company (St; o
Louis Mo. U.S.A.): Ammonium persulfate, boric acid, bovine serum albumin
(BSA), brompohenol blue, calcium chloride, Coomassie brilliant blue R250,
ethylenediaminetetraacetic acid (EDTA), Folin-Ciocalteau reagent, glucose,
magnesium chloride, sodium acetate, ribonuclease (RNase), sodium acetate,
sodium chloride, sodium dodecyl sulphate (SDS), -sucrose, trichloroacetic acid
(TCA), N-methyl-N’-nitro-N*-nitrosoquanidine (MNNG), and 5-bromo-4-chloro-3-
indolyl- g-D-galactopyranoside (X-gal). | |

Reagents such as chloroform, 95% ethanol, isoamylalcohol, isopropyl alcohol, --

and phenol were obtained from Fisher Scientific Company

- The affinity column material, carbobenzozy-L-phenylalanyl-triethylene-
- tetraaminyl-Sepharose 4B was obtained from Pierce Chemical Company
(Rockford Ill.). Material used for gel filtration chromatography, Sephadex G50
and Sephadex G150 and DEAE-cellulose, were obtained from Pharmacia Fine
Chemicals (Canada) Inc., Pointe Claire, Quebec.

Reagents used for electrophoresis, agarose, acrylamide and N,N’-methylene- bis-
acrylamide, were obtained from Sigma Chemical Company. Noble agar used for

immunodiffusion was purchased from Bio-Rad Laboratories (Mississauga, Ont.)
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Culture -media such as trypticase soy agar (TSA), and frypticase soy broth
(TSB) were obtained from Sigma Chemical Company, while tryptone, yeast
extract and plate count agar were purchased from Difco Laboratories (Detroit,

Mich.).
2.2 Bacterial strains and plasmids used

Bacterial strains and plasmids used in this study are listed in Table 2.1 and .'

Table 2.2 respectively.



13

Table 2-1: Bacterial Strains Used I

Organism Relevant | Source or
phenotype Reference
“A. Escherichia cols |
| JM 83 - lacZ- Messing and
‘ et al., 1982
Protease |
‘negative
DH1 Protease | Low,
1965
negative Meselson
“and Yuan
1968
Hanahan,
1983
RR1 Protease Bolivar
negative et al. 1977
Peacock

et al., 1981
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Table 2-2: Bacterial Strains Used II
Organism Relevant Source or
Phenotype Reference
B. Pseudomonas
fluorescens
T20 Protease Patel

positive et al. 1983

ATCC 13525 Protease Stanier,1966

negative
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Table 2-3: Plasmids Used:

Plasmid Phenotype Source or
Reference
pUC 12 ampR Vieira and
Messing,1982
pKT230 kanP Bagdasarian,
et al., 1981
pUT 8 ampR This work
Protease
positive
pT20 ampR,KanR,Protease This work

positive
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2.3 Cultivation and maintenance of bacterial strains

P. fluorescens T20 had been previously isolated from raw milk supplied by a
local dairy. The raw milk was plated out on plate count agar (PCA) containing
2% skim milk powder. The plates were incubated at 7°C for 8 to 10 days and
colonies showing zones of proteolysis were selected and purifie.d by streaking on

fresh PCA.

All cultures were started from a single colony and were maintained on the
appropriate selective media where, in the case of those strains producing the heat-
stable protease, milk powder was included in the media. On the other hand, to
ensure that plasmids were maintained, the media included the appropriate
antibiotics. The media used were as follows: trypticase soy agar (TSA) plates
and broth (TSB), Luria agar (LA) plates and broth (LB) (Miller,1972), yeast
extract tryptone (YT) plates (Miller, 1972). When required, skim milk powder
was added to a final concentration of 2% and antibiotics such as ampicillin,
kanamycin, and tetracycline were added to a final concentration of 20 pg/ml, 50
pg/mL, and 25 pg/mL respectively. Pseudomonads were grown in trypticase soy

media while the E. colt strains were maintained on both the LA and YT media.
2.4 Generation of a protease deficient mutant

Trypticase soy broth (9 mL) was inoculated with preinoculum (1 mL), which had
been grown overnight to mid-log phase. N-methyl-N'-nitro-N*- nitrosoguanidine
(MNNG), was added at a concentration of 1 pg/mL to 30 ug/mL. The cultures
were grown overnight at 25°C. Those cultures where MNNG just permitted
growth were selected. The cells were pelleted by centrifugation at 5,000 g for 10
minutes at 25°C. The pellets were washed twice with Tris-HCI buffer (20 mM pH
7.5 ),