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ABSTRACT 

Vibrio alginolyticus is a gram-negative aerobic bacterium 

that produces several extracellular serine proteases and a 

col_lagenase during the stationary growth phase. 

The aim of this study was to investigate alkaline serine 

protease production by this organism, and to attempt the 

cloning and expression of a V.alginolyticus protease gene in 

Escherichia coli. 

A V. alginolyticus mutant, prot-T1 , was characterized. It 

over-produced proteases but not collagenase and showed 

altered temporal expression, producing protease activity 

during the exponential growth phase. 

A novel v. alginolyticus protease, protease A, was 

identified. It had an apparent Mr of approximately 54 000, 

was resistant to SDS, and was inhibited by a serine protease 

inhibitor, PMSF. Its stability and activity was maintained 

by the presence of ca2+ ions without which it degraded to 

form two minor protease activities, proteases B ~nd C, with 

apparent of approximately 41 000 and 37 000, 

respectively. 

The gene for protease A, proA, was cloned and expressed in 

E.coli. Transcription and translation of proA occurred 

during early exponential growth of the E.coli host. No 

active intracellular protease A was detected, even though 

the active enzyme only appeared in the extracellular medium 

during the late stationary growth phase ( 18-24 h) • Hybrid 
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proteins resulting from fusions of TnphoA to proA were 

secreted across the E.coli cytoplasmic membrane during the 

exponential growth phase, indicating that the presumptive 

pool of inactive protease A molecules accumulated in the 

periplasm before the delayed release to the extracellular 

medium. 

Nucleotide sequencing of proA revealed· an ORF of 1602 bp 

which encoded a protein of 534 amino acids (Mr 55 900). A 

typical promoter region ( -35, TTGACA I -10, TAAAAT) and 

ribosome-binding site (AGGA) were identified. The gene 

encodes a 21 amino acid signal peptide, capable of directing 

the secretion of hybrid alkaline phosphatase proteins across 

the inner membrane in E.coli. Disruption of the C-terminal 

portion of protease A did not prevent secretion across the 

cytoplasmic membrane in E.coli, but export across the outer 

membrane or the formation of mature protease A was 

inhibited, and only proteases B and C were detected. 

The deduced amino acid sequence of protease A showed 30-40% 

overall homology to other serine proteases of the subtilisin 

family. The highest homology (44%) occurred with the fungal 

proteinase K. The regions comprising the active site of 

serine proteases were all highly conserved, including those 

of the Serratia marcescens protease, which only shares 12% 

overall homology with protease A. 
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Chapter 1 

General Introduction. 

PRODUCTION OF EXOENZY.MES BY VIBRIO ALGINOLYTICUS. 

1 

The collagenolytic V.alginolyticus strain isolated by Welton 

and Woods (1973) is a non-pathogenic, aerobic, gram-negative 

bacterium, that was originally classified as an 

Achromobacter iophagus strain. It was isolated from hides as 

the causative agent of hide decay and leather damage (Woods 

et al., 1973). 

A potent producer of both collagenase ·( Lecroisey et al. , 

1975; Welton and Woods, 1975) and proteases (Long et al., 

1981), V.alginolyticus provides a useful model for the study 

of exoprotein production by a gram-negative bacterium. 

However, studies on the regulation of extracellular enzyme 

production by V.alginolyticus have been hampered both by the 

lack of a suitable genetic system (conju9ation, 

·transformation or . transduction) (C. Jacobs, M.Sc Thesis, 

Microbiology Dept, University of Cape Town, 1984), and by 

the multiplicity of exoenzyrnes produced by the bacterium. 

The collagenase is inducible by either collagen or its high­

molecular-weight fragments, and by certain fragments in 

peptone (Difco), and is synthesized as the culture enters 

stationary phase (Keil-Dlouha et al., 1976; Robbertse et 

al., 1978; Reid et al., 1978, 1980). Inhibition of 

translation by chloramphenicol prevented collagenase 

production whereas the inhibition of transcription by 

rifampin did not have an immediate effect on collagenase 
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production, indicating that the collagenase may be 

translated from a reservoir or pool of mRNA, in the absence 

of transcription (Reid et al., 1980). Both glucose and 

Casamino acids repressed collagenase production, although 

synthesis of the enzyme continued for up to 60 min after 

their addition. Collagenase synthesis does not appear to be 

regulated by classical catabolite repression (Reid et al., 

1978, 1980). 

The proteolytic activity of v. alginolyticus culture 

supernatants could be attributed to more than one enzyme 

(Long et al., 1981). The number and approximate Mr of these 

proteases were determined by gelatin-PAGE (Hare et al., 

1983). Three major bands of protease activity with apparent 

Mr of approximately 28 000, 22 500 and 19 500 (proteases 1a, 

2 and 3, respectively) and two minor bands with apparent Mr 

of approximately 15 500 and 14 500 (proteas·es 4 and. 5, 

respectively) were detected. Inhibitor studies indicated 

that they were serine proteases. 

In contrast to the collagenase, the alkaline protease 

activity did not require a specific inducer and was produced 

in tryptone or minimal media (Long et al., 1981) during the 

late stationary growth phase. This, together with the 

discovery that alkaline serine protease synthesis, but not 

collagenase synthesis, was stimulated by histidine and 

urocanic acid (Long et al., 1981; Bowden et al., 1982), 

implies that the two enzyme activities are under independent 

control. 
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Both the alkaline protease (Long et al., 1981) and 

collagenase (Reid et al., 1978) activities are subject to 

catabolite repression, by a number of different substrates, 

which is not relieved by cyclic AMP or cyclic GMP. 

Protease production was inhibited by a temperature shift 

from 30 to 37 °C, or by decreased aeration (Hare et al., 

1981). This response may have an ecological implication 

regarding the difference in temperature between the hide of 

a live animal and the hide once it has been removed and 

stored at a lower temperature. 

Another enzyme produced by V.alginolyticus is sucrase. This 

enzyme is, however, intracellular (Scholle et al., 1987). In 

the collagenolytic V.alginolyticus, the sucrose is 

transported by a Na+-independent system, in contrast to that 

of a marine v. alginolyticus strain ( Kakinuma and Unemoto, 

1985), which uses a Na+-dependent uptake system. A 10.4 kb 

DNA fragment containing the sucrase and sucrose-uptake genes 

has been cloned in Escherichia coli (Scholle et al., 1987). 

The recombinant E.coli[pVSlOO] produced both intra- and 

extracellular sucrase activities and was able to utilize 

sucrose as a sole carbon source. The sucrase gene has been 

sequenced, and the deduced amino acid sequence shows 

significant homology to the sucrase of Bacillus subtilis 

(R. Scholle, private communication). 

A cloned V.alginolyticus glnA gene functions in E.coli, and 

is capable of directing the synthesis of glutamine 

synthetase in E.coli glnA deletion mutants (Maharaj et al., 
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1986). The cloned glutamine synthetase in an E. coli glnA 

ntrB ntrC deletion strain was subject to regulation by 

temperature, oxygen and nitrogen levels. The structure of 

the v. alginolyticus glnA region is basically similar to 

E. coli and other enterobacteria, and it may be concluded 

that the mechanisms of control involved in regulation by 

nitrogen are similar in V.alginolyticus and E.coli (R. 

Maharaj, private communication). 

Due both to their potential commercial importance as well as 

to their interesting regulation and late stationary growth 

phase production and export, the V. alginolyticus proteases 

were chosen as the subject of this study. 

PROTEASES: PROPERTIES AND POTENTIAL APPLICATIONS. 

Proteases represent an important group of industrial enzymes 

and form a major portion of world-wide enzyme sales. They 

have been used in such diverse applications as the tanning 

of hides, cheese-making and in the detergent industry. Apart 

from fulfilling a specific role, industrially important 

enzymes should be available in bulk at a relatively cheap 

price. Other commercially important proteases are the 
I 

"speciality enzymes" , for example, those used in research 

work. These are usually very expensive, highly purified and 

available on a much smaller scale. 

Although new proteases are constantly being isolated, only a 

few are commercially viable as their advantages are often 

heavily outweighed by developmental costs. 
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PROTEASE PRODUCTION: Proteases are produced by a wide range 

of organisms, both prokaryote and eukaryote. Some of the 

most extensively studied proteases are those produced by 
r' 

bacteria, not only because they possess a wide range of 

properties and applications, but because they exhibit 

interesting and, in many cases, unusual mechanisms of 

regulation, production and secretion. One of the primary 

aims of research is to increase protease production, and 

this is often accomplished by the isolation of mutants, or 

by the cloning and expression of the protease gene in 

another species of bacterium. 

STRUCTURE, FUNCTION AND STABILITY: Enzymes are complicated 

catalysts. They are often found as multisubunit complexes, 

and frequently require co-factors or metal ions in order to 

carry out their reactions. Some are inhibited by metal ions, 

oxidation or the presence of chelating agents. The catalytic 

mechanism is, therefore, an important consideration in any 

commercial application. 

The ~tability of a protease can be affected by temperature, 

pH and denaturing agents. The stabilization of a protein 

against denaturation can be conferred by small changes in 

the amino acid sequence that do not otherwise interrupt the 

overall structure. An example of this is found in the case 

of subtilisin, an enzyme which has had many of its 

properties altered by protein engineering (Wells and Estell, 

1988). The specific binding of metal ions (particularly 

calcium) is also known to enhance stability in many cases. 
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Some proteases exhibit special features or adaptations that 

often reflect on the environment or ecological niche of the 

organisms that produce them. Halophilic bacteria of the 

genus Halobacterium, belonging to the separate bacterial 

kingdom named archaebacteria, produce enzymes that are 

adapted to function at high (4-5 M-NaCl) salt concentrations 

(Lanyi, 1974). The protease produced by Halobacterium 

halobium contains SH groups, and also requires ca 2+ to 

maintain its structure (Izotova et al., 1983). The protease 

has many features in common with the serine proteases of 

Bacillus spp. 

Escherichia freundii produces an extracellular zinc­

containing alkaline metalloprotease (Nakajima et al., 1974). 

As E.freundii is a psychrophilic bacterium (capable of 

growing at 0 °C and lower temperatures), it is not 

surprising that the protease it produces has optimum 

activity at the fairly low temperature of 25 °C. A further 

example of "adaptation" to temperature is to be found in the 

case of thermophilic proteases (Cowan et al., 1985), which 

are generally produced by organisms with high optimal growth 

temperatures (55 °C and higher). 

TYPES OF PROTEASE. 

The proteases of both eukaryotic and prokaryotic origin can 

be classified into four groups on the basis of their 

mechanisms of action (Hartley, 1960), viz., (1) serine 

proteases, (2) thiol proteases, (3) neutral and metal­

chelator sensitive proteases and (4) acid proteases. 
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SERINE PROTEASES: Serine proteases are characterized by the 

presence of a uniquely reactive serine side chain. The three 

residues implicated in the protease catalysis reaction, 

namely His 57 , Asp102 , and Ser195 (chymotrypsin numbering 

system) are within highly conserved regions throughout the 

serine protease family. The class can be divided into the 

trypsin- and subtilisin-related enzymes, which have their 

catalytically functional groups arranged in the same 

geometrical relationship, but have different overall three­

dimensional structures and have, therefore, probably evolved 

independently from unrelated ancestral enzymes (Kraut, 

1977). 

Proteinase K may represent a subfamily of the subtilisins. 

All known subtilisins lack disulfide bridges, whereas 

proteinase K and all trypsin-related enzymes .contain such 

bonds (Jany et al., 1986). Jany et al. (1986) speculate that 

the two subclasses diverged from the ancestral subtilisin­

related enzyme. One of these classes encloses the cysteine­

free subtilisins like subtilisin novo, carlsberg or DY, and 

the other is represented by the cysteine-containing 

subtilisins like thermitase (Meloun et al., 1985) and 

proteinase K. 

The serine proteases specifically bind the tetrahedral 

transition state complex characteristic of acyl transfer 

reactions (Kraut, 1977). This binding template is composed 

of a number of elements acting together: an antiparallel 

~-binding site for the acylating polypeptide chain of the 

substrate; specific side-chain binding sites that vary with 
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the particular enzyme; a less specific leaving-group site; a 

site for hydrogen bonding to the tetrahedral oxyanion; and 

the reactive serine side-chain for covalent bonding to the 

substrate's carbonyl carbon atom. 

The substrate carbonyl carbon undergoes a nucleophilic 

attack by the hydroxyl group of the serine, which leads to 

the formation of an acyl enzyme intermediate (reviewed by 

Sprang et al., 1987). The histidine residue involved in the 

reactive site of serine proteases functions as a catalytic 

base by assisting in the transfer of a proton from the 

serine hydroxyl to the substrate leaving group. The role of 

the aspartic acid residue appears to be the orientation and 

stabilization of the histidine base (Sprang et al., 1987; 

Craik et al., 1987). 

NEUTRAL OR METAL-BOUND PROTEASES: This group of enzymes is 

characterized by the participation of a metal ion in enzyme 

catalysis. Metal-chelators such as EDTA, therefore, have a 

strong inhibitory effect on activity. Examples of neutral 

proteases are the extracellular proteases produced by 

B.subtilis (McConn et al., 1964; Sohoni and Joshi, 1982), 

the bovine metallocarboxypeptidases (Coleman and Vallee, 

1960), the thermostable "thermolysin" of Bacillus 

thermoproteolyticus (Feder et al., 1971), and the neutral 

proteases isolated from Pseudomonas fragi (Porzio and 

Pearson, 1975) and Pseudomonas fluorescens (Juan and 

Cazzulo, 1976). A common feature of these proteases is the 

preference for zinc as the activating ion (Coleman and 

Vallee, 1960) and, therefore, strong inhibition by 
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o-phenanthroline, which preferentially affects zinc­

containing enzymes (McConn et al., 1964). There is 

frequently a requirement for calcium ion(s) for stability. 

THIOL PROTEASES: Subdivision of this class on the basis of 

side-chain specificity (Morihara, 1974) gives two groups, 

namely clostripain and streptococcal protease. Thiol 

proteases are inhibited by p-chloromercuribenzoate (or PHMB) 

and tosyl-L-lysine chloromethyl ketone (TLCK). 

ACID PROTEASES: This class of proteases is not further 

subdivided. They exhibit specificity against aromatic or 

hydrophobic amino acid residues at both sides of the 

splitting point in a peptide substrate. 

THE REGULATION OF PROTEASE PRODUCTION. 

The levels of individual nutrients in the extracellular 

environment of an organism are known to influence the 

synthesis of many exoproteins. Although there are marked 

differences amongst various organisms, exoenzymes are 

generally subject to control by end product inhibition and 

catabolite repression (Glenn, 1976). Possibly the biggest 

criticism of much of the early published work on enzyme 

synthesis is the use of "variable" media, in which the 

growth-limiting components were not clearly defined (Priest, 

1977). A further complication is that many bacteria produce 

more than one protease. 

End-product inhibition of exoprotease synthesis by amino 

acids has been reported in a number of bacterial genera, but 
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the exact mechanism of this repression remains unclear. Some 

bacterial proteases are completely insensitive to amino acid 

repression (Glenn, 1976). Protease synthesis may also be 

subject to catabolite repression, especially by glucose. 

Hanlon and Hodges (1981) reported a requirement for glucose 

during protease production by Bacillus licheniformis but 

noted that high concentrations of glucose caused repression 

and stressed the need for studies to be carried out under 

conditions in which the actual growth rate of a culture is 

not changed by the addition of a single component such as 

glucose. 

One of the striking features of exoenzyme regulation is the 

repression of synthesis during exponential growth phase, 

followed by a rather abrupt de-repression once stationary 

growth phase is reached (Pollock, 1962). The extracellular 

proteinase produced by Vibrio parahaemolyricus follows this 

pattern of repression (Tanaka and Iuchi, 1971). In this 

case, however, the repression was different to the classical 

catabolite repression as it was not relieved by cyclic AMP. 

Coleman er al. (1975) propose a model for the control of the 

post-exponential growth phase increase in exoprotein, based 

on the differential transcription of exoprotein mRNA and 

ribonucleotide availability. 

Proteases are also subject to induction by various 

substrates. The production of protease by Proteus mirabilis 

was more marked when a digest of the substrate (gelatin) was 

used, suggesting that exoenzymes are not directly induced by 

larger molecules, which are unable to enter the cell, but 
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rather by small peptides and amino acids (Bona to et al. , 

1982). A marine bacterial strain, SAl, showed an efficient 

regulatory mechanis~ of induction by low concentrations of 

amino acids, and repression by high concentrations of amino 

acids (Daatselaar and Haarder, 1974). An interesting feature 

of collagenase induction in V.alginolyticus is that it 

requires the collagenase-sensitive bonds and tertiary 

structure of the collagen molecule for induction (Keil-

Dlouha et al., 1976}. The peptone inducers (which have a 

broad Mr range of 1 000 - 60 000} also lose some of their 

inducing ability when digested with v. alginolyticus 

collagenase (Reid et al., 1980). 

I 

Environmental factors other than nutrients in the media are 

also responsible for the control of protease production. The 

_role of temperature and oxygen as control factors has not 

been widely studied. Their effect on enzyme production in 

V.alginolyticus was described by Hare et al. (1981). 

A powerful approach to investigating exoenzyme synthesis has 

been to study regulatory mutations. Advances in this field 

are described in the introduction to Chapter 2. 

PROTEASE DETECTION. 

A number of methods have been used to detect the proteolytic 

activity of bacteria. Plate assays include the incorporation 

of skim milk into the aga~ plate (proteolysis causes a halo 

of clearing around the colony}, the incorporation of 

casein/gelatin into an agar plate (a plate diffusion assay 
-

resulting in zones of precipitation} (Montville, 1983), or 
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the use of Ouchterlony immunodiffusion using antisera raised 

against purified proteases (Leung and Stevenson, 1988). Skim 

milk agar plates allow the simple and rapid screening of a 

large number of bacteria, and was the method of choice in 

this study, as purified protease preparations from 

V. alginolyticus, required for the production of antisera, 

were not available. Two commonly used liquid assays of 

protease activity are the azocoll and azocasein assays. The 

latter was used by Long et al. ( 1981) to assay 

V.alginolyticus protease activity. 

Different methods of visualizing proteolytic activity· 

following electrophoretic separation on agarose, starch or 

polyacrylamide gels have been described (examples quoted by 

Arvidson and Wadstrom, 1973). These are based on two 

principally different techniques; one utilizes contact 

between the separation gel and an overlying substrate gel, 

and the other involves incorporation of the substrate into 

the separation gel. The fact that many proteases renature 

with relative ease after SDS-PAGE, once the SDS has been 

removed by washing the gels in Triton X-100, allows the in 

situ detection of protease activity in polyacrylamide gels 

containing copolymerized gelatin. This method (Heussen and 

Dowdle, 1980) was used for the characterization of 

V.alginolyticus extracellular proteases by Hare et al. 

(1983). 
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SECRETION. 

In bacteria, all protein synthesis occurs in the cytoplasm. 

Certain proteins destined for extracytoplasmic locations 

such as the periplasm, cell envelope or the extracellular 

medium, must then traverse one or more biological membranes 

in order to reach their final cellular compartment. These 

proteins are referred to as exported or secreted proteins, 

with the term excretion being used exclusively for those 

proteins that are located to the environment external to the 

cell (Glenn, 1976; Oliver, 1985). Pollock (1962) defined an 

extracellular protein as one which "exists in the medium 

around the cell, having originated from the cell without any 

alternation to cell structure greater than the maximum 

compatible with the cell's normal processes of growth and 

reproduction". One must, therefore, establish what degree of 

cell lysis is occurring before one can state that true 

excretion is taking place. 

The past 15 years has seen an increased interest in the 

phenomenon of protein secretion and it has been studied in a 

variety of eukaryotic and prokaryotic systems. Due to 

posttranslational modifications of proteins and the 

increased number of subcellular compartments, protein export 

in eukaryote systems is more complex than, for instance, in 

a bacterium such as E.coli, which serves as a simple model 

system for studying secretion (reviewed by Oliver, 1985; 

Hirst and Welch, 1988). In gram-positive bacteria, which 

possess a single membrane, the secretion process has been 

extensively studied and generally appears to be similar to 
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the signal-peptide pathway of export described in eukaryote 

cells (Walter et al., 1984). The focus of attention has 

shifted from the study of the events leading up to and 

including translocation of proteins across a single membrane 

barrier, to the variety of mechanisms whereby proteins are 

exported across the more complex double membrane of gram­

negative organisms. 

THE GRAM-NEGATIVE ENVELOPE: The cell envelope of a gram-

negative organism consists of two membranes (the inner and 

outer membrane) separated by a periplasmic compartment, 

which is an aqueous environment containing enzymes and 

transport binding proteins, immersed in a peptidoglycan 

(murein) layer (reviewed by Hirst and Welch, 1988; Benz and 

Bauer, 1988). The two membranes have points of adhesion with 

one another, referred to as Bayer junctions (Bayer, 1979). 

The inner membrane is a typical plasma bilayer, containing 

phospholipids and a variety of different proteins 

responsible for biosynthesis, uptake and transport. The high 

osmotic pressure across the cell envelope in very dilute 

solutions is maintained across the outer, and not the inner 

membrane. The peptidoglycan layer maintains the cell's 

shape. The outer membrane has an unusual lipid composition, 

and a relatively simple protein composition. It is 

asymmetric, containing mainly lipopolysaccharides in the 

outer monolayer, and phospholipids in the inner layer. It 

serves both to protect the bacterium against extracellular 

enzymes and host-defense factors, and as a diffusion or 
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export barrier allowing the passage of certain compounds to 

the extracellular medium. 

The active components of the "sieving" properties of the 

outer membrane are a group of proteins called porins. Some 

porins act as general diffusion pores, sorting solutes 

mostly according to their Mr, while others are highly 

selective, for example, LamB and Tsx of E. coli (the gram­

negative cell envelope and porins are reviewed by Benz and 

Bauer, 1988). 

THE SECRETION PROCESS: It was long presumed that gram-

negative organisms either do not, or only rarely secrete 

proteins past the outer membrane. This view has now been 

challenged by the discovery that numerous gram-negative 

species can in fact actively excrete certain proteins. 

Examples of these include Pseudomonas (Lory et al., 1983), 

Vibrio (Hare et al., 1983; Hirst et al., 1984), Erwinia 

(Chatterjee and Starr, 1980; Wandersman et al., 1986), 

Serratia (Braun and Schmitz, 1980; Ball et al., 1987) and 

Aeromonas (Howard and Buckley, 1985). 

E.coli is able to excrete certain specialized proteins such 

as toxins (Gyles et al., 1974) and hemolysins (Springer and 

Goebel, 1980; Wagner et al., 1983) but appears to lack a 

general mechanism for protein excretion, as the introduction 

of cloned genes coding for products excreted in other gram­

negative organisms does not usually result in export of the 

relevant gene product. Examples of this are the v. cholerae 

neuraminidase and enterotoxin genes (Vimr et al., 1988; 
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Pearson and Mekalanos, 1982), Haemophilus influenzae IgA1 

protease (Bricker et al., 1983), V.parahaemolyticus 

hemolysin (Taniguchi et al., 1985) and the Klebsiella 

pneumoniae pullulanase (Michaelis et al., 1985). Exceptions 

to this phenomenon are found in the case of the S.marcescens 

protease, nuclease and chi tinases (Yanagida et al., 1986; 

Ball et al., 1987; Clegg and Allan, 1985; Jones et al., 

1986), Erwinia chrysanthemi proteases (Barras et al., 1986; 

Wandersman et al., 1987) and Neisseria gonorrhoeae ·IgA 

protease (Pohlner et al., 1987), which are completely 

excreted by E.coli carrying the cloned genes. The export in 

E.coli tif the cloned penicillinase of a gram-positive 

Bacillus spp. was associated with lysis of the outer 

membrane (Kudo et al., 1983). The streptokinase of 

Streptococcus equisimilis cloned in E.coli can be found in 

the supernatant after prolonged incubation of the host 

cells, and is apparently released without cell lysis (Malke 

and Ferretti, 1984). 

Whereas the various extracellular proteins seem to be 

transported across the bacterial envelopes by different 

mechanisms, the movement of proteins across the inner or 

cytoplasmic membrane seems to be governed by certain common 

principles. In E. coli, the main features of this process 

include: 

( 1) synthesis of the protein as a precursor with a 

N-terminal "leader" or "signal" sequence ( Ferenci and 

Silhavy, 1987); 
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(2) the requirement for energy in the form of ATP, and 

an electro-chemical potential (Eilers and Schatz, 

1988); 

(3) removal of the "signal" 

peptidase (or in the case 

lipoprotein signal peptidase) 

Oliver, 1985); 

sequence by signal 

of lipoproteins, by 

(von Heijne, 1983; 

( 4) an export apparatus, for example, SecA, SeeD and 

SecY (PrlA) (Oliver and Beckwith, 1981); 

(5) soluble cytoplasmic factor(s) that may couple 

precursors to the export apparatus (Fandl and Tai, 

1987). 

Some of these features are also common to protein s~cretion 

across the endoplasmic reticulum of eukaryotes. For example, 

some bacterial signal sequences work in eukaryotes (Lingappa 

er al., 1984) and vice versa (Talmadge er al., 1980). 

EXCRETION OF PROTEINS ACROSS THE OUTER MEMBRANE: Most 

extracellular proteins are synthesized as precursors 

containing signal sequences that are structurally and 

functionally homologous to the signal sequences of 

precursors of periplasmic or envelope proteins. This is 

because these proteins must first cross the inner membrane 

on their journey to the extracellular medium. These signals 

therefore seem to play a role in directing the protein 

across the inner membrane, rather than playing a role in the 

final localization of the protein. However, a systematic 

investigation of signal peptides from a homogeneous system, 

such as E. coli, showed that they could be- separated into 
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distinct groups with respect to the final localization of 

the corresponding protein (Sjostrom et al., 1987). Two 

important exceptions to the rule are the E. coli hemolysin 

(HlyA)(Felmlee et al., 1985) and the colicins (Pugsley and 

Schwartz, 1984, 1985), which lack these N-terminal signal 

sequences. 

SECRETION PATHWAYS: The pathway taken by a particular 

protein is often difficult to trace, 

secretion mechanism may be subject 

problems: 

and studies on the 

to the following 

(1) a protein may choose alternative routes through a 

membrane when it is expressed and produced by a foreign 

bacterium; 

(2) cellular compartments are defined indirectly by the 

use of physical or chemical disruption techniques (for 

example, cell fractionation, or preparation for 

electron microscopy) , which may cause, for instance, 

the release of proteins normally attached to membranes; 

( 3) a protein may be localized only transiently in a 

particular compartment, and available techniques may 

not be sufficient to detect it. 

How the secretion pathways are followed, therefore, remains 

a fairly contentious issue. The most important difference 

between the various secretion pathways proposed, appears to 

be whether or not a protein enters the periplasm en route to 

the external medium. Those proteins with a N-terminal signal 

sequence appear to cross the inner and outer membrane in two 



19 

distinct events, traversing the periplasm in the process. 

Evidence for this has been obtained using mutants that fail 

to secrete certain extracellular proteins and instead 

accumulate them in the periplasmic space. Examples of this 

are the E.chrysanthemi (Andre et al., 1984; Thurn and 

Chatterjee, 1985), P.aeruginosa (Wretlind and Pavlovskis, 

1984) and Aeromonas hydrophila (Howard and Buckley, 1983, 

1985) mutants. There is, therefore, a requirement in gram-

negative bacteria for a means of sorting between soluble 

proteins destined for the periplasm and those destined for 

' the extracellular medium. 

However, not all proteins may enter the periplasm on their 

way across the cell envelope. For example, the P.aeruginosa 

exotoxin A appears to be transported across the inner and 

outer membranes simultaneously, via zones of adhesion (Lory 

et al., 1983). In fact, the proposed model of export 

precludes any secretion, per se, across either the inner or 

the outer membrane. When processing of the precursor was 

inhibited, the precursor was found attached to the outer 

surface of the cell, accessible to proteolytic digestion. No 

exotoxin or precursor could be recovered from the periplasm. 

The aerolysin of A.hydrophila seems to follow a multistage 

pathway, involving sorting either on the outside surface of 

the inner membrane, or the periplasm, before transport 

across the outer membrane occurs (Howard and Buckley, 1985). 

The aerolysin appears to be loosely associated with zones of 

adhesion and mature aero lysin can be isolated from within 

the cell. In contrast to the Pseudomonas exotoxin A, the 
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precursor of aerolysin that is accumulated in the presence 

of an export inhibitor, CCCP, is not accessible to 

externally added protease and accumulation of this precursor 

can be completely reversed upon removal of the inhibitor. 

The entrapped mature toxin is not released by'osmotic shock. 

In the case of the E.coli hemolysin, it is thought'that the 

hemolysin is secret~d via specialized adhesion zones or 

channels containing extragenic factors HlyB and HlyD (Gray 

et al., 1986). Although HlyA is activated in the cytoplasm 

by HlyC before transport across both membranes (Wagner et 

al., 1983; Mackrnan and Holland, 1984), no detectable pool of 

HlyA accumulates in the periplasm (Felmlee and Welch, 1988). 

THE ROLE OF EXTRAGENIC FACTORS IN PROTEIN SECRETION: In 

many cases, it is not only the intragenic information in a 

secreted protein that directs its secretion, but the action 

of certain extragenic factors that permit crossing of a 

membrane. For example, in E.coli the PrlA protein is 

essential for export of periplasmic and outer membrane 

proteins (Fandl and Tai, 1987). These extragenic factors are 

often highly specific to the export of one type of protein. 

Pseudomonas, for example, appears to have a variety of 

different extragenic factors to ensure export of a variety 

of proteins (Wretlind and Pavlovskis, 1984). The starch 

debranching enzyme, pullulanase, from Klebsiella pneumoniae, 

requires the presence of 2-6 gene products coded for by two 

genetic loci distinct from the structural gene (pulA) for 

the extracellular secretion of pullulanase (d'Enfert et al., 

1987). E.coli carrying only the pulA gene produces but does 



21 

not secrete pullulanase (Michaelis et al., 1985). In 

contrast to the pullulanase, the hemolysin polypeptide 

(HlyA) does not have a signal peptide, and does not appear 

to use the normal SecA-dependent pathway in E.coli to cross 

the inner membrane. It relies on a particular amino acid 

conformation in order to be recognized by the secretory 

mechanism (of which HlyB and HlyD are a part) , and to be 

converted to an active form by HlyC (Felmlee and Welch, 

1988). 

Colicins appear to be released by a unique mechanism, the 

features of which are the lack of a N-terminal signal 

peptide, the cytoplasmic accumulation of the colicin prior 

to release, and the production of a "lysis protein" with 

associated envelope permeability changes (Pugsley and 

Schwartz, 1984). Cells do not undergo cytolysis, but do 

release periplasmic proteins into the medium. It is possible 

that the lysis protein serves both to translocate the 

colicin across the cytoplasmic membrane, and to activate 

phospholipase A, which is responsible for the membrane 

changes. 

Not all extracellular proteins require specific extragenic 

factors for excretion. For example, the cloned gonococcal 

IgA protease (Pohlner et al., 1987) in E.coli is completely 

secreted, presumably using only the PrlA-dependent export 

apparatus of E.coli. The IgA protease precursor contains a 

N-terminal signal peptide, as well as a C-term~nal "helper'; 

domain that may form a pore for excretion through the outer 

membrane. The protein acquires its active conformation as 
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transport proceeds and is released as a pro-form from the 

outer membrane-bound helper by autoproteolysis. The 

secretion of Serratia marcescens proteases (Yanagida et al., 

1986) and E. coli heat-stable enterotoxins (Guzman-Verduzco 

et al., 1983) may utilize a similar mechanism (C-terminal 

helper). 

SEQUENCE INFORMATION REQUIRED FOR SECRETION: The 

information intrinsic to a particular gene product that 

directs its export from a cell can be divided into two broad 

categories, namely the N-terminal signal sequence and the 

sequence of the mature protein. Whilst the main functional 

role of the signal sequence is the crossing of the inner 

membrane, the role of the mature sequence is often more 

complex, encompassing translocation across both inner and 

outer membranes and determining the structure or folding of 

the protein. 

The role of the signal sequence. 

Although signal sequences bave certain common features (von 

Heijne, 1983, 1985) there is no consensus sequence, even 

within a given organism (Sjostrom et al., 1987). It is even 

possible to use a random sequence to functionally replace a 

signal sequence, as was reported for yeast invertase (Kaiser 

et al., 1987). However, the requirement for a signal 

sequence by many exported proteins is absolute and has even 

been shown to play a role in the final localization of the 

proteins (Sjostrom et al., 1987). Ferenci and Silhavy (1987) 

suggest that it is unlikely that the cell compensates for 

the degeneracy of the signal sequences by having low-
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specificity recognition by the export machinery. They 

propose a variety of subfunctions of the signal , sequence 

that all interact to optimize secretion. Mutations in the 

sequence could result in a variety of secretion defects, but 

would not necessarily abolish secretion altogether. 

The role of the mature protein seguence. 

Signal sequences from exported proteins have been used to 

successfully direct the export of other proteins, to which 

they have been fused (discussed by Sjostrom et al., 1987; 

Vasantha and Thompson, 1986). This does not mean, however, 

that a signal sequence alone is sufficient to direct 

translocation from the cytoplasm, as was found to be the 

case for ~-galactosidase (Moreno et al., 1980). Ferenci and 

Silhavy (1987) describe two types of export information in 

mature sequences. The first type, export incompatibility, is 

contained in ~-galactosidase, which jams the cellular export 

machinery when its translocation is attempted. The second 

type is positive and optimizes export. For example, the N­

terminus of a mature protein may play a role in the 

efficiency of export (Li et al., 1988). The mature sequences 

possibly function as non-structured II spacers II or help to 

maintain the protein in an unfolded state during membrane 

crossing (Ferenci and Silhavy, 1987). 

Other types of sequence, reviewed by Oliver (1985), include 

stop-transfer, sorting, and insertion sequences. A stop­

transfer sequence is capable of stopping the movement of a 

section of a protein through a membrane, thus anchoring it 

in the membrane. Sorting sequences would provide the 
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information required for the targeting of a protein to its 

final destination, possibly by means of specific recognition 

with binding/transport proteins. Insertion sequences allow 

the integration of a protein into a membrane by hydrophobic 

interactions, without the use of a signal sequence or the 

use of cellular export machinery. 

Conformational considerations. 

There are two possible ways in which an exported protein 

might adopt its final conformation. The secretion across the 

outer membrane may be linked to the initiation and 

translocation of the protein across the inner membrane, and 

folding may only occur once it has crossed the outer 

membrane. Alternatively, the protein may. adopt its native 

conformation once it has reached the periplasm and may then 

cross the outer membrane in this state, or be unfolded to 

enable passage across the outer membrane. 

If a state of "unfoldedness" is required in order for a 

protein to cross a membrane, then some mechanism must exist 

to counteract the inherent property of a polypeptide to 

adopt· a tertiary structure. An "unfoldase" that actively 

unfolds proteins has been suggested (Rothman and Kornberg, 

1986). Alternatively, components within a cell (such as the 

ribosomes, and the signal recognition particle, SRP) may 

serve to anchor or stabilize the growing polypeptide chain, 

thus preventing its folding (Zimmermann and Meyer, 1986). 

Furthermore, it is possible for the signal peptide, itself, 

to retard the folding of a precursor, such as in the case of 
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the maltose-binding protein and ribose-binding protein (Park 

et al., 1988). The prevention of disulfide-bond formation 

may be yet another way in which a protein is maintained in 

an unfolded state (Creighton, 1988; Bissell et al., 1971). 

It is unclear whether or not a protein has to be in an 

unfolded state in order to traverse the gram-negative 

envelope. The toxin subunits of both V. cholerae and E. coli 

are assembled within the periplasm into a stable quaternary 

conformation, and the holotoxin must then be exported across 

the outer membrane and converted to the active form in the 

extracellular medium (Hirst et· al., 1984; Hofstra and 

Witholt, 1984; Hirst and Holmgren, 1987a, b). 

The importance of the C-terminus in protein export. 

The C-terminal region of many exported proteins appears to 

play an important role in the secretion across membranes. 

The C-terminus of E.coli hemolysin (HlyA) presents a novel 

secretion sequence, capable of directing the export in 

E. coli of chimeric proteins to which it has been fused 

(Mackman et al., 1987; Hirst and Welch, 1988). The secretion 

signal may be contained entirely within the last 27 amino 

acids of the HlyA protein (Mackman et al. I 1987) I and a 

repeated 8-aa chain has been identified and implicated in 

the export process (Felmlee and Welch, 1988). This C­

terminal region apparently functionally replaces the N­

terminal signal sequence which is lacking in HlyA. Fusion to 

the C-terminal portion of HlyA only results in the release 

of a chimeric protein to the medium when the products of the 
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accessory export genes, hlyB and hlyD, are present (Mackman 

et al., 1987). 

The serine protease of Staphylococcus aureus, strain VB, has 

an unusual C-terminus containing a twelve-fold repeated 

tripeptide (Carmona and Gray, 1987). It has been postulated 

that this highly ordered region may function to prevent 

activity prior to secretion. 

Even in the case of proteins that possess a N-terminal 

signal sequence, changes in the C-terminal region can 

prevent secretion to the periplasm (Sandkvist et al., 1987), 

or to the extracellular medium, often resulting in 

periplasmic accumulation of the protein (Grundy et al., 

1987; Pohlner et al., 1987; Yanagida et al., 1986). 

THE MULTIPLE MECHANISMS OF SECRETION: A look at the vast 

array of secretion systems being studied, indicates that no 

one mechanism can account for the export of proteins by 

bacteria. In gram-negative organisms alone, there appear to 

be distinct groups of proteins relying on different export 

mechanisms. One group may be thought of as "self-secreting", 

containing all the necessary intragenic information for 

secretion in E. coli. Examples of this would include the 

S.marcescens protease (Yanagida et al., 1986), the 

gonococcal IgA protease (Pohlner et al., 1987) and the 

P.aeruginosa exotoxin A (Lory et al., 1983). Another group 

lacks the usual signal sequence and instead makes use of 

novel sequences and also requires extragenic factors; for 

example the accessory proteins of E.coli hemolysin (Gray et 
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al., 1986). A third group relies on both a signal sequence 

and a specific export system; for example the protease of 

A.hydrophila (Howard and Buckley, 1985). In fact, within one 

species of bacterium alone, there may be several different 

paths of export; for example the independent export pathways 

for pectate lyase and protease in E.chrysanthemi (Barras et 

al., 1986) and for protease, nuclease and chitinase in 

S.marcescens (Hines et al., 1988), and the different classes 

of export mutants of P.aeruginosa (Wretlind and Pavlovskis, 

1984). In general, E.coli does not normally produce 

extracellular proteins and can be considered to lack the 

full secretory system found in other gram-negative bacteria. 
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Chapter 2 

Isolation and characterization of a Vibrio alginolyticus 
mutant that overproduces extracellular proteases. 

2 . 0 Summary. 

A v.alginolyticus mutant, showing enhanced protease 

production, was isolated following treatment with the 

mutagen NTG. The mutant, designated prot-T1 , was able to 

produce haloes of clearing on skim milk peptone agar plates 

at 42 °C whereas proteolysis by the wild-type strain was 

inhibited at 37 °C. The wild-type strain only produced 

proteases during the stationary phase, whereas the prot-T1 

mutant synthesized proteases throughout the exponential and 

stat'ionary growth phases in peptone medium. The prot-T1 

mutant overproduced the three major alkaline serine 

proteases with apparent molecular masses of approximately 

28 000, 22 500 and 19 500 (proteases la, 2 and 3, 

respectively). Their synthesis was not markedly inhibited by 

either inc~bation at 37 °C or lack of aeration, two 

treatments known to repress protease production by the wild-

type. High protease activities were induced by glucose or 

glutamine in stationary phase prot-T1 that were pre-grown in 

peptone medium. Glucose or glutamine had the opposite effect 

when cultures were pre-grown in minimal medium. Collagenase 

production was unaltered in the prot-T1 mutant. Collagenase 

was produced during the stationary phase and was repressed 

at 37 °C and by the lack of aeration. 
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2.1 Introduction. 

The five alkaline serine protease activities of 

V.alginolyticus, described by Hare et al. (1983), may arise 

from separate genes, by post-translational modification, or' 

by autodegradation. Studies on the effects of inhibitors and 

pH on activity, and of histidine and temperature on 

production, indicated that the three major proteases were 

different enzymes and were not partial fragments of one or. 

two enzymes (Hare et al., 1983). 

In order to gain insight into the complex regulation and 

secretion of enzymes by V. alginolyticus, the isolation of 

mutant strains was desirable. The elimination of individual 

protease activities would confirm their independent nature, 

whilst 'the loss of all proteolytic activity would favour the 

commercial preparation of collagenase free of contaminating 

protease. The loss of extracellular protease activity would 

indicate that a general export pathway had been affected. 

Mutants of a marine Vibrio strain, which are pleiotropically 

defective in the production of extracellular proteins, have 

been reported (Ichige et al., 1988). These mutants fall into 

two groups; those that produce no proteases at all, and 

those for which the excretion has been blocked and the 

proteases are found in the periplasmic space. 

A number of hyperproduction mutants have also been isolated. 

Hyperproduction of B.subtilis extracellular proteases can be 

brought about by a number of different mutations such as 

hpr, sacQ(Hy), sacU(Hy), or by multiple copies of prtR or 
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sacQ cloned on a multicopy plasmid (discussed by Tanaka and 

Kawata, 1988). The prtR gene product enhances the production 

of both the levansucrase and the extracellular proteases 

(which are expressed during exponential , growth or 

sporulation, respectively), · and is thought to act at the 

transcriptional level (Tanaka et al., 1987). The expression 

of the intracellular serine protease (ISP-1) of B.subtilis 

is also affected by a number of the mutations ·known to 

affect the expression of the extracellular enzymes (Ruppen 

et al., 1988). The temporal expression and activation of 

ISP-1 was not affected by any of these mutations. 

Mutants of V.parahaemolyticus deficient in either cAMP or a 

cAMP-binding protein, show increased protease production 

(Tanaka and Iuchi, 1983). Tanaka and Iuchi (1983) speculate 

that the normal CRP-cAMP complex in the wild-type strain 

(which produces apparently four different proteases) may act 

as a negative regulator on the production (synthesis or 

secretion) of proteases 1 and 3, but not of proteases 2 and 

4 (which are not hyperproduced). 

A mutant which over- or under-produces proteases, or which 

lacks a particular regulatory response (temperature, growth 

phase, aeration, for example) would provide a valuable tool 

for the study of enzyme regulation and secretion by 

v.alginolyticus. 



31 

2.2 Materials Bnd Methods. 

2.2.1 Bacterial strains and media. The proteolytic 

V.alginolyticus strain, which has been described previously 

(Welton and Woods, 1973, 1975; Reid et al., 1980), was 

maintained at room temperature on PW (2.5%, w/v peptone in 

distilled water) agar containing 1% (w/v) skim milk. All 

bacterial strains, including the E.coli strains described in 

the following chapters, were frozen at -70 °C in the 

presence of 1% glycerol for long-term storage. The peptone 

medium, Casamino acids medium (CAM), minimal medium (MM) and 

succinate minimal medium (SMM) are described in Appendix A. 

All media, except MM, were prepared in 0.1 M-Tris/HCl buffer 

(pH 7.6) containing 0.4 M-NaCl and cac1 2 .2H2o (0.29 g 1-1 ) 

(Tris/salt buffer; Appendix A); Amino acids and carbon 

sources were added to media to give final concentrations of 

5 mg ml-1 and 2 mg ml-1 , respectively. 

2.2.2 Growth conditions for. enzyme studies. The growth 

conditions for the production of collagenase in peptone 

medium and alkaline serine proteases in SMM, by concentrated 

stationary phase V.alginolyticus cells, have been described 

previously (Reid et al., 1980; Long et al., 1981). Cultures 

(10 ml) were grown overnight in CAM or MM before inoculation 

into either peptone medium or MM, respectively. Following 

inoculation into 90 ml pre-warmed medium, the culture was 

vigorously aerated on a shaker at 30 °C for 3 h. To 

facilitate aeration, the cultures were 5-10% of the volume 

of the flasks, which were covered with loosely fitting 

aluminium foil caps. For conditions of minimum aeration, 
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cultures were 50% of the volume of the flasks, and were not 

shaken. After incubation for 3 h the cells were harvested by 

centrifugation (12 000 X g for 10 min), washed once in SMM 

and resuspended in 50 ml 0.25% peptone medium (for 

collagenase production), or 50 ml SMM (for protease 

production), to give a concentrated stationary phase 

culture. This culture was then divided into separate 

aliquots, to which amino acids or carbon.sources were added, 

and samples (to be assayed for enzyme production) were then 

collected at hourly intervals. 

2.2.3 Isolation of prot-T1 mutant. Mutagenesis with N­

methyl-N'-nitro-N-nitrosoguanidine (NTG) (carcinogen) was 

done according to Adelberg et al. (1965). An overnight 

culture ( 10 ml) of V. alginolyticus in CAM was inoculated 

into 90 ml CAM in a 500 ml flask, which was shaken 

vigorously at 30 °C for 1-2 h, until the culture was in 

exponential phase. Cells were harvested by centrifugation 

(12 000 X g for 10 min) and resuspended in 20 ml 

0.1 M-Tris/maleic acid buffer, pH 6.0 (Appendix A). NTG was 

added at a final concentration of 100 pg ml-1 , and the 

culture was incubated at 30 °c without shaking, for 15 min 

(approximately 10% survival). Cells were again harvested by 

centrifugation, washed twice in 0.1 M-Tris/HCl buffer (pH 

7.6), and resuspended in an equal volume of peptone medium. 

This "mutagenised" culture was then incubated at 30 °C with 

shaking for 3 h, before appropriate dilutions were plated 

onto skim milk peptone agar plates, which were incubated at 

30 or 42 °C. The plates at 30 °C were screened for colonies 
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which produced zones of clearing in the skim milk (haloes) 

at a more rapid or increased rate, or which failed to 

produce any haloes. The plates at 42 °C were screened for 

colonies which produced haloes at the elevated temperature. 

2. 2. 4 Enzyme assays. Enzyme assays were done at 

standardized cell densities (OD600 ). Samples were assayed in 

duplicate and experiments were repeated three times. 

COLLAGENASE: Collagenase was assayed by the method of Wunsch 

and Heidrich (1963) using the synthetic collagenase 

·Substrate phenyl-azobenzyloxycarbonyl-L-propyl-L-leucyl-

glycyl-L-propyl-D-arginine (Fluka), as described by Reid et 

al. (1978). The substrate (100 mg) was dissolved in 1 ml of 

methanol, then made up to a volume of 100 ml with 

0.1 M-Tris/HCl buffer, pH 7.6. A 50 pl sample of supernatant 

(diluted 1:4 in 0.25% peptone medium) was mixed with 200 pl 

substrate solution in a small test tube, and was incubated 

at 37 °C for 15 min. The reaction was stopped by the 

addition of 0.5 ml of 0.5% citric acid. The total reaction 

volume was then extracted by the addition of 2. 5 ml ethyl . 

acetate, followed by vigorous mixing on a Fisons Whirlimix 

for 15 seconds. Once the inorganic phase had settled, 2 ml 

of the overlying o:r:ganic phase was removed, dried briefly 

with approximately 0.15 g anhydrous sodium sulfate, and the 

absorbance read at 320 nm. For the purpose of simply 

comparing levels of collagenase production by the wild-type 

and mutant V.alginolyticus strains, the collagenase activity 

was expressed as a ratio of A320 : oo600 (culture density). 

Collagenase activity was also expressed as nkat ml- 1 where 
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one katal is the amount of activity that converts one mole 

of substrate per second (Florkin and Stotz, 1973). 

PROTEASE: Protease activity was assayed using the synthetic 

substrate azocasein (Sigma), by an adaptation of the method 

of Long et al. (1981). A culture.supernatant sample (250 pl) 

was added to the azocasein solution (250 pl)(stored at 4 °C 

-see Appendix A) in a microfuge tube on ice. The tube was 

capped, mixed and incubated in a 37 °C waterbath for 30 min. 

The reaction ~as stopped by the addition of 500 pl of ice­

cold 10% TCA. After 30 min on ice, the tube was centrifuged 

for 2 min in an Eppendorf microfuge to remove the 

precipitate. 

equal volume 

The assay supernatant was then mixed with an 

of 0. 5 N-NaOH, and the absorbance read at 

440 nm. Each culture supernatant sample had its own assay 

"blank", in which the assay reaction was stopped by the 

addition of the 10% TCA before incubation in the waterba,th. 

Each assay experiment had an enzyme "blank" in which the 

culture supernatant sample was replaced by a sample of the 

particular culture medium used. One unit of protease 

activity is defined as the amount of enzyme that gives an 

increase in absorbance of 0.1 at 440 nm in 30 min at 37 °C. 

The protease activity was expressed as U ml-1 in accordance 

with Long et al. (1981). 

2.2.5 Gelatin-PAGE protease assay. Extracellular proteases 

produced by V. alginolyticus were characterized by PAGE .in 

slab gels containing SDS and gelatin as a copolymerized 

substrate (Heussen and Dowdle, ·1980) as described previously 

(Hare et al., 1983). The preparation of the gels is 
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described in . Appendix B. PAGE was carried out at 4 °C 

overnight at constant current. Following electrophoresis, 

the gels were washed in Triton X-100 (2.5%, v/v) for 1 h at 

room temperature to remove the SDS. The gels were then 

incubated in 0.1 M-glycine buffer, pH 9.0, for 3 h at 37 °c. 
Protease activity is visible as a zone of clearing, after 

the gel has been stained with 0.2% (w/v) amide black 

(Appendix B ) . 

Samples were prepared for gelatin-PAGE by centrifugation for 

2 min in an Eppendorf microfuge. Supernatant samples 

(250 pl) were mixed with 25 pl SDS (25%, w/v) and a drop of 

glycerol, and were incubated at 37 °C for 30 min. 

Bromophenol Blue ( BDH) was used as the tracking dye. Each 

lane. of the gel was loaded with 10 pl of treated 

supernatant. Treated supernatants could be stored at -20 °C 

for several months without noticeable loss of protease 

activity. 
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2.3 Results. 

2.3.1 Isolation of prot-T1 mutant. Wild-type 

V.alginolyticus colonies produced haloes of clearing on skim 

milk peptone agar plates when incubated at 30 °c but 

proteolysis was completely inhibited at 42 °C, although the 

bacteria formed normal sized colonies at this elevated 

. temperature. After mutagenesis with NTG.a single colony was 

isolated (at a frequency of 10-3 ) which formed an extensive 

halo at both 30 and 42 °C on the skim milk peptone plates. 

The mutant which had overcome protease repression by 

temperature was designated prot-T1 . No non-halo producing 

colonies were found at 30 °c. Approximately 3000 colonies 

were screened at each temperature. 

2.3.2 Azocasein protease activity. 

TEMPORAL EXPRESSION OF PROTEASE ACTIVITY: The production.of 

azocasein alkaline protease activity was determined · in 

liquid media. The growth rates of the wild-type 

V.alginolyticus and the prot-T1 mutant were similar in 

peptone and glucose/peptone media at 30 °c (Fig. 2.1). There 

was however, a marked difference in the production of 

protease activity. The wild-type strain produced very low 

levels of alkaline protease activity in the peptone medium 

(Fig. 2.1), and it was only detectable after approximately 

7 h growth. This result is in keeping with the late 

stationary phase protease production reported previously 
\ 

(Reid et al., 1980; Long et al., 1981).' The prot-T1 mutant 

produced high levels of protease activity, concomitantly 

with the growth of the culture (Fig. 2.1). After 7 h growth 
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in peptone medium an approximately' 18-fold higher azocasein 

activity was .obtained with the ~rot-T1 mutant. The addition 

of 0.4% glucose after 2 h growth in peptone medium did not 

affect the production of protease activity by either the 

wild-type or the prot-T1 mutant (Fig. 2.1). 
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Fig. 2. 1. Alkaline protease activity of the wild-type and 
prot-T1 mutant of V. alginolyticus during growth in peptone 
medium at 30 °C. Overnight cultures were resuspended in 
peptone medium with (open symbols) and without (filled 
symbols) the addition of glucose (0.4%, w/v) at 115 min 
(arrowed). Growth of the wild-type with (o) and without (e) 
glucose, and alkaline protease activity with (o) and without 
( • ) glucose. Growth of the prot-T1 mutant with ( £> ) and 
without (•) glucose, and alkaline protease activity with (v) 
and without (•) glucose. SEMs were from 5 to 10% of reported 
values. 

EFFECT OF PRE-GROWTH CONDITIONS ON PROTEASE PRODUCTION: 

Growth of the bacteria in CAM and peptone medium or MM 

before washing, concentration and resuspension in SMM 

markedly affected the response of the cells to the addition 
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of glucose or glutamine. After pre-growth in MM the prot-T1 

mutant produced higher protease activity than the wild-type, 

and under these conditions protease activity in the prot-T1 

mutant was repressed by glucose and glutamine added at 

55 min (Fig. 2.2). Under these conditions, the protease 

activity produced by the wild-type strain was so low that it 

was not possible to determine whether or not the protease 

production was subject to repression by glucose or 

glutamine. 
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Fig. 2. 2. Alkaline prqtease activity of the wild-type and 
prot-T1 mutant of V.alginolyticus in SMM after pre-growth in 
MM. Concentrated stationary phase cultures grown in MM were 
resuspended in SMM with and without the addition of glucose 
(0.2%, w/v) or glutamine (0.5%, w/v) at 55 min (arrowed). 
Optical density of the wild-type and prot-T1 cultures with 
(o) and without (e) glucose or glutamine. Alkaline protease 
activity of the wild-type with glucose (o) or glutamine (~) 
and without additions (•)· Alkaline protease activity of the 
prot-T1 mutant with glucose (~) or glutamine (v) and without 
additions (•). SEMs were from 5 to 10% of reported values. 

Fig. 2.3 shows the very high protease activity produced by 

prot-T1 cultures after the addition of glucose or glutamine 
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to concentrated stationary phase cells in SMM, after pre-

growth in peptone medium. This stimulation of protease 

production by the addition of glucose or glutamine was also 

observed in wild-type cultures, although the final protease 

activities were approximately 4-fold lower than in the 

mutant. Glucose or glutamine did not stimulate the growth of 

the concentrated stationary phase cultures (Fig. 2.3). 
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Fig. 2.3. Alkaline protease activity of the wild-type and 
prot-T1 mutant of v.alginolyticus in SMM after pre-growth in 
peptone medium. Concentrated stationary phase cultu~es grown 
in peptone medium were resuspended in SMM with and without 
the addition of glucose (0.2%, w/v), glutamine (0.5%, w/v), 
histidine (0.5%, w/v) and (NH4 ) 2so4 (100 mM) at 55 min 
(arrowed) . Optical density of tfie wild-type and prot-T1 
cultures with (o) and without (e) glucose, glutamine, 
histidine or (NH4 ) 2so4 . Alkaline protease activity of the 
wild-type (solid line) and prot-T1 mutant (dashed line) with 
glucose (A), glutamine (v), histidine (o), (NH4 ) 2so4 (•) and 
without additions (•)· SEMs were from 5 to 10% of reported 
values. 
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The stimulation of protease activity by histidine 

(previously reported for V. alginolyticus by Long et al., 

1981) was observed in this study for both the wild-type and 

prot-T1 mutant strains after pre-growth in peptone medium. 

The stimulation, however, was markedly less than that 

obtained with glucose or glutamine (Fig. 2.3). 

EFFECT OF TEMPERATURE AND AERATION ON PROTEASE PRODUCTION: 

The production of azocasein protease activity by the wild-

type v. alginolyticus in SMM after pre-growth in MM was 

reduced approximately 60% by incubation at 37 °C, and 

approximately 80% by incubation without aeration by shaking 

(Table 2.1). Increased temperature and lack of aeration had 

only a slight inhibitory effect on the high levels of 

prot-T1 protease production. 

Table 2 . 1 . EFFECT OF TEMPERATURE AND AERATION ON ALKALINE 
PROTEASE ACTIVITY IN CULTURES OF THE WILD-TYPE AND PROT-T1 
MUTANT OF V.ALGINOLYTICUS. 
Bacteria were pre-grown in MM before being resuspended in 
SMM, and alkaline azocasein protease activity was assayed 
1.5 h after resuspension. Cultures were incubated at 30 or 
37 °C with or without aeration by shaking.

1
The real values 

of thr controls were wild-type, 1.14 u ml- ; prot-T1 , 8.23 
U ml- . 

. Strain Temp. Aeration Activity 
(OC) (% control) 

wild-type (control) 30 + 100 
wild-type 37 + 41 
wild-type 30 - 22 

prot-T1 (control) 30 + 100 
prot-T1 37 + 86 
prot-T1 ·30 - 92 
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2.3.3 Gelatin-PAGE protease assay. The azocasein assay 

gives an indication of total protease activity but, as the 

V. alginolyticus strain can produce at least 5 different 

alkaline serine proteases (Hare et al., 1983), it was 

important to ascertain which proteases were affected in the 

prot-T1 mutant. To this end, the activities of specific 

proteases in SMM after pre-growth in MM were determined by 

gelatin-PAGE. Fig. 2.4 shows the extracellular protease 

activities of the wild-type V.alginolyticus compared to the 

prot-T1 mutant. 

1a-
1b-
2-
3-

4-s-

a b c d e f g h k 

Fig. 2. 4. Extracellular protease activity of cultures of 
wild-type (lanes a, c, e, h, j) and prot-T1 mutant (lanes b, 
d, f, g, i, k) of V.alginolyticus in SMM after pre-growth in 
MM . The lanes represent supernatant samples (10 pl) of 
cultures at 30 °C (a, b, g) and at 37 °C (c, d); at 30 °c 
without aeration (e, f); at 30 °c with 0.2% glucose (h, i); 
and at 30 °C with 100 mM-(NH4 ) 2so4 (j, k). The arrows 
indicate the positions of proteases 1a, 1b, 2, 3, 4 and 5. 

At 30 °C the wild-type produced the same three major 

protease bands (bands 1a, 2 and 3) as reported by Hare et 

al. ( 1983). The minor protease bands (bands 4 and 5) were 

known to be present in variable and small amounts, often 

undetectable by gelatin-PAGE (Hare et al., 1983). In this 

study, protease 5 was not detectable in the wild-type 
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cultures at 30 °C (lane a, Fig. 2.4). In comparison with the 

study by Hare et al. (1983), a new minor protease band (1b) 

was detected (Fig. 2.4). At 30 °C the protease band profile 

of the prot-T1 mutant was similar to that of the wild-type, 

except that the activities of the major proteases ( 1a, 2 

and 3) and the minor protease 5 were enhanced. 

EFFECT OF TEMPERATURE AND AERATION ON PROTEASE PRODUCTION: 

Although incubation of the wild-type strain either at 37 °C 

or without aeration markedly inhibited the azocasein-

detectable protease production, protease activity was 

detectable by the more sensitive gelatin-PAGE technique. 

Fig. 2.4 shows the marked reduction in activity of proteases 

1a, 2 and 3 of the wild-type under these conditions. ,In 

contrast, the activities of all the proteases produced by 

the prot-T1 mutant were hardly affected by increased 

temperature or lack of aeration. 

EFFECT OF G~UCOSE AND (NH4 ) 2so4 ON PROTEASE PRODUCTION: The 

addition of glucose (2 mg ml-1 ) and (NH4 ) 2so4 (100 mM) to 

the wild-type cultures at 30 °C resulted in decreased levels 

of all the proteases (Fig. 2.4). The three major proteases 

1a, 2 and 3 were still detected, but the minor bands 1b, 4 

and 5 were either very weak or absent. In the case of the 

prot-T1 mutant, the activities of the major proteases 1a and 

2 were not affected .by the addition of glucose, but there 

was a slight reduction in the activity of protease 3. The 

addition of (NH4 ) 2so4 to the prot-T1 mutant decreased the 

levels of proteases 2, 3, 4 and 5, but did not appear to 

affect protease 1a. 
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2.3.4 Collagenase production. The production of collagenase 

by wild-type and prot-T1 cells was determined in peptone 

medium at 30 or 37 °C, with or without aeration or glucose. 

The characteristics of collagenase production by the wild­

type and prot-T1 strains were identical (data not shoWn) . 

Collagenase production only began during stationary 

phase, as reported by Reid et; al. (1978, 1980) and 

Long et; a1.(1981). 
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2.4 Discussion. 

The regulation of extracellular protease production by the 

V.alginolyticus prot-T1 mutant differed in a number of 

respects from that of the wild-type. The temporal expression 

of protease production in the prot-T1 mutant was altered, 

and in contrast to the wild-type, it produced proteases 

throughout the exponential and stationary growth phases. The 

prot-T1 mutant overproduced the three major alkaline serine 

proteases, indicating that an overall regulatory (or 

secretory) feature was altered, and not just the expression 

of a single protease gene. The mutant also showed less 

repression of protease production by increased temperature 

or lack of aeration. 

Although the proteases seem to have an overall regulatory 

system, they can be separated and have their own fine-

control systems, as is evident from the different responses 

of the individual proteases to higher temperatures, glucose 

An interesting difference between the two V. alginolyticus 
I 

strains was the very high protease activities obtained with 

stationary phase prot-T1 cultures supplemented with glucose 

or glutamine. The pre-growth conditions affected the glucose 

or glutamine response, and an increase in protease 

production was only observed when the stationary phase 

cultures were pre-grown in a rich peptone medium. The 

-addition of glucose or glutamine to stationary phase 

cultures pre-grown in MM resulted in a decrease in prot_ease 
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activity and . a normal glucose (catabolite) or end-product 

repression of protease activity as reported by Long et 

al. (1981). The reason for the opposite effects of glucose 

or glutamine depending on the pre-growth medium is not 

known. The stimulation of protease activity by histidine, as 

reported for the wild-type V. alginolyticus (Long et al., 

1981), was also observed for the prot-T1 mutant. The 

stimulatory effect of the histidine was, however, much less 

than that of glucose or glutamine. 

Collagenase synthesis was not altered in the prot-T1 mutant, 

and was repressed by incubation at 37 °C or without 

aeration. This is in keeping with the suggestion that the 

overall control of the two enzyme systems (collagenase and 

protease) is independent. 
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Chapter 3 

Production and activation of an SDS-resistant alkaline 
serine exoprotease of Vibrio alginolyticus. 

3 . 0 Summary. 

V.alginolyticus produced an extracellular SDS-resistant 

protease (protease A) with an apparent Mr of approximately 

54 000 when cultured in complex, proteinaceous media. 

Protease A required cac1 2 for its stability and activation, 

and was not detectable in media lacking ca2+ ions. Two other 

proteases ( proteases B and C), with apparent ~ values of 

approximately 41 000 and 37 000 respectively, were also 

detected in complex, proteinaceous media containing CaC1 2 . 

Proteases B and C were degradation products of protease A, ' 

and dialysis of supernatant samples, which contained 

predominantly protease A, against distilled water, resulted 

in the increased appearance of proteases B and c. Protease A 

activity was inhibited by EDTA and a serine protease 

inhibitor (PMSF), but was not affected by either a 

sulfhydryl reagent (PHMB), soybean trypsin inhibitor or 

o-phenanthroline. The production of proteases A, B and C was 

inhibited by rifampicin or chloramphenicol. The appearance 

of protease A, B and C in the supernatant of V.alginolyticus 

cultures was inhibited by o-phenanthroline, quinacrine, or 

lack of aeration. 
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3.1 Introduction. 

Many microbes produce more than one type of protease and 

culture supernatants often ·contain proteases of varying 

stabilities and substrate specificities. V.parahaemolyticus 

produces both serine and metallo-proteases (Iuchi and 

Tanaka, 1982), B.subtilis produces an alkaline and a metal­

chelator sensitive neutral protease (Sohoni and Joshi, 

1982), and the yeast strain Candida olea produces a single 

acid protease when cultured at acid pH and an alkaline 

serine protease when cultured at alkaline pH (Nelson and 

Young, 1987). 

T~e many proteases produced by v.alginolyticus were all 

inhibited by the serine protease inhibitor PMSF, yet they 

did not all respond in a similar way to o-phenanthroline 

(Hare et al., 1983). This raised two questions: (i) does 

V. alginolyticus produce more than one "type" of protease, 

and (ii) are some of the minor protease activities products 

of the breakdown of larger, unstable proteases? 

The stabilizing effect of calcium has been described for 

several enzymes, and in particular, the proteases. 

Microorganisms of the genus Pseudomonas cause major food 

spoilage, particularly in the dairy industry, due to their 

ability to grow at refrigeration temperatures and 

their potent protease-producing capabilities. Several 

investigators reported the stabilizing effect of milk on the 

thermal inactivation of these proteases (Barach et al., 

1976; Stepaniak et al., 1982), and attributed the stability 
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to the presence of ca2+ and zn2+ ions. The B.subtilis 

neutral protease (McConn et al., 1964; Sohoni and Joshi, 

1982), B. thermoproteolyticus "thermolysin" (Feder et al., 

1971) and Vibrio B-30 endopeptidase (Merkel and Sipos, 1971) 

are further examples of proteases stabilized or activated by 

ca 2+. 

The aquatic fungus, Allomyces arbuscula, produces a novel 

protease that has many features in common with known 

proteases, and yet exhibits certain unique features (Ojha 

and Wallace, 1988). It behaves with a trypsin-like 

specificity with respect to inhibition, yet it is probably a 

sulfhydryl protease and is very non serine-like. Three of 

its six cysteine residues are only revealed after the 

addition of micromolar concentrations of ca 2+, which it 

requires for activity. Such ca 2+-dependent surface changes 

and consequent 

uncommon for 

exposure of hydrophobic residues are not 

ca2+_binding proteins (Anderson and 

Gopalkrishna, 1985- quoted by Ojha and Wallace, 1988). 

In this study, attempts to activate or stabilize previously 

characterized or novel V.alginolyticus proteases using 

cac12 were rewarded with the discovery of protease A, a 

hitherto un-detected protease of potentially major 

significance. 
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3.2 Materials and Methods. 

3 . 2. 1 Bacterial strain, media and growth condi tiona . The 

proteolytic v. alginolyticus wild-type strain has been 

described in section 2.2.1. The bacterium was grown at 30 °C 

in LB (Miller, 1972) containing 0.4 M-NaCl (vLB). The 

peptone medium, MM and SMM (section 2.2.1 and Appendix A), 

were prepared in a 0. 4 M-NaCl solution, instead of the 

0.1 M-Tris/salt buffer which contained CaC1 2 . 

3.2.2 Production of proteases. Overnight cultures of 

v. alginolyticus in vLB ( 10 ml) were diluted 1:10 in pre­

warmed vLB and incubated with good aeration at 30 °C for 

4 h. Cultures were subdivided into smaller volumes before 

the addition of cac1 2 ( 10 mM), quinacrine ( 25 pg ml-1 ), 

o-phenanthroline (50 pg ml-1 ), Rif (100 pg ml-1 ), Cm 

(100 pg ml-1 ), glucose (2 mg ml-1 ) or glutamine (5 mg ml-1 ). 

When studying the effect of Rif, Cm, quinacrine or 

o-phenanthroline on protease production by the cultures, the 

CaC1 2 was added 2 min after the addition of the inhibitors. 

Samples were removed, centrifuged for 2 min in a microfuge, 

and the supernatants assayed for extracellular proteases by 

gelatin-~AGE. 

3.2.3 Protease production in minimal media. Cultures were 

grown as described in section 3.2.2, then they were washed 

once (centrifugation was at 12 000 X g for 10 min) in SMM or 

MM and resuspended in 50 ml SMM or MM, respectively, before 

being divided into smaller volumes. Additions were made at 

the following concentrations: yeast extract ( 5 mg ml-1 ), 
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skim milk (Oxoid) (10 mg ml-1 ), peptone (Merck or Difco) 

(25 mg ml-1 ), vitamin-free Casamino acids (25 mg ml-1 ), and 

amino acids (see Appendix A)(S mg ml-1 ). Since the addition 

of cac1 2 precipitated salts in the minimal media, the CaC1 2 

required for protease activation was only added to the 

culture supernatants after they had been dialysed against 

distilled water overnight. 

3.2.4 Gelatin-PAGE protease assay. For the purpose of 

comparison, protease assays were done on supernatant samples 

obtained from standardized cell densities. Samples were 

treated with SDS and were analyzed by PAGE in slab gels 

containing SDS and copolymerized gelatin as described in 

section 2.2.5. After PAGE the gels were washed in Triton x-

100 (2.5%, v/v) for 1 h at room temperature to remove the 

SDS. After incubation for 3 h at 37 °c in 0.1 M-glycine 

buffer (pH 9. 0), bands of protease activity were detected 

after staining with amido black (0.2%, w/v). 

Al terna ti vely, samples were reso1 ved by conventional SDS­

PAGE (Laemmli, 1970; Appendix B) without gelatin. The gel 

was washed, as before, in Triton X-100, then a gelatin gel, 

similarly washed, was placed on top of the original, and the 

two were pressed close together and incubated at 37 °c for 

5 h. The gelatin gel (overlay gel) was removed and stained 

with amide black for protease activity. The original SDS-gel 

was stained with PAGE-Blue 83 to detect the Mr markers 

· ( BDH). 
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3.2.5 Treatment of supernatants to determine protease 

stability. 

DIALYSIS: Cultures of 

100 ml vLB containing 

V. alginolyticus grown 

10 mM-CaCl 2 ) at 

for 

30 

24 h (in 

were 

centrifuged at 27 000 X g for 20 min, and the supernatants 

dialysed against various solutions. Dialysis was carried out 

at 4 °c overnight using dialysis tubing with a cut-off point 

of Mr 12 000 - 14 000 (Spectrapor). The dialysis solution 

was always 500-fold that of the sample volume. 

HEAT INACTIVATION: The supernatant from a 24 h 

V. alginolyticus culture (obtained as described above) was 

divided into 10 ml volumes in sterile 50 ml flasks. The 

flasks were incubated in waterbaths at 40, 50, 60 and 70 °C 

respectively, without shaking. A 500 pl sample was removed 

directly onto ice in a cooled microfuge tube every 10 min, 

at which time each flask was agitated by hand to mix the 

contents. The samples remained on ice and were all prepared 

for gelatin-PAGE at the same time, once the final sample had 

been taken. 

3. 2. 6 Treatment of supernatants with protease inhibitors. 

Protease activity was assayed using the synthetic substrate 

azocasein as described in section 2.2.4. One unit of enzyme 

activity is defined as the amount of enzyme that gives an 

increase in absorbance of 0.1 at 440 run in 30 min at 37 °C. 

In order to eliminate the contribution of the SDS-sensitive 

proteases described by Hare et al. (1983) and Deane et al. 

(1986) to the overall azocasein protease activity, 

supernatant samples (obtained as described in section 3.2.5) 
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were first treated with SDS before being assayed in the 

presence of the protease inhibitors. The treated supernatant 

(containing 2.5%, w/v SDS, and incubated at 37 °C for 30 

min) was in cuba ted in the presence of the inhibitors PMSF 

(10 mM), PHMB (2.5 mM), soybean trypsin inhibitor (1 mM) and 

EDTA (50 mM), respectively, for 5 min at 37 °C before being 

assayed. Control experiments showed that the organic solvent 

DMSO, used to dissolve the PMSF, did not affect the protease 

activity. 
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3.3 Results. 

3.3.1 The production of novel proteases A, B and C. 

Cultures of V.alginolyticus in vLB without added Cacl 2 

produced the characteristic exoprotease profile in gelatin-

SDS gels as reported for SMM cultures by Hare et al. (1983) 

and Deane et al. (1986) (Fig. 3.1). These exoproteases all 

had apparent Mr values of less than 30 000, and the three 

major proteases (1a, 2 and 3) were clearly visible. The 

addition of cac1 2 (10 mM) to the vLB cultures enhanced the 

activity of the major protease 1a and decreased the 

activities of the major proteases 2 and 3 (Fig. 3.1). 

10-3x 

a b c d e f g h ~r 

- A (54·o> 

_ B (41 ·o> 

-c (37 ·0> 

-1a (28 ·0) 

-2 (22 ·5) 
-3 (19 ·5) 

Fig. 3 .1. Gelatin-PAGE assay of the effect of CaC1 2 on 
exoprotease activities of cultures of V. alginolyticus in 
vLB. An overnight vLB culture was diluted 1:10 in vLB and 
incubated at 30 °C for 4 h. The culture was then subdivided 
and CaC1 2 (10 mM) was added to one half (lanes e, f, g and 
h). No additions were made to the other half (lanes a, b, c 
and d). Supernatant samples were taken after 5 min (lanes a 
and e), 30 min (lanes band f), 60 min (lanes c and g) and 
150 min (lanes d and h). Each lane was loaded with 10 pl of 
supernatant sample treated with SDS as described in section 
2.2.5. The positions of the SDS-resistant proteases A, B and 
C, and the major alkaline serine proteases 1a, 2 and 3, are 
indicated. 
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These alterations in protease activity were observed within 

5 min of the addition of Cacl 2 . The addition of cac1 2 also 

resulted in the detection of a broad zone of protease 

activity at the top of the gel which was bordered by a 

distinct band with apparent Mr of approximately 54 000 

(protease A) at the bottom of the broad zone. The zone was 

faint but clearly evident within 5 min of the addition of 

CaC1 2 , and the activity increased over the next 150 min. Two 

additional minor bands of protease activity with apparent Mr 

values of approximately 41 000 and 37 000 (proteases B and C 

respectively) were observed 150 min after the addition of 

cac1 2 (Fig. 3.1). A minimum concentration of 2 mM-CaC1 2 was 

required for the detection of proteases A, B and C in vLB. 

Protease A, B and C production was not inhibited by 

temperature and occurred at both 30 and 37 °C, but 

production was reduced in the absence of aeration. 

Staining of the gel immediately after gelatin-PAGE, and 

prior to the removal of the SDS by washing in Triton X-100, 

revealed only protease A and the broad zone of protease 

activity associated with it. As was expected, none of the 

proteases. with Mr values less than 30 000 was detected, due 

to their sensitivity to SDS. 

3.3.2 Determination of ~ values for proteases A, B and c. 

There appeared to be an apparent regular reduction in the Mr 

of protease A during continuous incubation of the culture 

with CaC1 2 (Fig. 3.1). An analogous apparent increase in the 

Mr of protease A was demonstrated by diluting a sample of 

culture supernatant, and it was concluded that this 
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variation in Mr was a concentration effect and that high 

protease concentrations were able to migrate further through 

the gelatin substrate gels. Therefore, to get a more 

accurate value, the proteases were resolved by 

conventional SDS-PAGE without gelatin, and the proteases 

were detected using the 

(Fig. 3.2). 

gelatin 

3 Mr x 10 

A (54 ·0) 

8 (41 ·0) 

c (37·0) 

overlay technique 

Fig. 3.2. Analysis by conventional SDS-PAGE without gelatin 
of exoproteases produced by V. alginolyticus in vLB 
containing 10 mM-CaC1 2 . Proteolytic activity was detected by 
overlaying with a gelatin gel (depicted) after 
electrophoresis, as described in section 3.2.4. Protease A, 
B and C activities are indicated. 

Staining of the SDS-PAGE gel revealed the Mr markers, but no 

bands were visible in the lanes containing protease samples 

(this was to be expected, as supernatant samples contain 

very low concentrations of protease, which can only be 

detected using the extremely sensitive gelatin-PAGE method). 

After the addition of the gelatin overlay, proteases A, B 

and C produced three proteolytic bands with apparent Mr 

values of approximately 54 000, 41 000 and 37 000 

respectively. The broad zone of protease A activity and the 
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proteases with Mr values of less than 30 000 were not 

detected by the overlay method. 

3.3.3 Protease production in minimal and complex media. 

Proteases A, B and C were not detected in cultures grown in 

MM or MM + yeast extract, but were detected in MM 

supplemented with skim milk, peptone or vitamin-free 

Casamino acids. An absolute requirement for the detection of 

these proteases was the addition of cac1 2 to the dialysed 

supernatant samples. Proteases A, B and C were not detected 

in MM supplemented with individual amino acids, or 

combinations of three amino acids. 

The addition of skim milk, peptone or vitamin-free Casamino 

acids to CaC1 2-activated MM culture supernatants (after 

dialysis - see section 3.2.3) resulted in the detection of 

low levels of protease A, B and C activity. This indicated 

that low levels of proteases A, B and C were produced in MM 

but that the addition of ca 2+ alone could not stabilize or 

activate these proteases and that skim milk, peptone or 

vitamin-free Casamino acids helped in their stabilization. 

Similar results were obtained using SMM. 

3.3.4 Investigating the role of cac12 in protease A 

production. Experiments were performed to determine whether 

the addition of CaC1 2 induced the de novo synthesis of 

proteases A, B and C, or whether it activated pre-formed but 

inactive protease molecules. The addition of Cacl 2 to 

supernatants from a V.alginolyticus culture in vLB resulted 
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in the detection of protease A, and the broad zone of 

protease activity associated with it (Fig. 3.3). 

a b 

.- 1a 

(- 2 
3 

Fig. 3.3. Gelatin-PAGE assay showing the activation of 
V.alginolyticus proteases by CaC1 2 . Supernatant from a vLB 
culture was subdivided, and cac1 2 (10 mM) was added to one 
half (lane a) . No additions were made to the other half 
(lane b). The arrows indicate the positions of protease A, 
and the 80S-sensitive proteases 1a, 2 and 3. 

A control supernatant sample, lacking cac1 2 , did not exhibit 

protease A activity. Protease A and the zone of protease 

activity were also absent from vLB culture supernatants to 

which MgC1 2 , ZnC1 2 , NiC1 2 , CoC1 2 or LiCl (all 10 mM) had 

been added. 

The effect of Rif and Cm on the production of proteases A, B 

and C by V.alginolyticus in vLB is illustrated by Fig. 3.4. 

The control culture without CaC1 2 showed the complete 

absence of proteases A, B and C, as depicted by lanes a, b, 

c and d of Fig. 3.1. The control culture containing CaC1 2 , 
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but no inhibitors, showed an increase in activity of 

proteases A, B and e from a low basal level at 5 min to a 

high activity at 150 min (Fig. 3.4). The cultures containing 

Rif or Cm showed only a weak basal level of protease A, B 

and e activity, which did not increase over 150 min. It was 

therefore concluded that de novo mRNA and protein synthesis 

was required for protease A, B and e production by 

V.alginolyticus. 

a b c d e f g h 

Fig. 3 . 4. felatin-PAGE assay shoying the effect of Rif 
( 100 pg ml- ) and em ( 100 pg ml- ) on the production of 
proteases by V. alginolyticus . An overnight vLB culture was 
diluted 1:10 in vLB and incubated for 4 h before being 
subdivided. One culture (lanes a, b, c and d) had Rif added 
to it 2 min before eael2 (10 mM) was added. Another culture 
(lanes e, f, g and h) had em added to it 2 min before the 
CaC1 2 was added. The third culture contained eael 2 and no 
inhioitors (lane i). Supernatant samples were taken after 5 
min (lanes a and e), 30 min (lanes band f), 60 min (lanes c 
and g) and 150 min (lanes d, hand i). 

3.3.5 The effect of the secretion inhibitors quinacrine and 

o-phenanthroline. Quinacrine and o-phenanthroline did not 

affect the activities of proteases A, B and e in 
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supernatants containing CaC1 2 (Fig. 3.5). The addition of 

o-phenanthroline 2 min before the addition of Cacl 2 to 

cultures of V.alginolyticus in vLB, inhibited the production 

of proteases A, B and C, and only low levels of protease A 

activity, present before the CaC1 2 was added, were observed. 

The addition of quinacrine had a transient effect and 

protease A production was reduced but not totally repressed 

(Fig. 3.5). 

a b c d e f 9 h 

Fig. 3. 5. The effect of quinacrine and o-phenanthroline on 
the activity and production of proteases A, B and C by 
V.alginolyticus in vLB. An overnight vLB culture was diluted 
1:10 in vLB and incubated for 4 h. T£e culture was 
subdivided and o-phenanthroline (50 pg ml- ) was added Io 
one culture (lanes d, e and f), and quinacrine (25 pg ml- ) 
to the other (lanes g, h and i). cac1 2 (10 mM) was added 
after the inhibitors. Supernatant samples were taken after 5 
(lanes d and g), 60 · (lanes e and h) and 150 min (lanes f 
and i). Lanes a, band c were control supernatants from a 
150 min vLB + CaC1 2 culture, to which o-phenanthroline 
(lane b) or quinacrine (lane c) were added. Lane (a), no 
additions. 

3.3.6 Protease stability. Supernatant samples of 24 h 

cultures of V . alginolyticus in vLB containing 10 mM-Cacl 2 , 

contained predominantly protease A and only trace amounts of 

proteases Band C (Fig. 3.6). Dialysis of the supernatants 

at 4 °C against distilled water or 10 mM-CaC1 2 overnight, 

resulted in the disappearance of protease A and the 

appearance of proteases B and c. Dialysis against 
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10 mM-CaC1 2 in 2.3% NaCl had a similar effect (result not 

shown). Dialysis against 5% Ficoll (an antiwetting agent) 

resulted in the loss of protease A, B and C activity (result 

not shown). A control experiment in which 10 mM-CaC1 2 was 

added together with the Ficoll, showed that the Ficoll did 

not have any adverse effect on the activities of proteases 

A, B and C. 
a b c d e f 

+-A 

4-B 
4-C 

~1a 

+-2 
+-3 

Fig. 3.6. Stability of V.alginolyticus proteases A, B and C. 
Supernatant samples of a 24 h culture of V.alginolyticus in 
vLB containing 10 mM-CaC1 2 (lane a) were dialysed for 18 h 
at 4 °C against distilled water (lane b), vLB + 10 mM-CaC.l 2 
(lane c), 100 mM-CaC1 2 (lane d), 10 mM-EDTA (lane e) ana 
10 mM-EDTA followed by a further dialysis against 
10 mM-CaC1 2 (lane f). Samples were analyzed by gelatin-PAGE. 
The arrows depict protease A and its breakdown products, 
proteases B and C. The SDS-sensitive alkaline serine 
proteases 1a, 2 and 3 are also depicted. 

Dialysis against 100 mM-CaC1 2 , or vLB containing 

10 mM-CaC1 2 , however, did not result in the loss of protease 

A, and all three high Mr proteases were present. Dialysis 

against 10 mM-EDTA inhibited proteases A, B and C. EDTA-

inactivated protease activity was very slightly reactivated 

by dialysis against distilled water (result not shown), but 

was more strongly reactivated by dialysis against Cacl 2 

( 10 mM) and proteases B and C were detected (Fig. 3. 6). 

Interestingly, dialysis of EDTA-inactivated supernatants 
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against MgC1 2 (10 mM) weakly reactivated proteases B and C 

(result not shown), whereas the .addition of Mgcl 2 to 

v. alginolyticus vLB culture supernatants did not result in 

the detection of proteases A, B or c. 

Proteases A, B and C in the supernatant from a culture in 

vLB + 10mM-CaC12 showed similar heat-inactivation kinetics. 

The three proteases were totally inactivated within 5 min at 

70 °C, and after 60 min at 60 °C (result not shown). 

3 . 3 . 7 Effect of protease inhibitors. Since the alkaline 

serine proteases with Mr values less than 30 000 (described 

by Hare et al., 1983) were inhibited by SDS, the effect of 

inhibitors on proteases A, B and C was determined in the 

presence of SDS (Table 3.1). The serine protease inhibitor, 

·PMSF, caused a 55% inhibition of protease activity, and the 

metal-chelating agent EDTA (50 mM) caused 76% inhibition. 

The sulfhydryl reagent, PHMB, and an inhibitor of trypsin-

like enzymes had no marked effect on protease activity. 

Table 3.1. EFFECTS OF VARIOUS INHIBITORS ON V.ALGINOLYTICUS 
PROTEASE A, BAND C ACTIVITY. 
A supernatant sample from a 24 h culture of V.alginolyticus 
in vLB + 10 mM-Cacl 2 was treated for 30 min at 37 °C in the 
presence of 2.5% SDS. The SDS-treated supernatant was 
subdivided and samples were then incubated for 5 min with 
the inhibitors, before being assayed in the presence of the 
inhibitors by means of the azocasein assay. 

Inhibitor 
1
Activity 

(cone) (U ml- ) (% of control) 

no inhibitor 5.72 100 
PMSF (10 mM) 2.59 45 
PHMB (2.5 mM) 5.75 100 
soybean trypsin 5.51 96 
inhibitor (1 mM) 

EDTA (50 mM) 1. 40 24 
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3.4 Discussion. 

The addition of cac1 2 to the supernatants of V.alginolyticus 

cultures resulted in the detection of a novel protease, 

termed protease A, which had not been detected previously. 

After gelatin-PAGE, protease A produced a broad zone of 

protease activity from the top of the gel to a position 

corresponding to an apparent Mr of approximately 54 000. 

Protease A was able to digest gelatin in the presence of SDS 

and the broad zone of proteolytic activity was detected . 

after staining gelatin gels which still contained SDS. It 

was concluded that protease A was digesting the gelatin as 

the protease migrated through the SDS-gelatin gel, thus 

causing the broad zone of activity. 

Coletta and Miller (1986) reported similar high Mr zones of 

protease activity for supernatants from Myxococcus xanthus 

that were analyzed by means of a zymogram (conventional SDS­

PAGE followed by a Triton X-100 wash and an "overlay" of 

casein to detect protease activity). They noticed that these 

high ~ zones (which actually appear on the overlay gel) 

could be eliminated by boiling the samples for 2 min prior 

to electrophoresis, and suggested that either the heat 

denaturation was required for efficient binding of the SDS, 

or that the enzymes existed as complexes which were 

resistant to SDS when in the complexed form. When protease A 

was analyzed by conventional SDS-PAGE followed by a gelatin 

overlay, no broad zones of high Mr protease activity were 

obtained. The Mr values of proteases A, B and C were 

determined using this overlay technique to avoid the 



63 

retarding effect on the proteases caused by the digestion of 

the gelatin while they were being electrophoresed. It seems 

more likely that protease A is an SDS-resistant protease 

than a mere complex of proteases (suggested in the case of 

M.xanthus), and a clearly defined band of protease activity 

of Mr 54 000 could be attributed to it using the overlay 

method. Pr6teinase K, a serine protease produced by the mold 

Tritirachium album (Ebeling et al., 1974), has high protease 

activity in the presence of 0.5% SDS, and appears to consist 

of a single peptide chain of Mr 28 930 (Jany et al., 1986). 

Recent results indicate that protease A is totally resistant 

to 5% SDS and is 40% inhibited by 6% SDS (D.R. Woods -

private communication). 

The fact that protease A exists in the supernatant in the 

absence of cac1 2 , indicates that Cacl 2 is not required for 

the synthesis or the excretion of the enzyme. cac1 2 was 

required for the activation and stability of the 50S­

resistant protease A. This was a specific effect of Ca 2+ 

since other chloride salts did not activate or stabilize the 

protease. Dialysis of supernatant samples which contained 

predominantly protease A against distilled water resulted in 

the increased appearance of proteases B and C, which would 

suggest that proteases B and C are degradation products of 

protease A and are more stable than protease A. This 

"degradation" to proteases B and C was much reduced in the 

presence of certain proteinaceous media, such as vLB, 

peptone or- Casamino acids, which suggests that these media 

are acting as alternative substrates for whatever 
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proteolytic activity i~ r~sponsible for the degradation of 

protease A- possibly prot~ase A, itself. 

The "degradation" of protease A, to B and C, was not 

reversible. The extracellular proteinase of Sarcina strain, 

Coccus P, is also irreversibly inactivated upon the removal 

of ca 2+ by ion-complexing agents (Sarner et al., 1971). 

They also noted a second mechanism causing loss of protease 

activity which occurred in the presence of ca2+, was 

counteracted by antiwetting agents like Ficoll and, 

therefore, could be attributed to surface denaturation. 

Ficoll was unable to stabilize protease A, which indicates 

that such a dual mechanism of protein degradation is 

unlikely to occur in the case of the v.alginolyticus 

protease. Proteases B and C in supernatant samples that had 

been inactivated by EDTA could be reactivated by dialysis 

against cac1 2 (or weakly reactivated by dialysis against 

distilled water). 

Juan and Cazzulo (1976) reported that the metalloprotease of 

P.fluorescens could not be reactivated by dialysis against 

water following the inactivation by EDTA, and proposed that 

the metal prosthetic group was actually removed and not 

merely masked by the chelating agent. Although CaC1 2 was 

actually required for the production of the P. fluorescens 

protease, it was not able to stabilize the enzyme, nor was 

it a constituent of the prosthetic group required for 

activity. In the case of V.alginolyticus, it is likely that 

the role of Cacl2 is to both stabilize protease A and to 

activate proteases B and C. The stabilization of proteases 
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by ca2+ has been well studied (Barach et al., 1976; Feder et 

al., 1971; McConn et a1.,'1964; Porzio and Pearson, 1975). 

Sensi ti vi ty to the metal chelating agents EDTA and 

o-phenanthroline is typical of metalloproteases, many of 

which are stabilized by cac1 2 and activated by zn2+ or Co 2+ 

(Coleman and Vallee, 1960; Barach et al., 1976; Porzio and 

Pearson, 1975; Stepaniak et al.,· 1982). However, 

o-phenanthroline, which is rather specific in chelating zn2+ 

(McConn et al., 1964), did not inhibit protease A activity, 

suggesting that protease A is more likely to belong to one 

of the other major groups of microbial proteases, namely the 

serine, thiol or acid proteases. Proteases A, B and C were 

inhibited by the serine protease inhibitor PMSF but not by 

either the sulfhydryl reagent PHMB (which affects SH groups 

of active site, cysteine residues) or an inhibitor of 

trypsin-like enzymes and it is concluded that protease A is 

an SDS-resistant serine protease. 

The inhibition of the production of exoproteins in gram­

positive bacteria by o-phenanthroline and quinacrine 

(Traficante and Lampen, 1977; Berkeley et al., 1978) has 

been used to support the suggestion that an exoenzyme­

releasing protease system is involved in the secretion of 

bacterial exoproteins. Inhibition of protease A secretion by 

o-phenanthroline and quinacrine suggests that a similar 

system may be operating in V. alginolyticus. The inhibition 

of V.alginolyticus protease production (proteases of Mr less 

than 30 000) by quinacrine and o-phenanthroline (assayed by 
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means of the azocasein method), has been reported previously 

(Hare et al., 1981). 

In contrast to the six SDS-sensitive alkaline serine 

proteases reported by Hare et al. (1981, 1983) and Deane et 

al. ( 1986), proteases A, B and C were not detected in 

minimal media cultures and required complex proteinaceous or 

Casamino acid media for their detection. The addition of 

such media to MM culture supernatants activated small 

amounts of preformed proteases A, B and C which were not 

detectable when CaC1 2 alone was added. This suggests that 

v.alginolyticus produces very low and not readily detectable 

levels of proteases A, B and C in MM. 

Protease A was not markedly affected by temperature: it was 

produced at 37 °C whereas synthesis of the other proteases 

was reduced at 37 °C. The production of all the 

V.alginolyticus exoproteases was affected by oxygen and 

required good aeration. 
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Chapter 4 

Cloning, expression and release of a Vibrio alg1nolyt1cus 
SDS-resistant calcium-dependent exoprotease in Escherichia 
coli. 

4 . 0 Summary. 

A v. alginolyticus SDS-resistant, ca2+ -dependent serine 

exoprotease gene was cloned on a 7 . 1 kb DNA fragment by 

means of the "suicide vector", pEcoR251, to give the 

recombinant plasmid pVP100. The gene was expressed from its 

own promoter in. E.coli, resulting in the appearance of 

exoprotease activity in supernatants of late stationary 

phase cultures in proteinaceous media containing cac12 . 

Although exoprotease activity was only detected during late 

stationary phase growth (18-24 h) of E.coli[pVP100] cells, 

transcription and translation of the exoprotease occurred 

before 6 h, during exponential growth. No intracellular 

protease activity could be detected in E.coli LE392[pVP100] 

cells. It appeared that the cloned exoprotease was 

synthesized as a pool of inactive precursor molecules during 

exponential growth and was later released to the 

extracellular medium . by a process which did not require 

protein synthesis or involve cell lysis. This release 

process was not inhibited by o-phenanthroline, quinacrine or 

cerulenin. Supernatant samples from E.coli[pVP100] cultures 

contained two. SDS-resistant exoproteases with apparent Mr 

values of approximately 54 000 and 39 000. The cloned 

exoprotease activity was inhibited by EDTA and the serine 

protease inhibitor, PMSF. 
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4.1 Introduction. 

A library of v. alginolyticus DNA was established in E. coli 

HB101 by insertional inactivation of the EcoRI gene of the 

"suicide vector", pEcoR251 (Maharaj et al., 1986). 

Transformation of E. coli with the plasmid pools from this 

V.alginolyticus gene bank resulted in the isolation of 

several V. alginolyticus genes, for example, glutamine 

synthetase (Maharaj et al., 1986) and a sucrose utilization 

system (Scholle et al., 1987). 

In order to characterize the exoproteases produced by 

V.alginolyticus, the cloning of the protease genes in E.coli 

was investigated. Furthermore, it was important to establish 

whether or not the secretory "signals" or systems of 

V. alginolyticus would be recognized and be functional in 

other gram-negative hosts such as E.coli. 
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4.2 Materials and Methods. 

4.2.1 Bacterial strains and plasmids. The proteolytic 

V.alginolyticus strain, used as a source of chromosomal DNA, 

has been described previously (Welton and Woods, 1973, 1975; 

Reid et al., 1980). E.coli strains HB101 (Maniatis et al., 

1982), LE392 (Maniatis et al., 1982) and K514 (Wood, 1966) 

were used as recipient strains for recombinant plasmids. The 

strains, their relevant genetic markers, and references are 

given in Appendix D. The plasmid vector pEcoR251, a gift 

from M. Zabeau (Plant Genetic Systems, Ghent, Belgium), is a 

positive selection vector containing the E.coli EcoRI gene 

under the control of the A rightward promoter ( PR) 1 the 

ampicillin resistance gene and the pBR322 origin of 
• 

replication. The EcoRI gene product, expressed at high 

levels by the A PR 1 is . lethal unless insertionally 

inactivated or regulated by plasmid pCI857ts 1 a pACYC 

derivative which contains a temperature sensitive A· 

repressor gene (Remaut et al., 1983). 

4.2.2 Media and growth conditions. V.alginolyticus cultures 

were grown aerobically at 30 °c in vLB or peptone medium as 

described in section 3.2.1. E.coli strains were grown in LB 

(Miller 1 1972), glucose minimal medium (Miller, 1972) or 

peptone water (PW) (2.5%, w/v, peptone in distilled water) 

at 37 °c. Plasmids were maintained by selection in the 

presence of the appropriate antibiotic. All bacterial 

strains were maintained on agar plates containing 1% (w/v) 

skim milk. 'All buffers and solutions not fully described in 

the text are given in Appendix A. 
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4.2.3 Preparation of DNA. Plasmid DNA was prepared by the 

alkali-lysis method of Ish-Horowicz and Burke ( 1981). The 

small-scale (miniprep) and large-scale (maxiprep) methods of 

plasmid isolation are described in Appendix B. 

V. alginolyticus chromosomal DNA was isolated by a 

modification of the method of Marmur (1961), as described in 

Appendix B. 

4. 2. 4 Construction of v. alg1nolyt1cus genomic library. A 

library of V. alginolyticus chromosomal DNA fragments was 

established using the plasmid pEcoR251, as described by 

Maharaj et al. ( 1986). V. alginolyticus DNA was partially 

digested with Sau3A endonuclease, and the fragments were 

fractionated on a sucrose density gradient. Fragments 

ranging from approximately 2-4 kb in size were ligated with 

Bglii endonuclease digested pEcoR251. Ampicillin resistant 

(Apr) E. coli HB101 transformants were pooled in lots of 

approximately 1 000, and plasmid DNA was extracted from each 

pool to constitute the genomic library. 

4.2.5 Selection of protease clone pVPlOO. E.coli K514 

containing plasmid pCI857ts was made competent for DNA 

uptake as described in Appendix B. Plasmid pCI857ts was 

maintained by selection with kanamycin (Km) ( 15 pg ml-1 ). 

Competent E. coli K514 [pCI857ts] cells ( 100 pl) were 

transformed, as described in Appendix B, with 10 pl of DNA 

from each pool of the genomic library. Trans formants were 

selected for their ability to form haloes of clearing on 

skim milk plates containing Ap (100 pg ml-1 ) and Km 

(15 pg ml-1 ) after 48 h at 30 or 37 °c. Several colonies, 
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with haloes of various diameters, were observed at both 

temperatures. 

4.2.6 Restriction endonuclease mapping and subcloning. 

Standard techniques were utilized to obtain a restriction 

endonuclease map of pVP100. The general methods for 

restriction endonuclease digestion and mapping are given in 

Appendix B. Restriction endonuclease digested DNA was 

resolved by electrophoresis in 0.8% agarose TBE gels 

containing 1 pg rnl- 1 EtBr. 

SUBCLONING OF pVPlOO: Plasmid pVP100 was digested to 

completion with Psti restriction endonuclease and was 

ligated to Psti restriction endonuclease digested pBR325. A 

general subcloning protocol is presented in Appendix B. 

Competent E.coli HB101 cells (100 pl) were transformed with 

50 ng DNA, and were plated on skim milk agar plates 

containing Crn (20 pg rnl-1 ) and incubated at 37 °C. 

Transformants that were Crnr were replica plated onto agar 

plates containing Ap (100 pg rnl- 1 ) to ensure that the Apr 

gene of pBR325 had been insertionally inactivated by the 

subcloning. 

A complete BamHI endonuclease digest of pVP100 was similarly 

subcloned into BamHI endonuclease digested pBR325. 

Transformants were selected on skim milk plates containing 

ern (20 pg rnl- 1 ), and crnr colonies were replica plated onto 

agar plates containing Tc (25 pg rnl-1 ) to confirm the Tcs of 

transformants carrying the subcloned BamHI fragment. 
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V. alginolyticus was digested 
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Chromosomal DNA from 

with EcoRI, Psti and Bgli 

restriction endonucleases, respectively, and was resolved by 

electrophoresis in a 0. 8% agarose Tris/acetate gel. The 

chromosomal DNA from the V.alginolyticus prot-T1 mutant was 

digested with EcoRI and similarly resolved. Samples of 

EcoRI- and Psti-digested plasmid pVP100 and pEcoR251 were 

also resolved by electrophoresis on the same gel. Lambda DNA 

digested with Hindiii served as the Mr standard. 

The DNA was transferred to Hybond-N hybridization membrane 

(Amersham) essentially by the protocol . of Reed and Mann 

(1985). The use of nylon transfer membrane allows the 

capillary transfer of DNA restriction fragments in alkali 

rather than in neutral, high ionic strength solvents (used 

in conventional Southern transfer), and eliminates the need 

for post-transfer fixation (Reed and Mann, 1985). After 

electrophoresis the gel was rinsed in 2 volumes of 

0.25 M-HCl for 20 min at room temperature with gentle 

agitation, followed by a brief rinse in distilled water. The 

gel was then placed on top of 2 sheets of Whatman 3 MM 

filter paper (wetted with 0.4 N-NaOH, and placed on top of 

an inverted gel-casting tray in a plastic box, such that the 

filter paper touched the base of the box, forming a wick), 

and was flooded with 50-100 ml of 0. 4 N-NaOH. A sheet of 

Hybond-N, wetted by floating onto, and then immersing in, 

distilled water was placed on top of the gel, and any air 

bubbles were removed. Three sheets of Whatman 3 MM filter 

paper, wetted in 0.4 N-NaOH, were laid onto the membrane, 

followed by a 4 em-thick layer of absorbent paper. A light 
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weight was placed on top of this, and transfer left to 

continue overnight. After transfer, the membrane was removed 

and rinsed for 20 min in 2 X SSC (Appendix A). 

Hybridization and washing conditions were essentially 

according to Maniatis et al. (1982). The membrane was gently 

shaken in pre-hybridization solution (Appendix A) for 4 h at 

65 while the probe was being prepared. The 

radioactively-labelled probe to be used was denatured by 

boiling for 10 min and was added to the pre-hybridization 

fluid. Hybridization was carried out at 65 °c overnight. The 

membrane was washed in 1 X sse at 65 °C, and after checking 

the radioactivity by means of a Geiger-counter, the washing 

was terminated and the membrane sealed in a plastic bag. The 

membrane was exposed to autoradiographic film (XAR-5) 

overnight at -70 °C. 

Plasmid pVPlOO was nick-translated (Rigby et al., 1977) 

using [cx-32P]dCTP, and used as a hybridization probe. The 

reagents were obtained in kit form (Amersham) and used 

according to the suppliers specifications. Contaminating 

nucleotides were removed from the labelled probe using a 

Sephadex G50 spin column as described by Maniatis et 

al. ( 1982). The radioactively labelled A. probe was a gift 

from D. Berger (UCT Microbiology Dept). 

4. 2. 8, Treatment of supernatants with protease inhibitors. 

The supernatant from a 24 h E.coli HB101[pVP100] culture in 

PW + 10 mM-Cacl 2 was assayed for protease activity in the 

presence of protease inhibitors by means of the azocasein 

assay. Supernatant samples were incubated with the 
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inhibitors for 10 min at 37 °C before being assayed in the 

presence of the inhibitors. Control experiments showed that 

the ethanol and the DMSO, used to dissolve the 

o-phenanthroline and the PMSF respectively, did not affect 

the protease activity. 

4.2.9 Heat inactivation. The supernatant from a 24 h E.coli 

LE392[pVP100] culture in PW + 10 mM-CaC1 2 was divided into 

10 ml volumes and heat inactivated as described in section 

3.2.5. All the samples were assayed by means of the 

azocasein assay, at the same time, once the last sample had 

been taken. 

4.2.10 Enzyme assays. 

PROTEASE: Protease activity was assayed using the synthetic 

substrate azocasein, as described in section 2.2.4. 

~-GALACTOSIDASE: ~-Galactosidase activity was assayed using 

an adaptation of the method of Pardee et al. (1959). E.coli 

cultures were grown in the presence of 2 mM-IPTG to induce · 

~-galactosidase activity. A 1 ml sample (cell suspension or 

culture supernatant) was vortexed briefly with a drop of 

toluene and incubated at 37 °c for 30 min in an uncapped 

test tube. The tube was them equilibrated at 28 °C for 5 

min. The reaction was initiated by the addition of 200 .ul 

substrate ( 13 mM-ONPG in 0. 25 M-sodium phosphate buffer, 

pH 7.0) and allowed to continue at 28 °c for 5 min (samples 

were diluted with culture medium before assaying, so as to 

give a noticeable, but not too bright, yellow colour within 

5 min). The reaction was stopped by the addition of 500 .ul 

~a 2co3 (14%, w/v), and the absorbance at 420 nm was measured 
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(if assaying a cell suspension, the reaction mixture was 

given a brief spin in a microfuge to clear any turbidity, 

before the absorbance was read) . 13-Galactosidase activity 

was calculated as A420 units ml- 1 min- 1 , and was expressed 

as a % difference between cell fractions. 

4. 2.11 Gelatin-PAGE protease assay. Supernatant samples 

from cultures of E. coli strains harbouring plasmid pVP100 

were characterized by gelatin-PAGE as described in section 

2.2.5. Alternatively, protease activity was detected by 

using a gelatin overlay after conventional SDS-PAGE, as 

described in section 3.2.4. 

4.2.12 Preparation of supernatant and cell lysate fractions. 

An overnight culture of E.coli LE392[pVP100] was diluted 

1:10 in 100 ml PW containing 10 mM-CaC1 2 , 2 mM-IPTG and 

50 pg ml- 1 Ap, and was incubated at 37 °C with good 

aeration. Samples (10 ml) were removed, disintegrated by 2 

passages through a French press, and given a 2 min clearing 

spin in a microfuge before being assayed (lysed culture) . 

Cells from a 10 ml sample were also harvested by 

centrifugation ( 12 000 X g for 10 min), washed twice and 

resuspended in PW containing 10 mM-CaC1 2 , 2 mM-IPTG and 

50 pg ml-1 Ap, and similarly disintegrated by mearis of a 

French press (cell extract). Concentrated cell extracts were 

obtained by resuspending samples in one-fifth the sample 

volume (after harvesting by centrifugation, and washing) 

before lysing using the French press (cone. cell extract). 

Culture supernatant samples were collected after 2 min 

centrifugation in a microfuge (supernatant). 
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4.3 Results. 

4.3.1 Cloning of the V.alginolyticus protease A gene. 

E.coli K514[pCI857ts] was transformed with recombinant 

pEcoR251 plasmid pools, and transformants, which formed 

haloes of clearing, were selected on skim milk plates 

containing Ap at 30 and 37 °C. The plasmid DNA from six 

halo-forming transformants was isolated and analyzed by 

electrophoresis on a 0.8% agarose TBE gel. One plasmid 

preparation gave a particularly good yield of DNA and was 

used to transform competent E.coli HB101. E.coli HB101 

transformants able to produce haloes on skim milk plates 

were obtained at the same frequency as Apr transformants. 

The extent of halo formation by E. coli HB101 carrying the 

recombinant plasmid is illustrated in Fig. 4.1. It was not 

necessary to maintain the presence of plasmid pCI857ts, as 

expression of the protease by E.coli was not lethal, and did 

not require controlled low-level expression. 

Fig. 4.1. Halo production by E.coli HB101[pVP100] (right) on 
agar plate containing 1% (w/v) skim milk . E.coli HB101 
without the recombinant plasmid pVP100 is shown on the left. 
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The recombinant plasmid was designated pVPlOO. Restriction 

endonuclease mapping of pVPlOO revealed a 7.1 kb DNA insert 

in pEcoR251 (Fig. 4.2). 
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Fig. 4. 2. Partial restriction endonuclease map of pVPlOO. 
The bold line represents V.alginolyticus DNA. The thin line 
represents vector pEcoR251 DNA. The region coding for 
protease A is indicated. 

The 2. 7 5 kb Psti fragment of this insert was subcloned in 

both orientations to produce plasmids pVPlOl and pVP102 

(Fig . 4.3). E.coli HB10l[pVP101] and E.coli HB101[pVP102] 

both produced haloes of clearing on skim milk plates at 

37 °C, but it was noted that E.coli strains carrying plasmid 

pVP102 produced haloes approximately 24 h earlier than those 

carrying plasmid pVPlOl. All the transformants carrying 

recombinant plasmids with the _2.75 kb Psti fragment in the 

same orientation as that of pVP102 were particularly strong 

halo producers. 

The 4.75 · kb BamHI fragment of pVPlOO was subcloned in both 

orientations to produce plasmids pVP103 and pVP104 

(Fig. 4.3). E.coli HB10l[pVP103] and E.coli HB10l[pVP104] 

both produced haloes on skim milk plates of equal intensity 

to those of E.coli HB10l[pVP101] . 
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Fig. 4.3. Partial restriction endonuclease maps of pVPlOl, 
pVP102, pVP103 and pVP104 . The thin line represents vector 
pBR325 DNA . The bold line represents the region subcloned 
from pVPlOO, with the V.alginolyticus DNA represented by the 
filled-in area. 

4.3.2 DNA homology of pVPlOO to v.alg1nolyt1cus chromosomal 

DNA. The origin of the 7.1 kb insert in pVP100 was 

determined by Southern blotting and DNA hybridization, using 

[ 32P]-labelled pVPlOO as the probe. Labelled pEcoR251 did 

not hybridize to v. alginolyticus DNA (data not shown). The 

pVP100 probe hybridized to two fragments (of approximately 

11 and 13 kb, respectively) of Psti-digested V.alginolyticus 

chromosomal DNA and to a single fragment (of approximately 

20-25 kb) · of Bgli-digested DNA (data not shown). The 

hybridization pattern of the EcoRI-digested v. alginolyticus 

chromosomal DNA differed to that of the V. alginolyticus 

prot-T1 mutant DNA (Fig. 4.4). The probe hybridized to three 

fragments of DNA of approximately 1 . 8, 10 and 18 kb, 

respectively, in the case of the wild-type V.alginolyticus, 
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and hybridized to three fragments of DNA of approximately 

1.8, 7 and 12 kb, respectively, in the case of the prot-T1 

mutant. 

T1 WT 
kb 

-18 
-12 
-10 
-7 

Fig. 4.4. Autoradiograph of [3 2P]-labelled pVP100 hybridized 
to EcoRI-digested chromosomal DNA from V.alginolyticus wild­
type (WT) and prot-Tl mutant (T1). The approximate Mr of the 
fragments are given 1n kb. 

This suggests that the mutant has deletions of approximately 

3 and 6 kb in the regions corresponding to the 10 and 18 kb 

fragments, respectively, of the wild-type DNA, or that new 

EcoRI restriction endonuclease recognition sites have been 

created within these same regions. It should be noted that 

the prot-T1 mutant does produce proteases A, B and C and 

that its "overproducing" capabilities, as visualized by 

gelatin-PAGE, are also applicable to these proteases (data 

not shown). 

4.3.3 Exoprotease production. Exoprotease activity of 

E.coli HB101[pVP100] and E.coli LE392[pVP100] cultures grown 

in PW containing 10 rnM-CaC1 2 was detected in late stationary 

phase after approximately 18 h incubation (Fig. 4. 5). No 

protease activity was detectable when cac1 2 was omitted from 

the culture medium (data not shown). Exoprotease production 
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by E.coli HB101(pVP100] was accompanied by the release of 

intracellular ~-galactosidase and a decrease in turbidity of 

the culture. Although E.coli LE392[pVP100] cells produced 

similar amounts of exoprotease activity 1 no extrace 11 ular 

~-galactosidase activity was detected and there was no 

decrease in turbidity (Fig. 4.5). The kinetics and amounts 

of exoprotease production by E.coli HB101[pVP100] and E.coli 

LE392[pVP100] were similar at 30 and 37 °C (data not shown). 
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Fig. 4.5. The kinetics of exoprotease production by E.coli 
HB101[pVP100] (open symbols) and E.coli LE392[pVP100] 
(filled symbols). Growth is exprfssed as log oo600 (o1e); 
protease activity as U ml- ( t::. 1 .& ) ; supernatant 
~-galactosidase activity as a percentage of the total 
~-galactosidase activity (o 1•)· SEMs were 5-10% of reported 
values. 

The production of protease activity by E.-coli LE392[pVP100] 

was investigated in minimal and complex media. Exoprotease 

activity was detected in cultures grown in PW + 10 mM-CaC1 2 

but not in cultures grown in PW without cacl 21 or in minimal 

medium with or without cac1 2 (CaC1 2 added after dialysis of 
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MM culture supernatants, as described in section 3.2.3). The 

addition of eae1 2 to cell-free supernatant samples from 18, 

20, 24, 30 and 48 h E.coli LE392[pVP100] cultures grown in 

PW did not result in the activation of protease activity. No 

exoprotease activity was detected after 24 h when either 

MgC1 2 , zne1 2 , Niel 2 or Liel (all 10 mM) was added to E.coli 

LE392[pVP100] 4 h cultures grown in PW. 

4.3.4 The effect of chloramphenicol on exoprotease 

production. Since exoprotease production by E. coli 

LE392[pVP100] was only detected in supernatant samples after 

approximately 18 h, the time of synthesis of the protease 

was determined by the addition of em ( 100 pg ml- 1 ) to 

exponentially growing cells (Fig. 4.6). 
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Fig. 4.6. Effect of em on expprotease production by E.coli 
LE392[pVP100]. em (100 pg ml-) and IPTG (0.1 mM) were added 
at 6 h (arrow) to exponential phase cultures (open symbols). 
Controls, to which no em was added, were also done (closed 
symbols). Growth fs expressed as log oo600 (o,e); protease 
activity

1
in U fl- (~,•); total ~-galactosidase activity as 

A420 ml- min- (o,•)· SEMs were 5-10% of reported values. 
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The addition of Cm at 6 h inhibited the growth of E. coli 

LE392[pVP100]. The simultaneous addition of Cm and IPTG 

( 2 mM) at 6 h prevented the synthesis of 13-galactosidase. 

Control cultures, to which no Cm was added, produced high 

levels of 13-galactosidase activity when induced by IPTG. The 

exoprotease production by E.coli LE392[pVP100] was not 

markedly affected by the addition of Cm at 6 h (Fig. 4.6). 

The addition of Cm to E.coli LE392[pVP100] cultures at 18 h, 

· shortly before the appearance of protease activity in the 

supernatant, likewise did not prevent the production of 

"normal" levels of exoprotease activity (data not shown). 

4. 3. 5 The effect of o-phenanthroline, 

quinacrine on exoprotease production. 

cerulenin and 

The release of 

exoprotease by E.coli LE392[pVP100] cultures in PW + 

10 mM-CaC1 2 was 

o-phenanthroline 

not affected by the 

(50 pg ml- 1 ), cerulenin ( 1 

addition 

pg ml- 1 ) 

of 

or 

quinacrine (25 pg ml- 1 ) shortly before the start of 

exoprotease release (16 h). The control culture containing 

no inhibitor, and the cultures to which o-phenanthroline, 

cerulenin or quinacrine had been added all produced between 

3.2 and 3.6 U ml-1 of exoprotease activity after 20 h. 

4. 3. 6 Localization of protease activity. The experiments 

with Cm indicated that the protease produced by E.coli 

LE392[pVP100] was synthesized approximately 12 h before it 

was released into the extracellular medium. To determine 

whether active exoprotease was stored intracellularly prior 

to release, E.coli LE392[pVP100] cells in PW + Cacl 2 were 

harvested well before the release of exoprotease, at 6 h, 
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and during the release of exoprotease, at 18-24 h. Various 

cell fractions were prepared, and the distribution of active 

exoprotease and ~-galactosidase was determined. No 

significant amounts of intracellular protease activity were 

detected in extracts of washed cells, nor was the overall 

activity of a culture sample increased by cell lysis using 

the French press. Treatment of control supernatant samples, 

containing exoprotease activity, in the·French press did not 

inactivate the' exoprotease. The cell extract of an E.coli 

LE392 control culture did not inactivate or inhibit the 

exoprotease activity of a supernatant sample containing 

active exoprotease. 

After 24 h growth of E.coli LE392[pVP100], the majority of 

the exoprotease activity was extracellular ( 91%), whereas 

the ~-galactosidase activity remained mostly intracellular 

(98%). 

4.3.7 Characterization of the cloned exoprotease. The 

exoprotease activity found in the supernatant of 24 h E.coli 

HBlOl[pVPlOO] and E.coli LE392[pVP100] cultures in PW + 

cac1 2 was resolved by gelatin-PAGE. Staining of the gels 

immediately after gelatin-PAGE or after removal of the SDS 

by soaking in Triton X-100 for 1 h revealed broad biphasic 

zones of protease activity at the top of the gel (Fig. 4.7). 

A more rapidly migrating zone of low protease activity was 

followed by a zone of high protease activity. The zone of 

lower Mr was not present in supernatant samples from E.coli 

cultures that carried the plasmids pVPlOl, pVP103 and pVP104 
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(data not shown). The absence of this band may reflect the 

lower levels of protease activity coded for by these 

plasmids with respect to pVP102. Control E.coli culture 

supernatants did not produce any zones of protease activity 

after gelatin-PAGE (data not shown). A similar zone of 

protease activity at the top of a gelatin-PAGE gel was 

produced by V. alginolyticus culture supernatants (protease 

A, apparent Mr of approximately 54 000; Deane et al., 1987a) 

(Fig. 4.7). The V.alginolyticus SDS-sensitive exoproteases, 

la and lb (Deane et al., 1986), were revealed once the 

gelatin-PAGE gel had been soaked in Triton X-100 for 1 h and 

incubated in 0.1 M-glycine buffer (pH 9.0) for 3 h at 37 °C 

(Fig. 4.7). 

a b c d e f 

Fig. 4.7. Analysis by gelatin-PAGE of exoproteases produced 
by E.coli[pVP100] and V.alginolyticus. Supernatant samples 
(10 pl per lane) of E.coli[pVP100] (lanes b, d and f) and 
V.alginolyticus (lanes a, c and e) cultures were analyzed. 
Gels stained immediately after electrophoresis (lanes a and 
b), after washing for 1 h in Triton X-100 after 
electrophoresis (lanes c and d), and after washing in Triton 
X-100 followed by incubation in 0.1 M-glycine buffer, pH 
9.0, for 3 hat 37 °C (lanes e and f) are depicted. The 50S­
sensitive protease la is also indicated. 
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To obtain the Mr values of the exoproteases produced by 

E.coli[pVPlOO] in PW + CaC1 2 , culture supernatant samples 

were resolved by conventional SDS-PAGE without gelatin and 

the protease activity was detected using a gelatin overlay 

{Fig. 4. 8) . Staining of the SDS-PAGE gel revealed the Mr 

markers but no protein bands were visible in the lanes 

containing protease samples. Two bands of protease activity 

with apparent Mr values of approximately 54 000 and 39 000 

were visible on the gelatin overlay, corresponding to the 

protease activities of the E . coli[pVPlOO] culture 

supernatant. A control sample containing the V.alginolyticus 

SDS-resistant exoprotease produced three bands of 

exoprotease activity with apparent values of 

approximately 54 000, 41 000 and 37 000 as described 

previously {Deane et al., 1987a). 

a b 
-3 
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+--41 
+--39 
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Fig. 4.8. Analysis of exoproteases produced by E.coli 
LE392[pVP100] {lane a) and V.alginolyticus (lane b) by the 
gelatin-overlay technique. Supernatant samples were resolved 
by conventional SDS-PAGE without gelatin, and the protease 
activity was then detected by overlaying with a gelatin gel 
(depicted) after electrophoresis. 
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4.3.8 Exoprotease stability and activity. The cloned 

exoprotease showed similar heat inactivation kinetics in PW 

' + CaC1 2 to the SDS-resistant ,protease A produced by 

V.alginolyricus (Deane er al., 1987a). A sample containing 

3.30 U ml- 1 protease activity was stable at 40 °C but lost 

35 and 88% of its activity after holding for 1 h at 50 and 

60 °C, respectively. 

Dialysis of the cloned exoprotease produced in PW + cac1 2 

(3.9 U ml-1 protease activity) against distilled water for 

18 h at 4 °C, resulted in the slight inactivation of the 

exoprotease. Dia~ysis against 10 mM-Cacl 2 did not result in 

the loss of protease activity. EDTA-inactivated exoprotease 

activity was reactivated by dialysis against 10 mM-CaC1 2 or 

by the addition of Cacl2 to samples that had been firSt 

dialysed against distilled water. 

4.3.9 Effect of protease inhibitors. The effect of 

inhibitors on the v. alginolyricus SDS-resistant proteases 

was determined in the presence of SDS, so as to eliminate 

any contribution of the SDS-sensitive proteases to the 

overall protease activity (section 3. 3. 7) . This was not 

necessary in the case of the exoprotease cloned in E.coli, 

and the effect of the inhibitors was therefore determined in 

the absence of SDS (Table 4 .1) . The cloned exoprotease 

showed a similar response to that of the v. alginolyricus 

protease A, and was inhibited by EDTA and the serine 

protease inhibitor, PMSF. 
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Table 4 . 1 . EFFECTS- OF VARIOUS INHIBITORS ON CLONED 
EXOPROTEASE ACTIVITY. 
Supernatant samples from a 24 h culture of E.coli 
LE392[pVP100] in PW + cac1 2 were treated for 10 min at 37 °C 
with various protease inh~bitors, before being assayed in 
the presence of the inhibitors by means of the azocasein 
assay. 

Inhibitor 
1
Activity 

(cone) (U ml- ) (% of control) 

no inhibitor 4.47 100 
PMSF (10 mM) 0.07 2 
PHMB (2.5 mM) 3.78 85 
soybean trypsin 3.44 77 
inhibitor (1 mM) 

o-phenanthroline 4.14 93 
(2.5 mM) 

EDTA ( 10 mM) 0.69 15 

It was noted that when a supernatant sample of the cloned 

protease in PW + CaC1 2 was incubated in the presence of 2.5% 

SDS for 30 min before being assayed, a 2~3 fold increase in 

protease activity was obtained. This phenomenon did not 

occur in the case of the V.alginolyticus supernatant samples 

(data not shown). This increase in protease activity of the 

cloned protease in response to SDS resulted in a less 

drastic inhibitory effect by PMSF (only 50% inhibition in 

the presence of SDS) but did not otherwise alter the effect 

of the various protease inhibitors (results not shown). 
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4.4 Discussion. 

A 7 .1 kb DNA fragment from V. alginolyticus was cloned on a 

recombinant plasmid, pVP100, in E.coli, and shown to produce 

an SDS-resistant, Cacl 2-dependent exoprotease. A 2. 7 5 kb 

fragment of this DNA, subcloned in both orientations in 

another vector, pBR325, expressed exoprotease activity in 

E.coli. The one orientation of this fragment (pVP102) 

resulted in stronger protease production, which may have 

resulted from higher expression of the gene from the Ap gene 

promoter, just upstream of the subcloned DNA. A larger 4.75 

kb fragment, subcloned in both orientations, also resulted 

in protease production, and it was concluded that the cloned 

exoprotease gene was expressed in E.coli from a 

V.alginolyticus regulatory region. 

The exoprotease produced by pVP100 in E. coli was able to 

digest gelatin in the presence of SDS I and two broad zones 

of protease activity were detected after staining gelatin 

gels immediately after electrophoresis. When a gelatin 

overlay was added after conventional SDS-PAGE without 

copolymerized gelatin, two bands of exoprotease activity 

with apparent Mr values· of approximately 54 000 and 39 000, 

respectively, were detected. v.alginolyticus was reported to 

produce an SDS-resistant exoprotease (protease A, apparent 

Mr of approximately 54 000) which autodegraded to produce 

two additional protease activities (proteases B and C, 

apparent Mr of approximately 41 000 and 37 000, 

respectively) 

the cloned 

(Deane et al., 1987a). 

DNA contains the gene 

It is suggested that 

for the 54 000 Mr 
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SDS-resistant V. alginolyticus exoprotease. This suggestion 

is supported by other similarities between the two protease 

activities; they are Ca 2+ -dependent . and are inhibited by 

EDTA and the serine protease inhibitor, PMSF, but not by 

o-phenanthroline, PHMB or an inhibitor of trypsin-like 

enzymes. They also show similar heat-inactivation kinetics. 

The production of the · SDS-resistant exoprotease by 

V.alginolyticus and E.coli[pVPlOO] cells differed in certain 

respects. Active exoprotease was synthesized and secreted by 

V. alginolyticus during exponential growth in proteinaceous 

media containing cac1 2 (Deane et al., 1987a). In the absence 

of cac1 2 , V.alginolyticus cells produced inactive 

exoprotease molecules which could be activated by the 

addition of- CaC1 2 to cell-free supernatants. In contrast, 

exoprotease activity was only detected in very late 

stationary phase E.coli[pVPlOO] cultures grown in 

proteinaceous media containing CaC1 2 . The addition of Cacl 2 

to supernatants of E.coli[pVPlOO] cultures grown in the 

absence of cac1 2 did not activate any protease molecules. It. 

appears that the exoprotease produced by pVPlOO in E.coli is 

less stable in the absence of cac1 2 than the exoprotease 

produced by v.alginolyticus. The loss of the cloned protease 

A activity is not associated with the concomitant increase 

in the amount of the smaller protease (Mr 39 000), which 

does occur in the case of v.alginolyticus. Furthermore, the 

protease A activity of the cloned protease is more readily 

regained by the addition of Cacl 2 following inactivation 



90 

with EDTA, than is :the case of the protease A activity 

produced by v.alginolyticus. 

The production of the cloned exoprotease by two different 

E.coli strains is interesting. The kinetics of exoprotease 

production by E.coli HB101[pVP100] and E.coli LE392[pVP100] 

cells were similar. However, exoprotease activity was 

associated with lysis of E.coli HBlOl[pVPlOO] cells and the 

release of the cytoplasmic enzyme p-galactosidase. 

Exoprotease activity in E. coli LE392[pVP100] cultures was 

not associated with cell lysis or the release of a 

cytoplasmic enzyme. Tang et al. (1987) noted that the 

protease gene of Xanthomonas campestris pv. campestris, 

cloned in E. coli, was expressed differently by . the two 

E. coli strains JM107 and ED8767. In the case of E. coli 

JM107, the protease was found extracellularly, whereas in 

E.coli ED8767 the host cells had to be lysed by chloroform 

to release the protease activity. 

The production of exoprotease by E.coli LE392[pVP100] cells 

may be similar to the release of a cloned penicillinase from 

an alkalophilic Bacillus strain in E. coli (Kudo et al., 

1983). The release of the cloned penicillinase occurred 

· during late stationary phase and was accompanied by the 

release of the periplasmic enzymes of the E. coli host. 

However, it was later shown that the release was due to the 

activation of a cryptic col plasmid lysis gene present in 

the cloning vehicle by a promoter in the insert DNA 

(Kobayashi et al., 1986). In contrast, release of a cloned 

serine protease from a S. marcescens strain occurred during 



exponential growth of the host, and did not involve leakage 

of the periplasmic enzymes (Yanagida et al., .1986). 

Studies with Cm on exoprotease synthesis and activity in 

E. coli LE392[pVP100] cells indicated that although 

exoprotease activity was only detected in late stationary 

phase (18-24 h) culture supernatants, transcription and 

translation of the exoprotease occurred before 6 h, during 

exponential growth. Since exoprotease activity is only found 

some 12 h later, and continues to increase steadily over 

some days, it was assumed that a substantial quantity of 

intracellular protease molecules was produced during 

exponential growth and was later released by a process that 

did not involve protein synthesis or cell lysis. No active 

intracellular protease activity was detected in lysed cells 

from 6 or 18 h E.coli LE392[pVP100] cult~res, nor was there 

any increase in azocasein protease activity upon lysis of, 

cultures that were actively producing exoprotease. It 

appears, therefore, that the release process is involved in 

the activation of the exoprotease. Since it was not possible 

to detect the cellular localization of the inactive protease 

molecules, it is not known whether the exoprotease is 

released from a cytoplasmic or a periplasmic pool of 

inactive precursor molecules. 

An exoenzyme-releasing protease system appears to be 

involved fn the secretion of exoproteins by gram-positive 

bacteria. This has been suggested by inhibition studies 
' 

using o-phenanthroline and quinacrine (Traficante and 

Lampen, 1977; Berkeley et al., 1978). A similar system may 

< . 



be operating in v.alginolyticus (Hare et al., 1981; Deane et 

al., 1987a). The release of the cloned exoprotease by E.coli 

LE392[pVP100] cells was not affected by these inhibitors, 

suggesting that a different mechanism to that operating in 

v.alginolyticus is involved. Further evidence for this 

suggestion involves experiments with cerulenin, a specific 

inhibitor of fatty acid synthesis (Omura, 1976), which 

reduced exoprotease production by V. alginolyticus (Hare et 

al., 1981}, but did not affect exoprotease production by 

E.coli LE392[pVP100] cells. 
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Chapter 5 

Nucleotide sequence of the cloned Vibrio alginolyticus 
protease A gene, and comparison of the gene product with 
other serine proteaseso 

5 o 0 Summary o 

The nucleotide sequence of the V.alginolyticus alkaline 

serine exoprotease A gene (proA) cloned in E.coli was 

determined. The proA gene consisted of 1602 bp which encoded 

a protein of 534 amino acids with a Mr of 55 900. The region 

upstream of the gene was characterized by a putative -35 -10 

promoter consensus region, a ribosome-binding site (AGGA) 

and ATG start codon. The gene encodes a typical N-terrninal 

signal peptide of 21 amino acids (aa). Deletions of up to 

106 aa from the C-terrninus of the protease did not result in 

the loss of extracellular protease activity. Additional 

V. alginolyticus genes were not involved in the production 

and release into the extracellular medium of the cloned 

protease A in E.coli. The amino acid sequence of protease A 

showed low overall homology (12%) to a s.marcescens serine 

exoprotease, but 30-40% homology was detected with other . 
subtilisin family exoproteases. The fungal proteinase K, 

another SDS-resistant protease, had 44% amino acid homology 

with protease A. 
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5.1 Introduction. 

The nucleotide sequence of the gene for protease A would 

provide much-needed information concerning both the 

regulation or control of the protease, and its structure. At 

the time of this study, the only gene from this organism to 

be sequenced was the gene for glutamine synthetase (Maharaj, 

Ph.D Thesis, Microbiology Dept, University of Cape Town, 

1988). The deduced amino acid sequence bore strong homology 

to the E.coli glutamine synthetase. 

Gelatin-PAGE analysis of the protease A activity of 

v.alginolyticus indicated that it degraded to form two other 

proteases, B and C, but the nature of this conversion was 

unknown .. A wealth of information concerning the nucleotide 

and aa sequence of many proteases revealed various sites of 

processing of precursor proteases to their mature forms. A 

general feature of proteases which are secreted by . gram­

positive bacteria appears to be a precursor with a N­

terminal propeptide (Vasantha et al., 1984; Carmona and 

Gray, 1987; Henderson et al., 1987), whilst C-terminal 

processing of precursor proteases has also . been reported 

(Pohlner et al., 1987). The localization of secretion 

determinants of protease A would require a knowledge of the 

aa sequence deduced from the nucleotide sequence. 

Furthermore, the construction of deletions and gene fusions 

would be aided by this knowledge. 
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The primary and three-dimensional structures and the active 

site of many proteases have been determined (Kraut, 1977; 

Pauptit et al., 1988; Bajorath et al., 1989). Structural 

changes in proteinase K (determined by studies of the X-ray 

crystal structure) are triggered by the removal of calcium 

ions (Bajorath et al., 1989). They conclude that the loss of 

proteinase K activity on removal of the calcium is a result 

of these structural changes affecting the active center, and 

not of autolysis of the enzyme. 

Analysis of the regulatory regions upstream of the start 

codons of many proteases has also been well studied (Takagi 

et al., 1985; Toma et al., 1986; Claverie-Martin et al., 

1987). Comparison of the proA gene regulatory regions to 

those of other protease genes could furnish information 

about the manner of protease regulation in V.alginolyticus. 

Finally, the attraction of "protein engineering", so 

successfully attempted in the case of subtilisin (Wells and 

Estell, 1988), provides additional motivation for comparing 

the aa sequence homology of protease A with that of other 

subtilisin family proteases. 
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5.2 Materials and Methods. 

5 . 2 • 1 Bacterial strains and plasmids. The E. coli strains 

used are given in Appendix D, together with their relevant 

genetic markers and references. E. coli JM105 was used as 

host for the recombinant plasmids prepared by the BAL31 

shortening technique, and E.coli LKlll was used as host for 

the exonuclease III-shortened templates. The plasmids pVP102 

and pVP104 containing the v. alginolyticus protease A gene 

(proA) have been described in Chapter 4. The Ml3-derived 

"Bluescript" phasmid (Stratagene, San Diego) was employed 

for the preparation of templates for DNA .sequencing. 

5.2.2 Media, buffers and enzymes. All media and buffers not 

described in the text are given in Appendix A. E.coli 

transformants were grown on peptone water (PW) (2.5%, w/v, 

peptone in distilled water) agar plates containing 1% (w/v) 

skim milk. E. coli JM105 was maintained on glucose minimal 

medium (Appendix A). Restriction endonucleases, T4 DNA 

ligase and Sl nuclease were purchased from Boehringer 

Mannheim Biochemicals. Exonuclease III and BAL31 were from 

Bethesda Research Laboratories. 

5. 2. 3 Sequencing strategy. To construct nested deletions 

for DNA sequencing, the BamHI fragment from pVP104, 

containing the protease A gene, was subcloned into the BamHI 

site of the Bluescript vector (orientation KS) to give the 

recombinant plasmid pVP105. The Bluescript vectors have a 

large poly linker . with 26 unique restriction sites, which 

made it possible to chose a unique restriction site for DNA 
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"shortening" by means of the BAL31 method (Misra, 1985). 

However, difficulties with this method (see section 5 ~ 3. 1) 

prompted the use of 

that of exonuclease 

an alternative shortening technique, 

III (Henikoff, 1984, 1987), for 

obtaining nested deletions of the protease A gene from the 

opposite direction. For this purpose, the 2.75 kb Psti 

fragment from pVP102 was subcloned into Bluescript vector 

(orientation SK) to give recombinant plasmid pVP110 

(Fig. 5.1) from which an overlapping set of deletion 

fragments was obtained. Regions of the protease A gene which 

were not covered by overlapping subclones of opposite 

polarity were sequenced 3 times in one direction using 3 

independently subcloned templates. After the sequence of the 

largest fragment of DNA that still coded for protease 

activity had been obtained, it was found that it did not 

contain an in-frame stop codon. Therefore, the Hpai/Hindiii 

fragment (approximately 550 bp) of pVP110 was subcloned into 

the Hindiii/EcoRV sites of Bluescript (SK) to give 

recombinant plasmid pVP113, which did contain the_ 

transcription termination site of the protease A gene. 

5.2.4 BAL31 exonuclease shortening of pVP105. The BAL31 

exonuclease reaction was prepared by combining Sal! 

restriction endonuclease digested pVP105 (10 pg), 5 X BAL31 

reaction buffer (Appendix A) and water to a final volume of 

247 pl and equilibrating at 37 °C for 5 min. The reaction 

was initiated by the addition of BAL31 exonuclease ( 3 pl, 

7.5 units), and 25 pl samples were removed at 1 min 

intervals to microfuge tubes (on ice) containing DNA loading 

solution (5 pl, Appendix A). These samples were resolved by 
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electrophoresis on a 0.8% agarose TBE gel, and the results 

used to calibrate the BAL31 exonuclease. Suitable digestion 

time intervals were selected to obtain fragments of the 

desired size, and the experiment was repeated using these 

time intervals. This time, however, the samples were removed 

into separate microfuge tubes which contained 150 .ul TE 

buffer (Appendix A) and 20 .ul TE buffer-saturated phenol. 

Each aliquot was further extracted with water-saturated 

ether, and the DNA was precipitated from the aqueous phase 

using ethanol, as described in Appendix B. The DNA was 

resuspended 

1 .ug .ul-1 ) 

endonuclease. 

in 

and 

TE buffer (to 

was digested 

Digestion was 

a final concentration of 

with Xbai restriction 

confirmed by resolving 

approximately 300 ng of DNA from each sample on a TBE gel. 

The remaining DNA was mixed with buffer-saturated phenol, 

extracted with ether, ethanol-precipitated and resuspended 

in TE buffer, as described above. 

5.2.5 Preparation of Bluescript vector and cloning of BAL31 

exonuclease shortened fragments. Bluescript (SK) was 

digested separately ( 1 .ug DNA each) with Xbai and EcoRV, 

which was confirmed by gel-electrophoresis, then the two 

digestion volumes were combined, and digestion with fresh 

Xbai and EcoRV was continued for a further 1 h. This ensured 

that the vector was being digested by both the restriction 

endonucleases. The digested vector was electrophoresed on 

low melting point (LMP) agarose to remove the short 

polylinker fragment. Following electrophoresis, the 

Bluescript band was excised from the gel, as described in 
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Appendix B, the gel slice melted and used directly in 

ligations (Struhl, 1985; Appendix B) with the BAL31 

exonuclease shortened fragments. After ligation (Appendix B) 

overnight at 20 °C , each ligation mixture was mel ted at 

70 °C, diluted with 4 volumes of 100 mM-CaC1 2 and used to 

transform competent E. coli JM105 ( 250 ng DNA per 100 .u1 

cells) . Trans formants were selected on PW skim milk agar 

plates containing Ap (100 ,ug ml- 1 ), XGal (40 ,ug ml- 1 ) and 

IPTG (0.1 mM). White colonies were shown to contain 

recombinant plasmids, which were analyzed by restriction 

endonuclease digestion and mapping. 

5. 2. 6 Exonuclease III shortening of pVPllO and cloning of 

shortened fragments. Unidirectional digestion using 

exonuclease III was carried out by an adaptation of the 

method of Henikoff (1984, 1987) using Saci BamHI 

restriction endonuclease digested pVP110. The pVP110 DNA 

(5 pg) was first digested with Saci in a 50 .ul digestion 

volume before the restriction endonuclease buffer was 

increased to 100 mM-NaCl and BamHI was added. After 

digestion, 100 .ul TE buffer was added, and the sample mixed 

with 100 .ul TE buffer-saturated phenol. The aqueous phase 

was further extracted with ether, and the DNA precipitated 

with ethanol (Appendix B). The DNA could be stored in pellet 

form at 4 °C before the shortening reaction was attempted. 

Ten sample tubes containing S1 nuclease mixture ( 27 .ul; 

Appendix A) were prepared immediately before starting the 

shortening reaction, and were kept on ice. The linearised 
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pVP110 was resuspended in 100 pl exonuclease buffer (66 mM­

Tris/HCl, pH 8.0, 0.66 mM-MgC1 2 ) and was equilibrated at 

30 °C for 5 min. A sample (9 pl) was first removed to a tube 

containing Sl nuclease mixture before any exonuclease III 

was added. The shortening reaction was initiated by the 

addition of exonuclease III (2.5 pl; 500 units) to the 

remaining DNA. After a 30 s lag period nine aliquots (9 pl 

each) were removed, at 30 s intervals, to the tubes 

containing 51 nuclease mixture. Once all the samples had 

been taken, the tubes were incubated at room temperature for 

30 min, before the 51 nuclease reaction was terminated by 

the addition of 3.6 pl Sl stop solution (Appendix A) to each 

tube. The tubes were then incubated at 70 °C for 10 min. 

(The extent of shortening was checked by the electrophoresis 

of approximately 100 ng DNA from each tube on a TBE gel). 

The exonuclease III-generated ends were filled in by the 

addition of 0. 5 units per tube o·f large fragment DNA 

polymerase I (Klenow) in Klenow buffer (Appendix A), 
I 

incubation at room temperature for 3 ·min, followed by a 

further incubation of 5 min in the presence of a mixture of 

dNTP's (0.125 mM each, A, C, G and T). The shortened DNA was 

precipitated from solution with ethanol, resuspended in TE 

buffer ( 25 ng pl-1 ) and 75 ng was religated in a 20 pl 

ligation volume overnight at 20 °C. Competent E. coli LKlll 

were transformed (Appendix B) with the ligation mixtures and 

were selected on PW skim milk agar plates containing 

Ap (100 pg ml- 1 ). 
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5.2.7 Nucleotide sequencing. 

PREPARATION OF TEMPLATE DNA: Recombinant plasmids resulting 

from either the BAL31 or exonuclease III shortening 

technique, or from the subc1oning of desired fragments, were 

analyzed by restriction endonuclease mapping and were re­

transformed into their respective E. coli hosts (JMlOS or 

LK111) before being prepared by the maxiprep method 

described in Appendix B. 

PRIMER ANNEALING REACTION: The supercoiled DNA (2-4 pg, in 

TE buffer) was diluted to a final volume of 20 pl in 

distilled water. Alkaline denaturation in 0.2 N-NaOH (5 min 

at room temperature) was followed by the addition of 5 pl of 

3 M-sodium acetate (pH 5. 2), 25 pl of distilled water and 

150 pl of ethanol. This mixture was chilled to -70 °c, 

centrifuged at 4 °C for 20 min in a microfuge and washed 

with 200 pl of 70% ethanol. The DNA pellet was dried and 

resuspended in a final volume of 10 pl of sequencing buffer 

(40 mM-Tris/HCl, pH 7.5, 20 mM-MgC1 2 , 50 mM-NaCl) and 12 ng 

of primer. This mixture was annealed for 15 min at 40 °C 

immediately prior to sequencing. The primers used were the 

forward sequencing primer as supplied in the Sequenase DNA 

sequencing kit (US Biochemical Corp. , Cleveland, Ohio) and 

the M13 reverse sequencing primer (Amersham). 

SEQUENCING REACTIONS: DNA sequencing was done by the 

dideoxynucleotide triphosphate chain termination method of 

Sanger et al. (1977) according to the protocol of Tabor and 

Richardson (1987), using T7 DNA polymerase and a "Sequenase" 

sequencing kit supplied by the US Biochemical Corporation, 
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Cleveland, Ohio. The DNA chains were radiolabelled with 

[a35S]dATP (1200 Ci mmol- 1 ; Arnersham). 

GEL ELECTROPHORESIS AND AUTORADIOGRAPHY: The sequencing 

reactions were analyzed on standard 6% acrylamide urea 

sequencing gels (reagents and running conditions described 

in the Arnersham M13 Sequencing Handbook) of 0.2 mm 

thickness. After electrophoresis, gels were dried onto 

filter paper ( Wha tman No . 3) and were exposed to 

autoradiographic film (XAR-5) for 1-2 days. 

SEQUENCE ANALYSIS: The DNA and aa sequences were analyzed 

with an IBM XT computer using the DNATOOLS and Genepro 

version 4.1 (Riverside Scientific) programmes. Deduced aa 

sequences were compared. with related sequences using the 

Protein Identification Resource (PIR) and GenBank (GENBANK) 

programmes. A table of one- and three-letter codes for aa is 

given in Appendix C. 
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5.3 Results. 

5. 3 .1 The preparation of clones for sequencing. E. coli 

JM105[pVP105] produced white colonies on PW skim milk agar 

plates containing Xgal, IPTG and Ap. These colonies formed 

haloes after overnight incubation at 37 °C. Transformation 

of E. coli JM105 with BAL31 exonuclease-shortened plasmids 

resulted in colonies which failed to produce haloes. 

Approximately 30% of these colonies were blue {Bluescript 

vector without any insert). Restriction endonuclease mapping 

of the plasmids from the white, non-haloing colonies showed 

that many of these plasmids were smaller than the Bluescript 

vector. A control experiment, in which the vector was 

digested by Xbai and EcoRV restriction endonucleases and 

then re-ligated, showed that many white "false positive" 

colonies could· be obtained. Furthermore, several plasmids 

chosen for sequencing were found to be missing the priming 

site. 

In contrast, the 

highly successful. 

prepared by this 

haloing colonies, 

exonuclease III shortening method was. 

E. coli LK111 transformed with plasmids 

method produced both haloing and non-

and restriction endonuclease analysis of 

these plasmids revealed a steady and progressive shortening 

of the protease A gene .. The extent of the sequence obtained 

from each deletion clone is depicted in Fig. 5.1. 
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Fig. 5 .1. Partial restriction map and sequencing strategy 
for the Psti fragment containing the protease A gene from 
V.alginolyticus (bold line). The recombinant plasmid pVP110 
has the proA gene cloned into the Psti site of the 
Bluescript SK vector (thin line). The clones used for 
sequencing were obtained by making deletions with 
exonuclease III (Henikoff, 1987) (+--) or BAL31 (Misra, 
1985) ( ---.). The arrows indicate the extent of sequence 

,obtained from each deletion clone. 

5. 3. 2 Nucleotide sequence of . protease A. The nucleotide 

sequence of a 1856-bp region of V. alginolyticus DNA 

containing. the proA gene was determined. The nucleotide 

sequence contains an ORF, which from the presumptive start 

codon (ATG) to the stop codon (TAG) contains 1602 

nucleotides encoding 534 aa residues (Fig. 5.2). The Mr of 

the protease is 55 900. The ATG start codon is preceded by a 

ribosome-binding site (AGGA) 7 bp upstream. A putative 

promoter region is located further upstream, with a -35 

sequence of TTGACA followed by a 13-bp space and a -10 

region of TAAAAT (Fig. 5.2). 
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Fig. 5. 2. Nucleotide sequence of the proA gene and its 
predicted aa sequence. The putative -35 and -10 promoter 
sequences and ribosome-binding site are underlined. The 
putative cleavage 1~"'0e of !~e 21 aa r~Jnal peptide is 
indicated ( J, ) Asp 1 His 2 

1 and Ser 1 which predict 
the active site of this serine protease are boxed. The c­
terminal deletion that retains protease activity (del#23) 
and the deletion that destroys protease activity (del#24) 
are shown ( v ) . The termination codon ( *) is followed by a 
presumed transcription-termination region(~~). 
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The region immediately downstream of the ORF contains a 

nucleotide sequence of dyad symmetry between nucleotides 

1631 and 1658 (Fig. 5.2). This region could function as a 

Rho-independent terminator sequence (Rosenberg and Court, 

1979) consisting of two complementary inverted repeats which 

can form a stem of 8 bp. The-hairpin structure is followed 

by a short sequence of three thymine residues and has a ~G 

of -15.61 kcal mol-l (Salser, 1977). 

5.3.3 Putative signal sequence. A typical signal peptide of 

21 aa was identified at the N-terminus of protease A (Fig. 

5. 2). Two positively charged aa are followed by a core of 

hydrophobic and small neutral aa residues (Figs. 5. 2 and 

5. 3) . 
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Fig. 5.3. Hydropathy pattern of protease A. Hydropathy was 
calculated along the deduced aa sequence presented in 
Fig. 5.2 with a window of five residues (Kyte and Doolittle, 
1982). 
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A putative processing site is situated between Ala-21 and 

Phe-22, in agreement with the rules of von Heijne (1983). 

This processing site bears a distinct similarity to the 

processing site of the cloned S.marcescens serine protease 

(Yanagida et al., 1986), which is preceded by 5 aa identical 

to those in the V. alginolyticus serine protease A. The 

hydropathy of protease A, calculated along the deduced aa 

sequence, is presented in Fig. 5.3. 

5. 3. 4 C-terminal deletions of protease A. A C-terminal 

deletion of the region downstream of aa 428 (indicated as 

del#23 in Fig. 5.2 and 6.1) did not destroy the activity of 

protease A. E. coli transformed with this deletion plasmid 

formed haloes on skim milk plates approximately 12 h later 

than E.coli carrying the entire proA gene. A deletion of the 

region downstream of aa 494 (indicated as del#24 in Fig. 5.2 

and 6 . 1 ) resulted in the loss of protease activity. The 

extra 66 aa present in del#24 with respect to del#23 may 

interfere with the processing of the C-terminal region and 

thus render the protease encoded by del#24 inactive. The 

entire Psti Hindiii region (Fig. 5.2) conferred a 

protease+ phenotype on E.coli. 

5.3.5 Homology comparison. The predicted protein sequence 

of protease A shows overall homology to other subtilisin 

family serine proteases. Protease A shows 30, 34, 40 and 44% 

homology to B .licheniformis Carlsberg subtilisin (Smith et 

al., 1968), Ther.moactinomyces vulgaris thermitase (Meloun et 

al., 1985), Yarrowia lipolytica alkaline extracellular 

protease (Davidow et al., 1987), and Tritirachium album 
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proteinase K ( Jany et al. , 1986) respectively (Fig. 5 . 4 ) . 

Protease A shows low overall homology (12%) to the 

S. marcescens serine protease (Yanagida et al., 1986), but 

shows high homology over the regions comprising the active 

center of serine proteases. 
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Fig. 5.4. Amino acid homology of V.alginolyticus protease A 
(VPA) to B.licheniformis subtilisin Carlsberg (CAR), 
Thermoactinomyces vulgaris thermitase (THERM), Yarrowia 
lipolytica alkaline extracellular protease (AEP) and 
Tritirachium album proteinase K (PRK). The active-site 
serine, active-site histidine, and a charge-transfer 
are indicated (*)· Boxed areas represent aa which 
identical to those of VPA. 

site 
are 

The three regions of protease A which make up the active 

site and charge relay system crucial for activity in serine 

proteases (Kraut, 1977), are highly conserved at aa residues 



109 

Aspl80, His213 and Ser3 63 (Fig. 5.4). The two sequences 

involved in the formation of the Sl specificity crevice in 

the subtilisin enzymes also occur in regions of high 

homology. The two side chains of this pocket are made up by 

the side chains of Ser271-Leu272-Gly27 3 and Ala297-Ala298_ 

Gly299, respectively, in the V. alginolyticus protease. The 

highly conserved Asn300 (in v.alginolyticus) is probably 

important for stabilization of the reaction intermediate 

formed during proteolysis (Kraut, 1977). 
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5.4 Discussion. 

The DNA sequence of the v. alginolyticus proA gene has the 

coding capacity for a 55 900 Mr protein. The apparent Mr of 

protease A was determined by gelatin-PAGE· and shown to be 

approximately 54 000 (Deane et al., 1987a, b). This 

difference in Mr could be due to N- and/or C-terminus 

cleavage reactions, which have been reported for other 

proteases (Stahl and Ferrari, 1984; Wells et al., 1983; 

Vasantha et al., 1984; Yanagida et al., 1986). The presence 

of a typical 21 aa signal sequence suggests that N-terminal 

cleavage is quite likely in the case of the V.alginolyticus 

protease A. Although there is no direct evidence for C­

terminus cleavage it is evident that approximately one fifth 

of the C-terminal region of protease A can be deleted 

without destroying protease activity. The exoprotease 

produced by Streptococcus cremoris (Kok et al., 1988a, b) 

can also .be partially deleted from the C-terminal end 

without inactivating the enzyme. In contrast, deletions of 

the C-terminus of the s.marcescens serine protease cloned in 

E.coli result in the total loss of enzyme activity (Yanagida 

et al., 1986). 

The secretion of the v.alginolyticus protease A in E.coli is 

interesting since it only involves a single V.alginolyticus 

gene. Secretion of E. coli hemolysin (Wagner et al. , 19 8 3; 

Mackman and Holland, 1984) and the Klebsiella pneumoniae 

pullulanase (Michaelis et al., 1985; d'Enfert et al., 1987) 

cloned in E.coli requires at least two additional genes. 
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Analysis of the nucleotide sequence of proA revealed the 

presence of a putative promoter region showing strong 

homology to the consensus E.coli promoter (~ 7 0) region 

(Cowing et al., 1985; Hawley and McClure, 1983) and the 

B.subtilis promoter (~55 ) region (Rosenberg and Court, 1979; 

Moran et al., 1982). The additional conserved regions {an 

adenosine-rich region immediately upstream of the. -35 , 

region, and a TG pair at position -16 and -15) for gram­

positive promoter sequences (Graves and Rabinowitz, 19 8 6 ) 

are not present in the v. alginolyticus proA promoter. It 

also appears that proA is not expressed in B.subtilis 

(E. Rumbak, private communication), which suggests that the 

V.alginolyticus promoter represents a typical gram-negative 

promoter sequence. 

The termination region of the proA gene does not appear to 

fit the sequence requirements for Rho-dependent 

transcription termination (Morgan et al., 1985), and 

therefore Rho-independent termination appears to be more 

likely, despite the limited number ( 3) of uracil residues 

occurring after the hairpin loop. 

The predicted aa sequence of protease A shows significant 

homology to other serine.proteases of the subtilisin family, 

especially in the regions identified as the active-site 

serine, the active-site histidine and a charge-transfer 

site. Interestingly, protease A from a gram-negative 

V. alginolyticus strain shows stronger overall homology to 

the gram-positive Bacillus and the eukaryote proteases than 

to the alkaline serine protease produced by the more closely 

related gram-negative S.marcescens strain. 
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Chapter _6 

The use of genetic fusions to investigate the secretion 
process of protease A in Escherichia coli. 

6 . 0 Swmnary. 

The phage A::TnphoA system of Mancil and Beckwith (1985) was 

utilized to obtain fusions of protease A to bacterial 

alkaline phosphatase. The alkaline phosphatase was secreted 

across the E.coli cytoplasmic membrane using the signal 

peptide of protease A. This secretion occurred during early 

exponential growth of the E.coli host. Disruption of the C-

terminal region of protease A was shown .to reduce, but not 

eliminate, protease activity as determined by halo formation 

of the E.coli host on skim milk agar plates. This residual 

protease activity was due to the presence of proteases B and 

C. Gelatin-PAGE was used to show the presence of protease B 

and ·C activity in intracellular extracts. This activity, 

present during the exponential growth phase, was not 

detected by means of the azocasein assay. Protease A 

activity was not detected intracellularly. 
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6.1 Introduction. 

The study of 'protein secretion in prokaryotes has been 

greatly facilitated by the use of gene fusions. The fusion 

of a portion of a secreted protein to another protein which 

has an easily detectable and assayable activity, allows the 

analysis of protein secretion and localization. A 

particularly useful system is that of the alkaline 

phosphatase fusions (Hoffman and Wright, 1985). Alkaline 

phosphatase (PhoA) is normally found in the periplasm of 

E.coli. It is able to cross the cytoplasmic membrane 

efficiently and, in fact, its activity is absolutely 

dependent upon secretion from the cytoplasm. Hoffman and 

Wright (1985) deleted the promoter and signal sequence­

encoding regions of the phoA gene so that expression and 

activation of the enzyme requires that it be fused in the 

correct reading frame to DNA that contains a· promoter ( a 

translational start site and a complete signal sequence­

encoding region. 

The TnphoA system of Manoil and Beckwith (1985, 1986) allows 

the fusion of phoA to a target gene, in this case, proA, by 

making use of the (usually) random insertion properties of 

Tn5. This method has been used to identify determinants of 

the topology of integral membrane proteins (Manoil and 

Beckwith, 1986; Boyd et al., 1987; Akiyama and Ito, 1987), 

as well as in the study of secreted proteins. It is also 

possible to obtain fusions at specific points in a target 

gene using in vitro oligonucleotide-directed deletion 

mutagenesis (Boyd et al., 1987). 
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Fusions of protease A to alkaline phosphatase would indicate 

whether or not protease A could provide a functional signal 

sequence resulting in the export of the fusion protein. It 

might also provide an easily-assayable activity (alkaline 

phosphatase) that would allow the detection of the precursor 

form(s) of the hybrid protease. Furthermore, antibodies to 

alkaline phosphatase could be used for the immunological 

detection and localization of the hybrid protein. 
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6.2 Materials and Methods. 

6 • 2 • 1 Bacterial strains, plasmids and phage. The phoA 

E.coli strain CC118 (Mancil and Beckwith, 1985) was used for 

the TnphoA fusion experiment. E.coli LE392 was used as host 

when studying the release of the cloned protease A and its 

deletion or fusion products, as this allowed the assay of 

the cytoplasmic enzyme ~-galactosidase. The bacterial 

strains, their genotypes and references are listed in 

Appendix D. Phage A::TnphoA was b221 ci857 Pam3 with TnphoA 

in or near rex (gift from C. Manoil; Gutierrez et al., 

1987). Plasmids pVP100, pVP102 and pVP110 have been 

described previously (Deane et al., 1987b; Chapter 5). 

6.2.2 Media and buffers. All media and buffers not 

described in the text are given in Appendix A. 

6.2.3 Isolation of transposon insertions. Transposon 

insertions of TnphoA were isolated using an adaptation of 

the protocol of Gutierrez et al. (1987). A sample (1 ml) of 

an overnight culture of E.coli CC118[pVP102] or E.coli 

CC118[pVP110] in LB containing 10 mM-Mgso4 was mixed with 

phage A: :TnphoA at a multiplicity of infection of 

approximately one, and was incubated at 30 °C for 15 min. 

Ten aliquots of this mixture were diluted 1:10 in LB and 

incubated at 30 °C for 4 h to allow outgrowth of the phage. 

Samples were plated on PW skim milk agar plates containing 

Km (250 pg ml-1 ), XP (40 pg ml-1 ) and either Cm (40 pg ml-1 ) 

or Ap ( 100 pg ml-1 ) for cells carrying pVP102 or pVP110, 

respectively. After incubation at 30 °C for 2-3 days, blue 
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colonies (alkaline phosphatase-positive) were re-streaked 

onto this medium and incubated at 37 °C for a further 24 h. 

Plasmid DNA was prepared from these cells by the miniprep 

method described in Appendix B and was used to transform 

E. coli CC118 recipient cells. Plasmids resulting in 100% 

transformation of E.coli CC118 white (Pho-) to blue (Pho+) 

colonies were chosen for large scale (maxiprep method, 

Appendix B) plasmid preparation, restriction endonuclease 

mapping and sequencing. 

6.2.4 Nucleotide sequencing. Nucleotide sequencing was 

performed as described in Chapter 5. A 15-bp synthetic 

oligonucleotide primer (gift from I. Parker, UCT Medical 

School) was used to provide nucleotide· sequence information 

across the junctions of the ·fusions between the phoA and 

pro A genes. The primer ( 5 I -AAACGGCGAGCACCG-.3 I ) was 

complementary to the DNA sequence corresponding to 

nucleotide positions 126 to 140 of the phoA gene. 

6.2.5 Enzyme assays. 

PROTEASE: Protease activity was assayed as described in 

section 2.2.4. 

~-GALACTOSIDASE: ~-Galactosidase activity was assayed as 

described in section 4.2.10. 

ALKALINE PHOSPHATASE: Alkaline phosphatase activity was 

assayed by an adaptation of the method of Brickman and 

Beckwith (1975). The cell sample (or supernatant) (1 ml) was 

mixed with 1 drop of chloroform and 40 .ul 0.1% SDS and 

equilibrated in an uncapped tube for 5 min at 37 °C. The 
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alkaline phosphatase substrate (4 mg ml- 1 ONPP, in 

1 M-Tris/HCl buffer, pH 8.0) (100 pl) ·was added and the time 

taken for the sample to turn yellow was accurately recorded. 

The reaction was terminated by the addition of 100 pl of 

1 M-KH2Po4 and the samples were kept on ice until the A420 

was recorded. An arbitrary unit of alkaline phosphatase 

activity was calculated as A420 ml- 1 min-1 . The sample 

fractions collected from E.coli LE392(pVP102] were used as a 

blank. 

6. 2. 6 Gelatin-PAGE protease assay. ' 

performed as described in section 2.2.5. 

Gelatin-PAGE was 

6.2.7 Preparation of supernatant and cell lysate fractions. 

A 2 ml sample of an overnight culture of E. coli LE392 

carrying a recombinant plasmid was inoculated into 100 ml 

fresh PW containing Cm (40 pg ml-1 ), Km (250 pg ml- 1 ), IPTG 

(0.1 mM) and CaC1 2 (10 mM). Samples were collected after 6, 

and 24 or 30 h growth at 37 °c with shaking. 

Periplasmic proteins were prepared by an adaptation of the 

chloroform method of Ames et al. (1984). The cells from a 

10 ml sample were harvested (centrifugation at 4 000 X g for 

6 min) and vortexed briefly to resuspend the pellet. The 

supernatant was given a 5 min clearance spin in a microfuge 

before being assayed. Chloroform (100 pl) was added to the 

vortexed pellet, which was then incubated at room 

temperature for 15 min. After the addition of 2 ml buffer 

( 10 mM-Tris/HCl, pH 8. 0) the sample was centrifuged at 

6 000 X g for 20 min and the supernatant (periplasm) 
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carefully removed without disturbing the cell pellet. The 

pellet was rinsed with a few drops of buffer 

(10 mM-Tris/HCl, pH 8.0) and was resuspended in 4 ml of the 

same buffer before being sonicated and centrifuged (10 000 X 

g for 10 min). The supernatant fraction represents the 

cytoplasm. 

To obtain whole lysed culture samples, a 4 ml culture sample 

was sonicated, centrifuged (10 000 X g for 10 min) and the 

supernatant retained. 
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6.3 Results. 

6.3.1 TnphaA fusions. TnphoA insertion into the protease A 

gene carried on pVPllO resulted in the conversion of the 

E.coli CC118 host cells to blue, alkaline phosphatase-

positive colonies capable of growing in the presence of high 

concentrations of Km ( 250 pg ml-1 ). However, restriction 

endonuclease analysis of these plasmids revealed confusing 

and anomalous results and it appeared that the transposon 

was inserting into more than one site, or in multiple 

copies. This may have been due to a copy number effect of 

the Bluescript-derived pVP110, or to homology between the 

phage A::TnphoA and the Bluescript vector. 
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Fig. 6.1. The ORF· of proA showing the positions of TnphoA 
insertion (£), and deletion by exonuclease III (the portions 
of ORF remaining after the shortening, are depicted by thin 
lines). Nucleotide positions (of the first nucleotide of the 
restriction endonuclease site, or the nucleotide immediately 
preceding the point of deletion or TnphoA insertion) are 
de~icted on the lower scale. The protease phenotype, (P++), 
(p ) or (p-), conferred by the constructs was determined by 
the degree of halo formation of the host E.coli on skim milk 
agar plates after 48 h incubation at 37 °c. 
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TnphoA insertion into the proA gene carried on pVP102 

resulted in the isolation of several recombinant plasmids 

(Fig. 6.1) which conferred alkaline phosphatase activity on 

the Pho- recipient strain, E.coli CC118. One of the 

recombinant plasmids isolated conferred both alkaline 

phosphatase activity and strong protease activity on the 

host E.coli and was found to contain a TnphoA insertion into 

the Tcr gene of the pBR325 vector portion of pVP102. The 

exact insertion point of the TnphoA within the proA gene was 

deduced from the DNA sequence derived using the primer to 

the phoA gene. 

6. 3. 2 Export of the fusion proteins from the cytoplasm. 

E.coli CC118 cells carrying the various fusion plasmids were 

shown to produce alkaline phosphatase activity after only 

4 h growth in peptone medium at 37 °C (Table 6.1). 

Table 6 . 1 . LEVELS OF INTRACELLULAR ALKALINE PHOSPHATASE 
ACTIVITY PRODUCED BY E.COLI CARRYING FUSION PLASMIDS. 
E. coli CC118 cells carrying pVP102 or the various TnphoA 
fusion plasmids were harvested after 4 and 24 h growth in 
PW, and were resuspended in buffer (1 M-Tris/HCl, pH 8.0) to 
give standardized cell densities of 0.3 and 0.9 (OD600 ) at 4 
and 24 h, respectively. Samples collected from cells 
carrying pVP102 were used as blfnks. flkaline phosphatase 
activity is expressed as A420 ml- min- . 

[plasmid] Alkaline phosphatase activity 
4 h 24 h 

pVP102 - -
pVP68 0.082 0.250 
pVP¢4 0.075 0.255 
pVP63 0.070 0.235 
pVP69 0.078 0.255 
pVP¢8 0.072 0.245 
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As the alkaline phosphatase is not active when in the 

cytoplasm (Manoil and Beckwith, 1985), this indicates that 

export of the hybrid proteins to the periplasm has occurred. 

6.3.3 Protease activity of deletion and fusion products of 

protease A. The deletion plasmids formed by exonuclease III 

shortening of the proA gene (Chapter 5), and the positions 

of fusion of proA to the alkaline phosphatase gene are 

depicted in Fig. 6.1, together with the protease phenotype 

conferred on E.coli by each of these constructs. The 

recombinant plasmid pVP~8 was the only TnphoA fusion 

construct still able to confer protease activity on E.coli 

recipient strains. This protease activity was only detected 

after 36-48 h growth of the E.coli host on PW skim milk agar 

plates or in peptone medium containing 10 mM-CaC1 2 and was 

produced at a much lower level than that of E . coli[pVP102] 

or E.coli[pVP110]. 

The cell fractions of E.coli LE392 carrying pVP102 and the 

two TnphoA fusion plasmids, pVP~9 and pVP~8, were assayed 

for ~-galactosidase, alkaline phosphatase and protease 

activity and were analyzed by gelatin-PAGE (Fig. 6. 2) . At 

the 6 h stage of growth all the cultures had greater than 

90% (approximately 0.15 U) of the ~-galactosidase activity 

localized in the cytoplasm. After 30 h, up to 20% (0.09 U) 

of the total activity was found in the supernatant fraction 

of all the cultures, including E. coli LE392 that was not 

carrying a recombinant plasmid. This indicates a certain 

degree of cell lysis. No alkaline phosphatase activity was 

detected in the supernatant of E.coli LE392[pVP~8] or E.coli 
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LE392[pVP~9] cultures at the 6 h stage but approximately 70% 

and 30%, respectively, was found in the supernatant of the 

two cultures after 30 h (the values taken as 100% were from 

the whole lysed culture fraction and ranged between 0.25 and 

0.3 U). The alkaline phosphatase activity of E.coli LE392 

and E.coli LE392[pVP102] was not assayed, as the "wild-type" 

levels of alkaline phosphatase are only produced in a 

phosphate-limiting medium, which is not conducive to 

protease production. There was no significant contamination 

of the periplasmic fractions by ~-galactosidase but the 

cytoplasmic fraction was found to contain approximately 10% 

of the total alkaline phosphatase activity (this may 

represent contamination of the cytoplasmic fraction by the 

periplasm, or may indicate that the alkaline phosphatase 

portion of the hybrid proteins was lodged in the cell 

membrane, and was thus collected together with the 

cytoplasmic fraction). 

No protease activity was detected by means of the azocasein 

assay in any of the fractions collected from the various 

cultures at 6 h. The 30 h supernatant and lysed whole 

culture fractions of E.coli LE392[pVP102] contained protease 

activity (data not shown). The protease activity in a 

supernatant sample was not affected by the chloroform and 

SDS lysis treatment. 

6. 3. 4 The detection of intracellular protease activity by 

means of gelatin-PAGE. Cell fractions collected from 

cultures of E.coli LE392 carrying the plasmids pVP102, pVP~9 

or pVP¢8 were analyzed by gelatin-PAGE. Whereas no protease 
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activity was detected at the 6 h growth stage using the 

azocasein assay, bands of protease activity could be 

visualized after electrophoresis on gelatin gels (Fig. 6.2). 

The supernatant fractions from E.coli LE392[pVP102] and 

E.coli LE392[pVP¢8] contained no protease activity at 6 h 

but the intracellular fractions contained protease activity 

that produced two distinct bands on gelatin gels. 

SN CE SN CE LC SN CE SN CE LC 

6h 24 h 

pVP102 pVP 12) 8 

Fig. 6. 2. Gelatin-PAGE analysis of the cell fractions of 
E.coli LE392 carrying plasmids pVP102 or pVP¢8. Culture 
samples were taken after 6 or 24 h growth in PW containing 
Cacl 2 , and supernatant (SN), cell extract (CE), and lysed 
culture (LC) fractions were prepared. 

These bands sometimes merged into one band, when a high 

concentration of protease was electrophoresed. This band or 

bands corresponded to that of the previously reported band 

of apparent Mr of approximately 39 000 (Deane et al., 

1987b). No zones of protease activity were detected in any 

of the E.coli[pVP69] cell fractions (data not shown). 
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The supernatant from a 24 h culture of E.coli LE392[pVP102] 

contained the protease of higher Mr (54 000) in addition to 
' 

the lower Mr band(s), as described previously (Deane et al., 

1987b; Chapter 4). This high Mr band was never detected in 

any of the E.coli LE392[pVP¢8] cell fractions or supernatant 

samples (Fig. 6.2). 

It was mentioned previously, (pages 82-83) that no 

intracellular protease activity could be detected in E.coli 

LE392[pVP100] cells using the azocasein assay. It should be 

noted that the detection of proteases B and C in cell 

extracts of E. coli LE392[pVP102] is due to the increased 

sensitivity of the gelatin-PAGE assay, and not to the 

difference in the plasmids. 

·' 
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6.4 Discussion. 

Several gene fusions between the target proA gene and phoA, 

the gene for E. coli alkaline phosphatase, were obtained 

using the phage A.: :TnphoA system of Manoil and Beckwith 

( 1985). Since the alkaline phosphatase moiety of TnphoA 

lacks its own signal peptide, and is not active unless it is 

exported from the cytoplasm (Manoil and Beckwith, 1985), it 

is concluded that the proA gene into which it has been 

inserted is contributing the signal sequence necessary for 

protein export. 

This export occurs during the early exponential growth phase 

of the E.coli host. It has been established previously that 

transcription and translation of the proA gene, to form an 

inactive intracellular pool of precursor protease molecules, 

also occurs during the exponential growth phase (Deane et 

al., 1987b; Chapter 4). The alkaline phosphatase activity 

associated with the TnphoA hybrid proteins indicates that 

this pool · of precursor protease A is localized to the 

periplasm (or at least as far as the periplasmic side of the 

inner membrane) in E. coli. The lag between completion of 

synthesis and the appearance of the active protease A in the 

extracellular medium in E.coli, indicates that the route of 

export is a two-step process. 

The C-terminus deletions of protease A (for example, del#23) 

that reduce, but do not eliminate, protease activity may 

effect the folding o£ the protease into its mature or active 

form, or may affect the export process (and thereby, the 
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activation) across the outer membrane in E.coli. The export 

process across the inner membrane appears to be unaffected, 

as the hybrid protein produced by pVP08 (which has the 

TnphoA inserted into the C-terminal region) exhibits 

"normal" alkaline phosphatase activity, even though the 

protease activity is much reduced by the C-terminus 

disruption. 

N-terminal processing (removal of the putative 21 aa signal 

peptide) of the 55 900 Mr protein encoded by the proA gene 

would result in a mature protein of Mr 53 700. This is in 

good agreement with the approximate Mr of 54 000 established 

for the mature protease A by gel electrophoresis (Deane et 

al., 1987a, b), although, given the degree of accuracy 

possible with PAGE, this remains purely a point of interest. 

The two protease activities of lower Mr (41 000 and 39 000) 

could result from cleavage at the C-terminal end of this 

53 700 Mr protein (at the approximate aa positions 375 and 

413, respectively). If this cleavage occurs at these 

positions (ie. upstream of the site of TnphoA insertion in 

pVP08) one would expect to find these two protease 

activities present in E.coli cells carrying the pVP08 

plasmid. These two activities are indeed found in the case 

of the pVP08 product. The 54 000 Mr protease is not 

produced, which indicates that the · two lower Mr protease 

activities do not combine to form the active protease A. 

Cleavage at the N-terminus (after the signal peptide has 

been removed) is also possible. This has been reported for 
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several proteases (Vasantha et al., 1984; Davidow et al., 

1987; Carmona and Gray, 1987) but is usually associated with 

the conversion of a pre-proenzyme to a mature form, and not 

with the degradation of an unprotected precursor. Amino acid 

sequencing would be required in order to determine the exact 

cleavage point of the signal peptide and the proposed C­

terminus cleavage points of the proA gene product. 
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Chapter 7 

General Conclusion. 

Previous stu_dies concerning the proteases of v. alginolyticus 

were all performed on the wild-type V. alginolyticus alone. 

This study provides the first report of a protease-

hyperproducing mutant strain, as well as the cloning in 
-

E. coli of a novel and very interesting serine protease of 

v.alginolyticus. 

The V.alginolyticus mutant, designated prot-T1 , overproduces 

the 3 major alkaline serine proteases (la, 2 and 3}, but not 

the collagenase, indicating that these two extracellular 

enzymes are controlled and/or excreted by independent 

mechanisms. A further distinguishing characteristic of the_ 

mutant is that it produces proteases during both the 

exponential as well as the stationary gro_wth phases, in 

contrast to the wild-type which remains protease- until late 

stationary phase. 

A novel protease, protease A, was discovered when Cacl2 was 

added to the culture media of V. alginolyticus. Protease ·A 

produces a broad zone of protease activity when 

electrophoresed at 4 °C in a polyacrylamide gel containing 

copolymerized gelatin and SDS. This activity, occurring at 

such low temperature, in the presence of 2. 5% SDS, and 

during actual electrophoresis, indicated a particularly 

resilient protease, with rather unusual properties. 
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Characterization of protease A showed it to be a serine 

protease of apparent Mr of approximately 54 000. Two other 

minor proteases (proteases B and C) of apparent Mr of 

approximately 41 000 and 37 000, respectively, were also 

detected in culture supernatant samples containing protease 

A. These two proteases appear to be formed upon breakdown of 

the larger protease A which has an absolute requirement for 

ca 2+ ions for activity and stability. 
' 

The DNA fragment specifying protease A was cloned and 

expressed in E.coli. The protease A gene, proA, is expressed 

from its own promoter in E.coli resulting in the appearance 

of protease A in the supernatant of very late stationary 

phase (18-24 h) E.coli cultures. The cloned protease 

produced in E.coli exhibits the same properties as that of 

the protease produced by V. alginolyticus, namely, an 

apparent Mr of approximately 54 000, resistance to SDS, and 

the requirement for cac1 2 for activity and stability. It was 

initially thought that only one minor protease of Mr 39 000 

was formed by the degradation of the cloned protease but two 

bands of protease ac:tivity corresponding to of 

approximately 41 000 and 37 000, respectively, were 

distinguished in E.coli supernatant samples when lower 

concentrations of protease were electrophoresed. 

Studies using ern indicated that the transcription and 

translation of proA in E. coli occurred during the early 

exponential growth phase. However, no intracellular protease 

activity could be detected in E.coli during either the 

exponential or the stationary growth phases. The presumptive 
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"pool" of inactive intracellular protease molecules was 

released into the supernatant in the form of active protease 

by a process which did not result in cytolysis, as no 

/3-galactosidase activity was found in the extracellular 

medium of protease-producing E.coli cultures (with the 

exception of E.coli strain HB101).~ 

Nucleotide sequencing of proA revealed an . ORF of 1602 bp 

which encoded a protein of 534 amino acids with Mr 55 900. A 

typical promoter consensus region (-35 -10) was found 

upstream of a ribosome-binding site (AGGA) and start codon 

(ATG). A typical N-terminal signal peptide of 21 amino acids 

was encoded by proA. 

Protease A showed 30-40% amino acid homology with subtilisin 

family serine proteases. The highest homology ( 44%) was 

found with proteinase K which is an SDS-resistant serine 

protease of fungal origin. Low overall homology ( 12%) was 

found with the serine protease of S.marcescens, although the 

regions comprising the active center were highly conserved. 

The three regions that comprise the active center 

characteristic of serine proteases, namely, those around 

amino acids Asp180 , His 213 and Ser363 , were identified in 

protease A. 

Deletions of up to 106 amino acids from the C-terminus of 

protease A, or transposon (TnphoA) insertion into the 

C-terminal region, did not completely destroy extracellular 

protease activity in E. coli. However, disruption of the 

C-terminus by TnphoA insertion resulted in the loss of 
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protease A activity, and only the two minor proteases, B and 

C, were found. TnphoA fusions to proA were used to 

substantiate the functionality of the putative 21 amino acid 

signal peptide in protease A. The resultant alkaline 

phosphatase activity of the hybrid proteins indicated that. 

protease A was secreted across the inner membrane of E.coli 

by means of a signal peptide and that this secretion 

occurred as early in the growth phase as 4 h. Analysis of 

intracellular extracts by gelatin-PAGE revealed the presence 

of minor proteases, B and C, but no protease A was found in 

E.coli carrying proA or proA fused at the C-terminal region 

to TnphoA (pVP¢8). 

It is tempting to speculate on the "processing" of protease 

A in E.coli. It is possible that the 54 000 Mr protease A 

exists in the periplasm of E.coli in an inactive (possibly 

unfolded) form which only becomes active upon export across 

the outer membrane. This intracellular accumulation of 

protease molecules is presumably not lethal to the E. coli 

host. Disruption of the cell before this export has taken 

place releases this unprotected protease which is then 

cleaved to the two low Mr, less active proteases. This would 

explain why no intracellular protease activity was detected 

previously (Deane et al., 1987b). It is unlikely that the 

mature p~otease A, it~elf, is responsible fo~ the cleavage 

of the immature molecule to the two lower Mr fractions, as 

no mature protease is detected during the exponential growth 

phase, whereas substantial amounts of the two smaller 
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proteases are found after disruption of the host cells. 

Furthermore, in the case of pVP¢8, the two smaller proteases 

are found even though the larger protease is not produced. 

The reason why the hybrid protein encoded by pVP¢8 is not 

found in the supernatant as a high Mr active protease could 

be that the alkaline phosphatase moiety prevents efficient 

export, or that it hinders the folding of the protease into 

the mature form. 

Much of the work in this study can now provide a basis from 

which to thoroughly investigate the release process of 

protease A by E.coli. The strong proteolytic nature, and the 

requirement for both cac1 2 and proteinaceous media to 

prevent the loss of the mature enzyme, makes protease A a 

rather difficult subject to study with respect to its exact 

cellular location at various times during the export 

process. Now, however, it may be possible to use antibodies 

to alkaline phosphatase to detect the whereabouts of the 

products of proA::TnphoA fusions. It would also be of 

interest to study the export of protease A in E.coli strains 

with secretion defects (such as SecA; Oliver and Beckwith, 

-1982). 

The final export of protease A across the outer membrane of 

E. coli seems to be occurring by a different mechanism to 

that which occurs in v. alginolyticus. There is no delayed 

export (secretion after 24 h or more) in the case of 

V.alginolyticus. Once it is established whether or not the 

outer membrane of E. coli is "permeabilized" in some way to 
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allow protease A release, the possibility of accessory genes 

that would permit complete export during the exponential 

phase can be considered. Quite possibly, genes located at a 

genetic locus some distance from that of the structural gene 

for protease A are responsible for the more efficient 

secretion process in V.alginolyticus. 

Irrespective of its mechanism of release, the 

V.alginolyticus protease A found in the supernatant of 

E.coli cultures represents a relatively easily-purified 

source of a commercially viable enzyme. Its activity at 

fairly low temperatures and in the presence of high 

concentrations of SDS makes it a likely candidate for the 

bio-detergent industry. As a possible replacement for 

proteinase K in the preparation of DNA samples, it has the 

advantage of a fairly low heat-inactivation temperature (50-

60 °C), which avoids DNA damage during the DNA purifica~ion 

process. 
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All media, buffers and solutions were sterilized by 

autoclaving at 121 °C for 20 min unless otherwise indicated. 

Heat labile substances were sterilized by filtration through 

0.22 pm membrane filters (Millipore). Solid media contained 

1.5% (w/v) agar. Polyacrylamide gel solutions and buffers 

are given in Appendix B. 

Amino acids 

Stock solutions of L-amino acids were 50 mg ml-1 and DL­

amino acids were 100 mg ml- 1 , dissolved in distilled water, 

except for Tyr, Met or Leu which were dissolved in 5 N-NaOH. 

They were stored at 4 °c after being filter-sterilized. 

ATP (10 X) (Maniatis et al., 1982) 

Adenosine triphosphate 

distilled water 

30 mg 

5 ml 

Adjust pH to 7.0 with 0.1 N-NaOH before making up to 5 ml. 

Store in 100 pl aliquots at -70 °C. Discard remainder once 

defrosted. 

Azocasein 

0.1 M-Tris/HCl buffer: 

Tris 

NaCl 

CaC1 2 .2H20 

distilled water to 

1.21 g 

2.34 g 

0.029 g 

100 ml 

Adjust pH to 9.0. Autoclave. Add 2 g azocasein fibres 

(Sigma) and stir overnight. Store at 4 °C. 



BAL31 dilution/storage buffer 

1 M-Tris/HCl, pH 8.0 

1 M-CaC1 2 

1 M-MgC1 2 

0.5 M-EDTA, pH 8.0 

5 M-NaCl 

glycerol 

distilled water 

BAL31 reaction buffer (5 X) 

1 M-Tris/HCl, pH 8.0 

1 M-CaC1 2 

1 M-MgC1 2 

0.5 M-EDTA, pH 8.0 

5 M-NaCl 

distilled water 

vitamin free Casamino acids 

0.1 M-Tris/salt buffer 

Denatured herring sperm DNA 

0.2 ml 

50 pl 

50 pl 

20 .ul 

0.2 ml 

4.4 ml 

5.58 ml 

to 

1 ml 

0.6 ml 

0.6 ml 

0.1 ml 

6 ml 

1. 7 ml 

25.0 g 

1 1 
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Herring sperm DNA (lyophilized sodium salt, Boehringer 

Mannheim) was dissolved in distilled water (10 mg ml-1 ) and 

sheared by passing the solution several times through an 18-

gauge hypodermic needle. The DNA was denatured by boiling 

for 10 min, immediately placed on ice and stored in 1 ml 

aliquots at -20 °c. The DNA was boiled for 5 min and placed 

on ice prior to use. 



Denhardt's solution (50 X) (Maniatis et al., 1982) 

Ficoll 5 g 

Polyvinylpyrrolidone 

BSA (Fraction V, Sigma) 

distilled water 

Filter-sterilize and store at -20 °C. 

DNA loading solution 

Bromophenol blue 

glycerol 

EDTA 

DTT, 1 M 

DTT 

0.01 M-sodium acetate, pH 5.2 

Filter-sterilize. 

to 

5 g 

5 g 

500 ml 

0.25% w/v 

50% v/v 

100 mM 

0.618 g 

4 ml 

EDTA, 0.5 M, pH 8.0 (Maniatis et al., 1982) 

EDTA.2H20 168.1 g 

distilled water to 1 1 
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EDTA will only dissolve when pH has been adjusted to 8. 0. 

(Use approximately 20 g NaOH pellets for this purpose). 

Glucose, 1 M 

D-glucose 

distilled water 

Autoclave. 

18.02 g 

to 100 ml 



Glucose minimal medium (Miller, 1972) 

5 X Salts soln: 

K2HP04 

KH 2Po4 

(NH4 ) 2so4 · 

sodium citrate 

distilled water 

To make up: 

5 X Salts 

20% w/v Glucose 

20% w/v Mgso4 

1% vitamin B1 

distilled water 

were 

to 

to 

added 

52.5 g 

22.5 g 

5 g 

2.5 g 

1 l 

200 ml 

10 ml 

1 ml 

0.5 ml 

800 ml 

at a L-amino acids (if required) 

concentration of 20 mg ml- 1 (40 mg ml- 1 for DL-amino 

Isopropanol (salt saturated) (Maniatis et al., 1982) 

Isopropanol was saturated with aqueous 5 

10 mM-Tris/HCl and 1 mM-EDTA (pH 8.0). 

Klenow (DNA polymerase I) buffer (Henikoff, 1987) 

0.1 M-Tris/HCl buffer, pH 8.0 

1 M-MgC~ 2 
distilled water 

LB (E.coli) 

Bacto-tryptone 

yeast extract 

NaCl 

distilled water to 

3 pl 

6 pl 

20 pl 

10 g 

5 g 

5 g 

1 l 
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final 

acids). 

M-NaCl, 
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Ligation buffer (10 X) 

1 M-Tris/HCl, pH 7.6 0.66 ml 

1 M-MgC1 2 66 pl 

DTT 15.4 mg 

distilled water 0.274 ml 

Store in 50 pl aliquots at -20 °C. Discard remainder once 

defrosted. ATP was added to ligation mixtures at a final 

concentration of 1 mM. 

Media additives: 

Media were cooled to 50 °C before addition of antibiotics, 

XGal, XP or IPTG .. When included in liquid media, the 

antibiotics were used at half strength. Antibiotic stock 

solutions were as follows: Ampicillin (25 mg ml- 1 in 

distilled water), Chloramphenicol (20 mg ml- 1 in 96% 

ethanol), Kanamycin (62.5 mg ml- 1 in distilled water) 1 

Rifampicin (20 mg ml-1 in DMSO) and Tetracycline (12.5 mg 

ml- 1 in 50% ethanol). All antibiotics were filter-sterilized 

and stored at -20 °c, except Tc which was always made fresh. 

IPTG was stored at -70 °c as a 100 mM-stock solution. XGal 

(2%, w/v in dimethylformamide) and XP (80 mg ml-1 in DMSO) 

were stored at -70 °c. Cerulenin, o-phenanthroline and 

quinacrine were dissolved in 96% ethanol, 50% ethanol and 

distilled water, respectively. 



MM (Vibrio) 

Salts soln. : 

K2HP04 

KH 2Po4 

sodium citrate.2H20 

(NH4 ) 2so4 

distilled water to 

10.5 g 

4.5 g 

0.47 g 

1 g 

80 ml 
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Autoclave. Add ice-cold solution of 0.1 g MgS04 .7H2o in 

20 ml distilled water (autoclaved separately). 

Glucose 

Water-NaCl soln. 

20% w/v in distilled water. Autoclaved. 

2.34% w/v NaCl. Autoclaved. 

To make up: 

Salts soln. 

glucose 

water-NaCl soln. 

Peptone medium (Vibrio) 

Bacto-peptone 

NaCl 

distilled water to 

8 ml 

1 ml 

70 ml 

2.5 9 

2.34 g 

100 ml 

Peptone medium was also prepared in 0.1 M-Tris/salt buffer. 

Phenol (TE saturated) 

Phenol (200 g, Merck) was melted at 65 °C and 0.3 g of 

a-hydroxyquinoline was added. The phenol was extracted three 

times with TE buffer (10 X) or until the aqueous phase was 

approximately pH 7.6 and was stored under TE buffer (1 X) at 

-20 °C. 



Potassium acetate, 5 M, pH 4.8 

potassium acetate 

distilled water 

glacial acetic acid 

Autoclave. Store at 4 oc. 

Prehybridization solution (Maniatis 

6 X SSC buffer 

SDS 

denatured herring sperm DNA 

50 X Denhardt's solution 

0.5 M-EDTA, pH 8.0 

PW (E.coli) 

Bacto-peptone 

distilled water 

PW skim milk agar plates (E.colil 

Bacto-peptone (Difco or Merck) 

agar 

distilled water 

29.28 g 

to 88.50 ml 

11.50 ml 

et al. £ 1982) 

to 

to 

100 ml 

0.5 g 

1 ml 

10 ml 

2 ml 

2.5 g 

100 ml 

7.5 g 

4.5 g 

240 ml 
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Dissolve by boiling, and autoclave. Add autoclaved skim milk 

solution (3 g Oxoid skim milk in 60 ml distilled water) to 

peptone agar immediately before pouring plates. 



PW skim milk agar plates (Vibrio) 

Bacto-peptone (Difco or Merck) 

NaCl 

agar 

distilled water to 

2.5 g 

7.0 g 

2.25 g 

90 ml 
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Dissolve by boiling, and autoclave. Add autoclaved skim milk 

solution (1 g Oxoid skim milk in 10 ml distilled water) to 

peptone agar immediately before pouring plates. 

Restriction buffers (10 X) 

low salt: 

Tris/HCl buffer, pH 7.5 

MgC1 2 

OTT 

spermidine 

medium salt: 

NaCl 

Tris/HCl buffer, pH 7.5 

MgC1 2 

OTT 

spermidine 

high salt: 

NaCl 

Tris/HCl buffer, pH 7.5 

MgC1 2 

DTT 

spermidine 

100 rnM 

100 rnM 

10 rnM 

1 rnM (maximum) 

500 rnM 

100 rnM 

100 rnM 

10 rnM 

1 rnM (maximum) 

1.0 M 

500 rnM 

100 rnM 

10 rnM 

1 rnM (maximum) 



S1 nuclease mixture (Henikoff, 

10 X S1 buffer: 

3 M-KOAc, pH 4.6 

5 M-NaCl 

glycerol 

ZnS04 

To make up: 172 .ul distilled 

and 60 units of S1 nuclease. 

Sl stop solution 

Trizma Base (no HCl) 

EDTA (pH 8.0) 

SMM (Vibrio) 

disodium succinate.6H2o 

(NH4 ) 2so4 

KH 2Po4 

0.1 M-Tris/salt buffer 

1987) 

water, 27 .ul 

1.1 ml 

5 ml 

5 ml 

30 mg 

10 X S1 

0. 3 M 

0.05 M 

0.54 g 

0.132 g 

0.136 g 

to 1 1 

Sodium acetate, 3M, pH 5.2 (Maniatis et al., 1982) 

sodium acetate.3H2o 

distilled water to 

4.08 g 

10 ml 

Adjust pH with glacial acetic acid. Autoclave. 

Sodium phosphate buffer, 250 rnM, pH 7.0 

Stock solutions: A 1 M NaH2Po4 

B 1 M Na 2HP04 
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buffer, 

Mix 17 ml A and 33 ml B and dilute to a final volume of 

200 ml. 



Spermidine 

spermidine 

distilled water 

Filter-sterilize. 

SSC buffer (20 X) (Maniatis et al., 1982) 

NaCl 

sodium citrate 

96 mg 

4 ml 

175.3 g 

88.2 g 

distilled water to 1 1 

Adjust pH to 7.0 with 10 N-NaOH. Autoclave. 

Tris/acetate buffer (5 X) 

Tris 

acetic acid 

0.5 M-EDTA, pH 8.0 

distilled water 

TBE buffer (10 X) 

Tris 

Boric acid 

0.5 M-EDTA 

distilled water 

Adjust pH to 8.0. Autoclave. 

TCA (100%) (Maniatis et al., 1982) 

24.2 g 

5.71 ml 

10 ml 

to 1 1 

107.8 g 

55 g 

40 ml 

to 1 1 
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To a bottle containing 500 g trichloroacetic acid add 227 ml 

distilled water to obtain a solution of 100% w/v. 
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TE buffer 

Tris 1. 21 g 

0.5 M-EDTA 2 ml 

distilled water to 1 1 

Adjust pH to 8.0. Autoclave. 

Tris/HCl buffer, 1M (Maniatis et al., 1982) 

Tris 121.0 g 

distilled water to 1 1 

Adjust pH to 7.6 or 8.0 ,as required, with concentrated HCl. 

Tris/maleic acid buffer, (10 X), pH 6.0 

Tris 

NaCl 

Maleic acid 

distilled water to 

12.1 g 

23.4 g 

0.3 g 

10 g 

100 ml 

Adjust pH to 6.0 using 5 N-NaOH. Autoclave. 

Tris/salt buffer, 

Tris 

NaCl 

CaC1 2 .2H20 

distilled water 

Adjust pH to 7 . 6 . 

vLB (Vibrio) 

Bacto-tryptone 

yeast extract 

NaCl 

distilled water 

0.1 M 

12.1 g 

23.4 g 

0.29 g 

to 1 1 

to 

10 g 

5 g 

23.4 g 

1 1 
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General Methods. 

B.l.l Plasmid preparation: large-scale (maxiprep). 
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A 200 ml LB culture was grown overnight at 37 °C in the 

presence of the appropriate antibiotic. The cells were 

harvested by centrifugation at 16 000 X g for 10 min, and 

were resuspended in 2. 25 ml of Solution I (50 roM-glucose, 

25 mM-Tris/HCl, pH 8. 0, 10 mM-EDTA). After incubation at 

' room temperature for 5 min, 4. 5 ml of freshly prepared 

Solution II (0.2 N-NaOH, 1% SDS) was added, the sample mixed 

gently and placed on ice for exactly 5 min. Solution III 

(5 M-potassium acetate, pH 4.8) (3.38 ml), precooled to 

4 °c, was added and the sample mixed and placed on ice for 

5-10 min. ·The precipitated protein and chromosomal DNA was 

removed by centrifugation at 12 000 X g for 10 min. Two 

volumes of 95% ethanol were added to the supernatant and the 

sample was held at room temperature for 15-30 min. The 

nucleic acid was pelleted by centrifugation at 27 000 X g 

for 15 min. The pellet was washed with 70% ethanol, 

resuspended in 4.4 ml TE buffer, and purified by isopycnic 

CsCl-EtBr ultracentrifugation (as described by Maniatis et 

al., 1982). 

The crude plasmid preparation was prepared for 

ultracentrifugation by the addition of CsCl (final 

concentration 1 g ml-1 ) and EtBr (final concentration 

200 pg ml-1 ). Centrifugation at 27 000 X g for 15 min 

precipitated any remaining protein debris. The refractive 
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index of the supernatant was adjusted to 1.397, the sample 

sealed in a Beckman Quickseal ultracentrifugation tube, and 

centrifuged at 340 000 X g for 12 h in a Beckman. VTi rotor. 

Plasmid and chromosomal DNA bands were visualized under UV 

light ( 3SO nrn). The lower plasmid band (covalently closed 

circular plasmid) was removed by means of a syringe and 

large bore needle, after the overlying fluid and DNA bands 

had been removed from the top of the centrifuge tube using a 

different needle and syringe. This method prevented any 

disturbance of the plasmid bands and allowed the collection 

of the bands in as small a volume as was possible. The EtBr 

was removed from the sample by repeated extraction with 

NaCl-saturated isopropanol. The DNA was precipitated from 

the CsCl solution by the addition of two volumes of water 

and one resulting volume of isopropanol. The DNA was 

pelleted by centrifugation in an Eppendorf microfuge for 1S 

min. The pellet was washed with 70% ethanol and resuspended 

in 300 pl TE buffer. 

The DNA concentration was determined spectrophotometrically 

by measuring the absorbance at 260 nrn of a SO pl sample 

(diluted in TE buffer), and using the relationship A260 = 1 

for SO pg ml-1 double-stranded D_NA (Maniatis et al., 1982). 

B.l.2 Plasmid preparationa small-scale (miniprep). 

A 10 ml LB culture was grown overnight at 37 °C in the 

presence of the appropriate antibiotic. The cells from a 1.S 

ml sample of the culture were harvested by centrifugation in 

an Eppendorf microfuge for 1 min. The pellet was resuspended 
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in 100 pl Solution I (Solutions I, II and III are described 

in section B.1.1). After incubation for 5 min at room 

temperature the sample was placed on ice and 200 pl 

precooled Solution II was added. The sample was vortexed 

briefly and returned to the ice for exactly 5 min. Precooled 

Solution III (150 pl) was added, the sample mixed as before, 

and held for 5 min on ice. Cell debris was precipitated by 

centrifugation at room temperature for 5 min and the 

supernatant was removed to a fresh microfuge tube. Two 

volumes of 95% ethanol were added, the sample held at room 

temperature for 5 min, then the DNA was pelleted by 

centrifugation for 15 min in a microfuge. The pellet was 

dried and resuspended in 200 pl TE buffer. Sodium acetate 

( 20 pl of a 3 M-solution, pH 4. 8) and two volumes of 95% 

ethanol were added and the sample was held at -20 °C for 30 

min. The DNA was pelleted by centrifugation for 15, min, 

washed with 70% ethanol, dried and resuspended in 50 pl TE 

buffer. 

B.2 Isolation of V.alginolyticus DNA. 

An adaptation of the method of Marrnur ( 1961) was used for 

the isolation of chromosomal DNA. A 100 ml culture in vLB 

was grown overnight at 30 °C with vigorous shaking. The 

cells were harvested by centrifugation at 16 000 X g for 10 

min and resuspended in 4 ml sucrose buffer (10 mM-Tris/HCl, 

pH 8.0, 10 mM-EDTA, 25% sucrose) containing 4 mg ml-1 

lysozyme (added fresh, and dry). After incubation at 37 °C 

for 1 h with shaking, the cell suspension was placed on ice 
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for 5 min before the addition of 2 ml of 0.2 M-EDTA (pH 

8.0). Cell lysis was achieved by the addition of SDS buffer 

(10 mM-Tris/HCl, pH 8.0, 10 mM-EDTA, 2% SDS) and heating at 

65 °C for 10 min. The DNA in the cleared lysate was purified 

by isopycnic CsCl-EtBr ultracentrifugation as described in 

section B.1.1, except that the refractive index was adjusted 

to 1. 394 and the DNA band was removed by puncturing the 

bottom of the Quickseal tube and allowing the fluid to drip 

through slowly. The purified DNA was resuspended in 2 ml of 

TE buffer. 

B.3 Restriction endonuclease digestion. 

In general, the procedures described by Maniatis et al. 

(1982) were followed for restriction endonuclease 

.digestions. The digestion volumes were routinely 20 pl and 4 

units of restriction enzyme were used per 1 pg of DNA. The 

digestion temperature (usually 37 °C) and the high, medium 

or low salt restriction buffers (described in Appendix A) 

were chosen according to the specifications given by the 

Boehringer Mannheim GmBH-Biochemica catalogue. Restriction 

endonucleases were obtained from Boehringer Mannheim GmBH­

Biochemica, West Germany, Anglian Biotechnology Ltd., UK, 

and New England Biolabs, Inc., MA, USA. 

For the purpose of analyzing the restriction fragments by 

agarose gel electrophoresis the digestions were terminated 

by the addition of 5 pl DNA loading solution (Appendix A) 

per 20 pl digestion volume. For the purpose of ligating the 

restriction fragments the digestion was terminated by the 
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addition of an equal volume of TE buffer-saturated phenol 

(Appendix A). After vortexing briefly, the aqueous phase was 

removed to a separate tube and the phenol was completely 

removed by extracting several times with water-saturated 

ether. The DNA was precipitated from the aqueous phase by 

the addition of one-tenth volume of 3 M-sodium acetate, pH 

4.8, and two volumes of 95% ethanol, cooling to -20 °c for 

30 min, and centrifuging for 30 min in a microfuge at 4 °C. 

The DNA pellet was dried and resuspended in TE buffer. 

B.4 DNA ligation reactions. 

DNA ligation reactions were of two basic types: 

recircularization of plasmids (for the isolation of deletion 

clones) (use low DNA concentrations, 1 pmole DNA per ml), 

and recombination (for example, in subcloning) (use 5 pmole 

DNA per ml). DNA concentration was calculated using the 

formula 1 pmole = (0.662 X kb)pg (H. Zappe, pers. comm.). 

Ligations were routinely performed in a 100 pl volume at 

20 °c overnight, using 2 units of ligase per 1 pg DNA. ATP 

(1 X) was included in the ligation mixture. 

B.S Restriction endonuclease mapping. 

Plasmid mapping was acqomplished by the use of single-, 

double- and triple-enzyme digests. The plasmid was first 

digested with a range of restriction endonucleases (mainly 

6-bp cutters) to establish the number of sites present for 

each of the enzymes. Mr standards consisted of Hindi II-, 

EcoRI- or Psti-digests of >.. DNA, as well as single enzyme 
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digests of the plasmid vector (for example, pEcoR251 or 

pBR325). DNA fragments were analyzed by electrophoresis in 

0 . 8% agarose TBE (Appendix A) gels . A control sample of 

undigested plasmid and vector DNA was routinely inclu~ed for 

electrophoresis. Once several enzymes, that each had 1 - 3 

recognition sites in the insert 

chosen their positions relative 

endonuclease site in the vector 

DNA of a plasmid, were 

to a single restriction 

DNA were determined by 

double-enzyme digests using this single-cutter together with 

each of the other enzymes. Occasionally, digestion of a 

single sample of plasmid DNA with 3 different restriction 

endonucleases was used to confirm the position of a 

particular enzyme recognition site, or to distinguish DNA. 

fragments that were of a similar Mr. Enzymes that had more 

than 3 recognition sites within the insert DNA (for example, 

the Hindi II sites of pVPlOO) were only mapped once the 

insert DNA had been subcloned in smaller fragments. 

B.6 Subclon!ng protocol. 

Subcloning using a "shotgun approach" was only used in those 

cases that allowed very easy selection on agar plates 

(generally with antibiotics) for the desired recombinant 

plasmid. Preferably, the insert and vector DNA were both cut 

with two restriction endonucleases in order to minimize the 

formation of parentals. In order to enhance the chances of a 

particular fragment being ligated into the new vector, any 

"competing" fragments of DNA were digested with an enzyme 

that did not have a recognition site in the insert. 
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The rapid. subcloning protocol of Struhl ( 1985) was also 

used. DNA fragments were electrophoresed in mini-gels of low 

melting point (LMP) agarose (1%) (SeaPlaqueR) in 

Tris/acetate buffer (50 mM-Tris/acetate, pH 8.2, no EDTA, no 

EtBr). After electrophoresis (1-2 h) the gel was stained for 

20 min in water containing 0.1 pg ml- 1 EtBr. DNA bands were 

viewed under UV (310 nm), as briefly as possible, and the 

desired band was excised using a fresh scalpel blade, in as 

small a volume of gel as possible. The gel slice was melted 

in an Eppendorf microfuge tube at 70 °c and the required 

amount was added hot to the already-prepared ligation 

mixture containing the insert or vector DNA. After ligation 

the mixture was melted at 70 °C, diluted immediately with 4 

volumes of 100 mM-CaC1 2 and used to transform competent 

E. coli. This method is rapid, allows the selection of a 

particular DNA fragment for subcloning, and avoids the 

inevitable wastage of DNA that occurs during phenol 

extraction and ethanol precipitation procedures. 

B.7 The preparation and transformation of competent B.coli 

cells. 

E.coli cells were made competent for DNA uptake essentially 

according to the method of Dagert and Ehrlich ( 1979). A 

1:100 dilution of an overnight LB culture was inoculated 

into 50 ml prewarmed LB and incubated at 37 °C, with 

shaking, until the culture had reached early exponential 

phase (OD600 = 0. 2). A sample of this culture was then 

diluted 1:50 into 200 ml prewarmed LB and incubation at 

37 °C, with vigorous shaking, was continued until an OD 600 



of 0.25 was reached. The culture was cooled on ice for 10 

min and cells were harvested by centrifugation at 4 000 X g 

for 5 min at 4 °C. The cells were washed with 50 ml of ice­

cold 0.1 M-MgC1 2 and resuspended in 100 ml ice-cold 

100 mM-Cacl 2 and were held on ice for at least 20 min 

(cooling for 1 h increased the ·competency) . The cells were 

then harvested by centrifugation at 4 000 X g for 5 min at 

4 °c and were resuspended in 2 ml of 100 mM-Cacl 2 . Cells 

were aged in this solution at 4 °c for a minimum of 3 h, but 

were usually aged overnight, before being transformed. Where 

possible, competent cells were stored in 100 .ul aliquots 

containing a drop of glycerol, at -70 °C, for use in 

subcloning. For library cloning, fresh competent cells were 

used. 

Competent cells (100 .ul) were transformed by mixing with DNA 

(routinely, 50 ng) and holding on ice for 10 min. The cells 

were then heat shocked at 42 °C for 5 min and were returned 

to the ice for 2 min. The transformation mixes were diluted 

with 1 ml LB and were incubated at 37 °c for 1 h to allow 

expression of the transferred DNA. 

B.B.l Discontinuous SDS-PAGE. 

Discontinuous SDS-PAGE was done according to the method of 

Laemmli (1970), using a Hoefer SE600 vertical slab 

electrophoresis unit (Hoefer Scientific Instruments, San 

Fransisco, CA, USA). The 1~5 rom-thick gel spacers were used. 

Proteins were electrophoresed at 100 V in the stacking gel 

and 14 rnA in the resolving gel. 
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The acrylamide gels (10%) were prepared as follows: 

Solution Resolving gel Stacking gel 

Acrylamide solution 12 ml 2 ml 
Resolving gel buffer 8.2 ml 
Stacking gel buffer 3 ml 
Distilled water 13.65 ml 7 ml 
10% Ammonium persulfate 160 .ul 64 .ul 
TEMED 18 .ul 13 .ul 

B.8.2 SDS gelatin-PAGE. 

Gelatin-PAGE was done essentially according to the method of 

Heussen and Dowdle (1980). The running conditions and 

treatment of the gels after electrophoresis are described in 

section 2.2.5. The stacking gels were prepared as described 

in section B.8.1. The resolving gelatin/acrylamide gels (8%) 

were prepared as follows: 

Solution 

Acrylamide solution 
Resolving gel buffer 
Gelatin solution 
Distilled water 
10% Ammonium persulfate 
TEMED 

Resolving gel 

12 ml 
11.25 ml 
4.5 ml 
17.25.ml 
100 .ul 
so .ul 

The 0. 7 5 rom-thick gel spacers were used. Propan-2-ol was 

gently layered on top of the resolving gel immediately after 

it was poured, to give a flat interface, and was removed by 

washing with stacking gel buffer before the stacking gel was 

poured. 



The following buffers and solutions were used for PAGE: 

Acrylamide solution 
Acrylamide 
Bis-acrylamide 
Distilled water to 

29.2 g 
0.8 g 

100 ml 
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The solution was filtered through Whatman's paper (No. 1) 
and was stored in a dark bottle at 4 °c. 
Resolving gel buffer 
Tris (1.5 M) 
10% SDS 
Distilled water 

Adjust pH to 8.8 

Stacking gel buffer 
Tris (0.5 M) 
10% SDS 
Distilled water 

Adjust pH to 6.8 

10% Ammonium persulfate 

18.17 g 
4 ml 

to 100 ml 

to 

6.06 g 
4 ml 

100 ml 

A fresh solution (1 ml) was made immediately before use. 

Reservoir buffer (10 X stock) 
Tris (0.25 M) 
Glycine ( 1. 92 M) 
10% SDS 
Distilled water 

pH should be approximately 8.5 

Gelatin solution 
Gelatin 
Distilled water 

30.3 g 
144.1 g 

100 ml 
to 1 l 

1 g 
80 ml 

Boil solution until the gelatin has dissolved, then make 
volume up to 100 ml with water and autoclave. 

Glycine incubation buffer (10 X stock) 
Glycine (1 M) 
Distilled water to 

37.5 g 
500 ml 

Adjust to pH 9 with 10 N-NaOH and autoclave. 

Triton X-100 
Triton X-100 
Distilled water 

25 ml 
to 1 l 



Amide Black stain 
"Amidoswartz" (for electrophoresis) 
Distilled water to 

1 g 
50 ml 
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Mix for 10 min. Make up to 500 ml with destain. Stir for 30 
min. Filter through Whatman's paper (No. 3). Stain can be 
re-used several times. 

De stain 
Glacial acetic acid 
Methanol 
Distilled water 

SDS sample buffer 
stacking gel buffer 
10% SDS 
Glycerol 
2-mercaptoethanol 
Distilled water 

200 ml 
500 ml 

to 2 1 

2.5 ml 
4 ml 
2 ml 
1 ml 

0.5 ml 
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Appendix C 

Codes used for amino acids. 

Amino acid Code 

Alanine Ala A 

Arginine Arg R 

Asparagine Asn N 

Aspartic acid Asp D 

Cysteine Cys c 

Glutamine Gln Q 

Glutamic acid Glu E 

Glycine· Gly G 

Histidine His H 

Isoleucine Ile I 

Leucine Leu L 

Lysine Lys K 

Methionine Met M 

Phenylalanine Phe F 

Proline Pro p 

Serine Ser s 

Threonine Thr T 

Tryptophan Trp w 

Tyrosine Tyr y 

Valine Val v 
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Appendix D 

Bacterial strains, genotypes and references. 

Bacterial 
strain 

E. coli 
CC118 

HB101 

JM105 

K514 

LE392 

LK111 

V. alginoly­
ticus 

WT 

prot-T1 

Genotype/description 

araD139 A(ara,leu)1691 AlacX74 
phoAA20 galE galK thi rpsE rpoB 
argEam recA1 

hsd520(r~-,r~-) recA13 ara-14 
proA2 lacY1 galK2 rpsL20 xyl-5 
mtl-1 supE44 

and leuB B1 endoi-

A(lac-proAB) thi rpsL endA sbcB15 
hsdR4 (F'traD36 proAB lac~ZAM15) 

thr-1 leuB6 thi-1 supE44 lacYl 
tonA21 rk-,mk+ (C600 derivative) 

hsdR514(rk-,mk-) supE44 supF58 
lacY1 or A(laciZY)6 galK2 galT22 
metB1 trpR55 

lac~ lacZAM15 lacY+ derivative 
of K514 

Wild-type aerobic, halotolerant, 
collagenolytic, proteolytic, 
gram-negative strain isolated 
from hides (originally named 
Achromobacter iophagus) 

Mutant strain that overproduces 
exoproteases 

Reference/ 
origin 

Mancil and 
Beckwith 
(1985) 

Maniatis 
et al. 
(1982) 

Goldfarb 
et al. 
(1982) 

Yanisch­
Perron et 
al. (1985) 

Wood 
(1966) 

Maniatis 
et al. 
(1982) 

Zabeau 
and 
Stanley 
(1982) 

Welton 
and Woods 
(1973) 

This study 
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Appendix E 

Vector and phage restriction maps. 

Restriction map of pEcoR251 ( Zabeau 1 pers. comm.). 
1 1 ori; 2 1 · >... PR. Restriction sites are shown for those 
restriction enzymes that cleave the molecule once or twice. 
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SBI I 

pBR325 
5995 bp 

Ava I 

Ba/1 

Psr 1 

Refentnce: Prentk1. P., et at. (1981) Gene 14,289 

Nucreot1des Homologous to pBA322 are POSitiOn 6 to pos111on 4356 bp 

Restriction map of pBR325 (BRL Catalogue and reference 
guide, 1983). 

TnphoA 

m 
'tl n 
< 0 
:.. :u 
();T 

a, c::, ~ ~ 
ce._ Ul- < I» I» 

c - 3 = - :E 

IS50L with phoA Tn5 

1kb 

, 
< 
5. 
) 

~ -
I 

) 
I 

::t >< 
:r ~ 

CL 0 

-
155QR 

Partial restriction map of TnphoA showing position of TnS 
relative to the leftward and rightward insertion sequences 
(J. Beckwith, pers~ comm.). · 



0::0 
0 CD 

~~ c 11 
~ t-'· 
t-'·() 
Ort 
PI t-'· 
rtO 
CD ~ 
0. 

tr!:! 
"<PI 

"0 
::0 

0 
::s:t-1\ 

PI ::r-w 
PI I-' 
11 c 
PI CD 
w. en 

() 

11 
t-'· 
"0 
rt 

(I) 

rt 
11 
PI 
rt 
PI 

IQ 
CD 
~ 
CD ... 

(I) 

PI 
~ 

0 
t-'· 
CD 

IQ 
0 

Co•l UlO 

ChiOI UJ\ 

...... ._ 

I Sopl 17 

BLUESCRIPT 
1\113+ 

"···-· 

..,..._ S.U(- ........... 
............. _c ..... .,_,, 

1770T-Scrn~ 
Son 0.... CA 9lUI 
Oualde CA I .aGO 4Z4-5444 
In CA. ullcolloa (619145&-9151 

49R 

P1n•ll 527 

PlllHUTr.M 

Tl PlllHOTU 

•••-7U 

, ...... 912 

····-· 

SITE 

Cool 2110 

CFriOI 11H 

Sopl lU\ N••l ItA 

BLUESCRIPT 
l\113-

KS Polylinker 

Pvul '9" 

Pv•ll $11 

T J PlllHilTf.l 

646- '~' 

rw .. ll 97J 

t•• ...... I'MI-..act....,••• •• tctMM!CtiiO .... fC)' -· ........ 
..... ..., ca•• .... , .... , 

Yl ··-·· .... •• ... ... u. ..... .. .............. '"' ............ _.... .... ... ..... .... .., .. 
l'CT:t mvmnMTIIII:eM"'CKtat__,..,...._.,.w;c: ... ~CtiiiiWtMIM&ICCCCCCIGOCtGCAGCOU.IfCGAt&tCAWII&n::G&tfiiCniCGACCJCGAGMOIIIIOC'CC88tKCCIIOC'fftMf1CCCntaoft,._ftM~Mtclftn'C&t...,_,f1'C'Ct• ..... 

)'~AMana .. _NAt....-nutctca.MiteKKCKC8Cceocu&ltcii'OAICKc&MGOIIIICCCUCGICCtta...GCI&I&.OfK0a.Atl«t&t08CAGCieAMCtc'CC:CC«IOitt&JOOG~a.MIGAAUICIIC1CCC .... tfllotriOGI:fC"IMUoCO&tYMIKC"iUtcA&CANII'GI' llll• 

•I •··llfr-t.•r 

t • I • tct&'NOCIGC"fouacl' .. , ..... • • J' ca.urc.w:tc«un••• 
tlfrl•• 

t•I'G'UIXIIGU'I'CUCAAI' .. _, .... ,_. 
t ••••••••••llt~A&LKTMI~··••••••••••••• 

sr·n 

f-' 
0'1 
0 



161 

REFERENCES 

Adelberq E.A., Mandel M., and Chen G.c.c. 1965. Optimal 
conditions for mutagenesis by N-methyl-N'-nitro-N­
nitrosoguanidine in Escherichia coli K12. Biochem. 
Biophys. Res. Comm. 18:788-795. 

Akiyama Y., and Ito K. 1987. Topology analysis of the SecY 
protein, an integral membrane protein involved in 
protein export in Escherichia coli. EMBO J. 6:3465-
3470. 

Ames G.F.-L., Prody C., and Kustu s. 1984. Simple, rapid, 
and quantitative release of periplasmic proteins by 
chloroform. J. Bacteriol. 160:1181-1183. 

Anderson W.B., and Gopalkrishna R. 1985. Functional and 
regulatory importance of calcium-mediated hydrophobic 
regions of calmodulin, protein kinase c, and other 
calcium binding proteins'. Curr. Top. Cell. Regul. 
27:455-469. 

Andro T. , Chambost J.-P. , Kotoujansky A. , Cattaneo J. , 
Bertheau Y., Barras F., van Gijseqem F., and Coleno A. 
1984. Mutations of Erwinia chrysanthemi defective in 
secretion of pectinase and cellulase. J. Bacterial. 
160:1199-1203. 

Arvidson s., and Wadstram T. 1973. Detection of 
proteolytic activity after isoelectric focusing in 
polyacrylamide gel. Biochim. Biophys. Acta. 310:418-
420. 

Bajorath J., Raqhunathan s., Hinrichs w., and Saenqer w. 
1989. Long-range structural changes in proteinase K 
triggered by calcium ion removal. Nature 337:481-484. 

Ball T.K., Sauruqqer P.N., and Benedik M.J. 1987. The 
extracellular nuclease gene of Serratia marcescens and 
its secretion from Escherichia coli. Gene 57:183-192. 

Barach J .T., Adams D.M., and Speck M.L. 1976. 
Stabilization of a psychrotrophic Pseudomonas protease 
by calcium against thermal inactivation in milk at 
ultrahigh temperature. Appl. Environ. Microbial. 
31:875-879. 

Barras F., Thurn K.K., and Chatterjee A.K. 1986. Export of 
Erwinia chrysanthemi (EC16) protease by Escherichia 
coli. FEMS Microbial. Lett. 34:343-348. 

Bayer M.E. 1979. The fusion sites between outer membrane 
and cytoplasmic membrane of bacteria: their role in 
membrane assembly and virus infection. In: M. Inouye 
(ed.), Bacterial outer membranes: Biogenesis and 
function. John Wiley & Sons Inc., New York. p.167-202. 



162 

Benz R., and Bauer K. 1988. Permeation of hydrophilic 
molecules through the outer membrane of gram-negative 
bacteria. Eur. J. Biochem. 176:1-19. 

Berkeley R.c.w., Pepper E.A., Caulfield M.P., and Melling J. 
1978. The inhibition of Staphylococcus aureus 
enterotoxin A production by cerulenin and quinacrine; 
presumptive evidence for a lipid intermediate/protease 
release mechanism. FEMS Microbial. Lett. 4:103-105. 

1971. Mechanism of 
proteinase: Factors 

the extracellular 
(Coccus P ) . J . 

Bissell M.J., Tosi R., and Gorin! L. 
excretion of a bacterial 
controlling accumulation of 
proteinase of a Sarcina strain 
Bacterial. 105:1099-1109. 

Bonate M.C.M., Costa S.O.P., and Bianco M. 1982. 
Regulation of extracellular protease secretion in 
Proteus mirabilis. Rev. Brasil. Genet. V, 3:467-482. 

Bowden G., Mothibeli M.A., Robb F .T., and Woods D.R. 198.2. 
Regulation of Hut enzymes and extracellular protease 
activities in Vibrio alginolyticus Hut mutants. J. 
Gen. Microbial. 128:2041-2045. 

Boyd D., Mancil c., and Beckwith J. 1987. Determinants of 
membrane protein topology. Proc. Natl. Acad. Sci. USA. 
84:8525-8529. 

Braun v., and Schmitz G. 
Serratia marcescens. 

1980. Excretion of a protease by 
Arch. Microbial. 124:55-61. 

Bricker J., Mulks M.H., Plaut A.G., Moxon E.R., and Wright 
A. 1983. !gAl proteases of Haemophilus influenzas: 
Cloning and characterization in Escherichia coli K-12. 
Proc. Natl. Acad. Sci. USA. 80:2681-2685. 

Brickman E., and Beckwith J. 1975. Analysis of the 
regulation of 'Escherichia coli alkaline phosphatase 
synthesis using deletions and 4>80 transducing phages. 
J. Mol. Biol. 96:307-316. 

Car.mona C., and Gray G.L. 1987. Nucleotide sequence of the 
serine protease gene of Staphylococcus aureus, strain 
V8. Nucleic Acids Res. 15:6757. 

Chatterjee A.K., and Starr M.P. 1980. Genetics of Erwinia 
species. Annu. Rev. Microbial. 34:645-676. 

Claverie-Martin F., Diaz-Torres M.R., and Kushner S.R. 
1987. Analysis of the regulatory region of the 
protease III (ptr) gene of Escherichia coli K-12. Gene 
54:185-195. 



163 

Clegg S., and Allan B.L. 1985. .Molecular cloning and 
expression of an extracellular nuclease of Serratia 
marcescens in Escherichia coli. FEMS Microbial. Lett. 
27:257-262. 

Coleman G., Brown S., and Stormonth D.A. 1975. A model for 
the regulation of bacterial extracellular enzyme and 
toxin biosynthesis. J. Theor. Biol. 52:143-148. 

Coleman J .E., and Vallee B.L. 1960. Metallocarboxy-
peptidases. J. Biol. Chern. 235:390-395. 

Coletta P.L., and Miller P.G.G. 1986. The extracellular 
proteases of Myxococcus xanthus. FEMS Microbial. Lett. 
37:203-207. 

Cowan D., Daniel R., and Morgan H. 1985. 
proteases: properties and potential 
Trends in Biotechnology 3:68-72. 

Thermophilic 
applications. 

Cowing D.W., Bardwell J .c.A., Craig E.A., Woolford c., 
Hendrix R.W., and Gross C.A. 1985. Consensus sequence 
for Escherichia coli heat shock gene promoters. Proc. 
Natl. Acad. Sci. USA. 82:2679-2683. 

Craik c.s., Roczniak s., Largman c., and Rutter W.J. 1987. 
The catalytic role of the active site aspartic acid in 
serine proteases. Science 237:909-913. 

Creighton T.E. 
stability. 

1988. Disulphide bonds and protein 
BioEssays 8:57-63. 

Daatselaar M.c.c., and Harder w. 1974. 
regulation of the production 
proteolytic enzymes by a marine 
Microbial. 101:21-34. 

Some aspects of the 
of extracellular 

bacterium. Arch. 

Dagert M., and Ehrlich S.D. 1979. Prolonged incubation in 
calcium chloride improved the competence of Escherichia 
coli cells. Gene 6:23-28. 

Davidow L.S., O'Donnell M.M., Kaczmarek F.S., Pereira D.A., 
DeZeeuw J .R., and Franke A. E. 1987. Cloning and 
sequencing of the alkaline extracellular protease gene 
of Yarrowia lipolytica. J, Bacterial. 169:4621-4629. 

Deane S.M., Maharaj R., Robb F.T., and Woods D.R. 1987b. 
Cloning, expression and r~lease of a Vibrio 
alginolyticus SDS-resistant Ca +-dependent exoprotease 
in Escherichia coli. J. Gen. Microbial. 133:2295-2302. 

Deane S.M., Robb F.T., and Woods D.R. 1986. Isolation and 
characterization of a Vibrio alginolyticus mutant that 
overproduces extracellular proteases. J. Gen. 
Microbial. 132:893-898. 



164 

Deane S.M., Robb F.T., and Woods D.R. 1987a. Production 
.and activation of an SDS-resistant alkaline serine 
exoprotease of Vibrio alginolyticus. J. Gen. 
Microbial. 133:391-398. 

d'Enfert c., Ryter A., and Pugsley A.P. 1987. Cloning and 
expression in Escherichia coli of the Klebsiella 
pneumoniae genes for production, surface localization 
and secretion of the lipoprotein pullulanase. EMBO J. 
6:3531-3538. 

Ebeling w., Hennrich N., Klockow M., Metz H., Orth H.D., and 
Lang H. 1974. Proteinase K from Tritirachium album 
Limber. Eur. J. Biochem. 47:91-97. 

Eilers M., and Schatz G. 1988. Protein unfolding and the 
energetics of protein translocation across biological 
membranes. Cell 52:481-483. 

Fandl J.P., and Tai P.C. 
the secY24 defect 
translocation and 
cytoplasmic factors. 
84:7448-7452. 

1987. Biochemical evidence for 
in Escherichia coli protein 
its suppression by soluble 

Proc. Natl. Acad. Sci. USA. 

Feder J., Garrett L.R., and Wild! B.S. 1971. 
the role of calcium in thermolysin. 
10:4552-4555. 

Studies on 
Biochemistry 

Felmlee T., Pellet s., Lee E.-Y., and Welch R.'A. 1985. 
Escherichia coli hemolysin is released extracellularly 
without cleavage of a signal peptide. J. Bacterial. 
163:88-93. 

Felmlee T., and Welch R.A. 1988. Alterations of amino acid 
repeats in the Escherichia coli hemolysin affect 
cytolytic activity and secretion. Proc. Na tl. Acad. 
Sci. USA. 85:5269-5273. 

Ferenc! T., and Silhavy T.J. 1987. Sequence information 
required for protein translocation from the cytoplasm. 
J. Bacterial. 169:5339-5342. 

Florkin M., and Stotz E.H. 1973. Comprehensive 
Biochemistry, Elsevier, Amsterdam. 13:26-27. 

Glenn A.R. 1976. Production of extracellular proteins by 
bacteria. Annu. Rev. Microbial. 30:41-62. 

Goldfarb o.s., Rodriguez R.L., and Do! R.H. 1982. 
Translational block to expression of the Escherichia 
coli Tn9-derived chloramphenicol-resistance gene in 
Bacillus subtilis. Proc. Nat!. Acad. Sci. USA. 
79:5886-5890. 



165 

Graves M.C., and ·Rabinowitz J .c. 1986. In vivo and in 
vitro transcription of the Clostridium pasteurianum 
ferredoxin gena. J. Biol. Chern. 261:11409-11415. 

Gray L., Mackman N., Nicaud J.-M., and Holland I.B. 1986. 
The carboxy-terminal region of haemolysin 2001 is 
required for secretion of the toxin from Escherichia 
coli. Mol. Gen. Genet. 205:127-133. 

Grundy F.J., Plaut A., and Wright A. 1987. Haemophilus 
influenzae immunoglobulin Al protease genes: Cloning by 
plasmid integration-excision, comparative analyses, and 
localization of secretion determinants. J. Bacterial. 
169:4442-4450. 

Gutierrez C. , Barondess J. , Mancil C. , and Beckwith J. 
1987. The use of transposon TnphoA to detect genes for 
cell envelope proteins subject to a common regulatory 
stimulus: analysis of osmotically regulated genes in 
Escherichia coli. J. Mol. Biol. 195:289-297. 

Guzman-Verduzco L.M., Fonseca R., and Kupersztoch-Portnoy 
Y .M. 1983. Thermoactivation of a periplasmic heat­
stable enterotoxin of Escherichia coli. J. Bacterial. 
154:146-151. 

Gyles C., So M., and Falkow S. 
plasmids of Escherichia coli. 
49. 

19 7 4. The enterotoxin 
J. Infect. Dis. 130:40-

Hanlon G.W., and Hodges N.A. 1981. Requirement for glucose 
during production of extracellular serine protease by 
cultures of Bacillus licheniformis. FEMS Microbial. 
Lett. 11:51-54. 

Hare P., Long s., Robb F.T., and Woods D.R. 1981. 
Regulation of exoprotease production by temperature and 
oxygen in Vibrio alginolyticus. Arch. Microbial. 
130:276-280. 

Hare P. , Scott-Burden T. , and Woods D. R. · 19 8 3 • 
Characterization of extracellular alkaline proteases 
and collagenase induction in Vibrio alginolyticus. J. 
Gen. Microbial. 129:1141-1147. 

Hartley B.S. 1960. Proteolytic enzymes. Annu. Rev. 
Biochem. 29:45-72. 

Hawley O.K., and McClure W.R. 1983. Compilation and 
analysis of Escherichia coli promoter DNA sequences. 
Nucleic Acids Res. 11:2237-2255. 

Henderson G., Krygsman P., Liu C.J., Davey c.c., and Malek 
L.T. 1987. Characterization and structure of genes 
for protease A and B from Streptomyces griseus: J. 
Bacterial. 169:3778-3784. 



166 

Henikoff S. 
exonuclease 
sequencing. 

1984. Unidirectional digestion with 
III creates targeted breakpoints for DNA 
Gene 28:351-359. 

Henikoff S. 1987. Unidirectional digestion· with 
exonuclease III in DNA sequence analysis. In: R. Wu 
(ed.), Methods in Enzymology. Academic press, New York 
San Fransisco London. 155:156-165. 

Heussen c., and Dowdle E.B. 1980. Electrophoretic analysis 
of plasminogen activators in polyacrylamide gels 
containing sodium dodecyl sulfate and copolymerized 
substrates. Anal. Biochem. 102:196-202. 

Hines D.A., Saurugger P.N., Ihler G.M., and Benedik M.J. 
1988. Genetic analysis of extracellular proteins of 
Serratia marcescens. J. Bacterial. 170:4141-4146. 

Hirst T.R., and Holmgren J. 1987a. Transient entry of 
enterotoxin subunits into the periplasm occurs during 
their secretion from Vibrio cholerae. J. Bacterial. 
169:1037-1045. 

Hirst T.R., and Holmgren J. 1987b. Conformation of protein 
secreted across bacterial outer membranes: A study of 
enterotoxin translocation from Vibrio cholerae. Proc. 
Natl. Acad. Sci. USA. 84:7418-7422. 

Hirst T.R., Sanchez J., Kaper J .B., Hardy S.J .s., and 
Holmgren J. 1984. Mechanism of toxin secretion by 
Vibrio cholerae investigated in strains harboring 
plasmids that encode heat-labile enterotoxins of 
Escherichia coli. Proc. Natl. Acad. Sci. USA. 81:7752-
7756. 

Hirst T.R., and Welch R.A. 1988. Mechanisms for secretion 
of extracellular proteins by gram-negative bacteria. 
Trends Biochem. Sci. 13:265-269. 

Hoffman C.S., and Wright A. 1985. Fusions of secreted 
proteins to alkaline phosphatase: An approach for 
studying protein secretion. Proc. Natl. Acad. Sci. 
USA. 82:5107-5111. 

Hofstra H., and Witholt B. 1984. Kinetics of synthesis, 
processing, and membrane transport of heat-labile 
enterotoxin, a periplasmic protein in Escherichia coli. 
J. Biol. Chern. 259:15182-15187. 

Howard S.P., and Buckley J.T. 1983. 
accumulation of extracellular proteins 
export mutants of Aeromonas hydrophila. 
154:413-418. 

Intracellular 
by pleiotropic 

J. Bacterial. 

Howard S.P., and Buckley J.T. 1985. Protein export by a 
gram-negative bacterium: Production of aerolysin by 
Aeromonas hydrophila. J. Bacterial. 161:1118-1124. 



Ichige·A., Oishi K., and Mizushima s. 1988. 
characterization of mutants -of a marine 
that are defective in production of 
proteins. J. Bacteriol. 170:3537-3542. 

167 

Isolation and 
Vibrio strain 
extracellular 

Ish-Horowicz D., and Burke J.F. 1981. Rapid and efficient 
cosmid cloning. Nucleic Acids Res. 9:2989-2998. 

Iuchi S., and Tanaka s. 1982. Separation of four' 
extracellular proteases of Vibrio parahaemolyticus by 
polyacrylamide gel electrophoresis. FEMS Microbiol. 
Lett. 15:129-132. 

Izotova L.S., Strongin A.Y., Chekulaeva L.N., Sterkin V.E., 
Ostoslavskaya V.I., Lyublinskaya L.A., Timokhina E.A., 
and Stepanov V.M. 1983. Purification and properties 
of serine protease from Halobacterium halobium. J. 
Bacteriol. 155:826-830. 

Jany K.-D., Lederer G., and Mayer B. 1986. Amino acid 
sequence of proteinase K from the mold Tritirachium 
album Limber. FEBS Lett. 199:139-144. 

Jones J.D. G., Grady K.L., Suslow T.V., and Bedbrook J .R. 
1986. Isolation and characterization of genes encoding 
two chi tinase enzymes from Serratia marcescens. EMBO 
J. 5:467-473. 

Juan S.M., and Cazzulo J .J. 1976. The 
protease from Pseudomonas fluorescens. 
32:1120-1122. 

extracellular 
Experientia 

Kaiser C.A., Preuss D., Grisafi P., and Botstein D. 1987. 
Many random sequences functionally replace the 
secretion signal sequence of yeast invertase. Science 
235:312-317. 

Kakinuma Y., an~ Unemoto T. 1985. Sucrose uptake is driven 
by the Na electrochemical potential in the marine 
bacterium Vibrio --alginolyticus. J. Bacteriol. 
163:1293-1295. 

Keil-Dlouha V. , Misrahi R. , and Keil B. 19 7 6 . The 
induction of collagenase and a neutral proteinase by 
their high molecular weight substrates in Achromobacter 
iophagus. J. Mol. Biol. 107:293-305. 

Kobayashi T. , Kato C. , Kudo T. , and Horikoshi K. 19 8 6 . 
Excretion of the penicillinase of an alkalophi1ic 
Bacillus sp. through the Escherichia coli outer 
membrane is caused by insertional activation of the kil 
gene in plasmid pMB9. J. Bacteriol. 166:728-732. 



168 

• 
Kok J., Hill D., Haandrikman A.J., De Reuver M.J .B., Laan 

H., and Venema G. 1988b. Deletion analysis of the 
proteinase gene of Streptococcus cremoris Wg2. Appl. 
Environ. Microbial. 54:239-244. · 

Kok J., Leenhouts K., Haandrikman A.J., Ledeboer A.M., and 
Venema G. 1988a. Nucleotide sequence of the cell wall 
proteinase gene of Streptococcus cremoris Wg2. Appl. 
Environ. Microbial. 54:231-238. 

Kraut J. 1977. Serine proteases: Structure and mechanism 
of catalysis. Annu. Rev. Biochem. 46:331-358. 

Kudo T., Kato c., and Horikoshi K. 1983. Excretion of the 
penicillinase of an alkalophilic Bacillus sp. through 
the Escherichia coli outer membrane. J. Bacterial. 
156:949-951. 

Kyte J., and Doolittle R.F. 1982. A simple method for 
displaying the hydropathic character of a protein. J. 
Mol. Biol. 157:105-132. 

Laemmli U.K. 1970. Cleavage of structural proteins during 
the assembly of the head of bacteriophage T4. Nature 
227:680-685. 

Lanyi J .K. 1974. Salt-dependent properties of proteins 
from extremely halophilic bacteria. Bacterial. Rev. 
38:272-290. 

Lecroisey A., Keil-Dlouha V., Woods D.R., Perrin D., and 
Keil B. 1975. Purification, stability and inhibition 
of the collagenase from Achromobacter iophagus. FEBS 
Lett. 59:167-172. 

Leung K.-Y., and Stevenson R.M.W. · 1988. Characteristics 
and distribution of extracellular proteases from 
Aeromonas hydrophila. J. Gen. Microbial. 134:151-160. 

Li P., Beckwith J., and Inouye H. 1988. Alteration of the 
amino terminus of the mature sequence of a periplasmic 
protein can severely affect protein export in 
Escherichia coli. Proc. Natl. Acad. Sci. USA. 85:7685-
7689. 

Lingappa V.R., Chaidez J., Yost c.s., and Hedgpeth J. 1984. 
Determinants for protein localization: ~-lactamase 
signal sequence directs globin across microsomal 
membranes. Proc. Natl. Acad. Sci. USA. 81:456-460. 

Longs., Mothibeli M.A., Robb F.T., and Woods D.R. 1981. 
Regulation of extracellular alkaline protease activity 
by histidine in a collagenolytic Vibrio alginolyticus 
strain. J. Gen. Microbiol. 127:193-199. ' 



16'9 

Lory S. 1 Tai P.C., and Davis B.D. 1983. Mechanism of 
protein excretion by gram-negative bacteria: 
Pseudomonas aeruginosa exotoxin A. J. Bacterial. 
156:695-702. 

Mackman N., Baker K., Gray L., Haigh R., Nicaud J.-M., and 
Holland I.B. 1987. Release of a chimeric protein into 
the medium from Escherichia coli using the C-terminal 
secretion signal of haemolysin. EMBO J. 6:2835-2841. 

Hackman N. , and Holland I. B. 
kDalton polypeptide into 
Escherichia coli K-12 
193:312-315. 

1984. Secretion of a 107 
the medium from a haemolytic 
strain. Mol. Gen. Genet. 

Maharaj R. 1 Robb F.T. 1 and Woods D.R. 1986. Temperature 
and oxygen regulated expression of a glutamine 
synthetase gene from Vibrio alginolyticus cloned in 
Escherichia coli. Arch. Microbial. 146:30-34. 

Malke H., and Ferretti J.J. 1984. Streptokinase: Cloning, 
expression, and excretion by Escherichia coli. Proc. 
Natl. Acad. Sci. USA. 81:3557-3561. 

Maniatis T., Fritsch E.F. 1 and Sambrook J. 1982. Molecular 
cloning: A laboratory manual. Cold Spring Harbor 
Laboratory, Cold Spring Harbor, New York. 

Mancil C., and Beckwith J. 1985. TnphoA: A transposon 
probe for protein export signals. Proc. Natl. Acad. 
Sci. USA. 82:8129-8133. 

Mancil c. 1 and Beckwith J. 1986. A genetic approach to 
analyzing membrane protein topology. Science 233:1403-
1408. 

Mar.mur J. 1961. A procedure for the isolation of 
deoxyribonucleic acid from micro-organisms. J. Mol. 
Biol. 3:208-218. 

McConn J.D., Tsuru· D., and Yasunobu K.T. 1964. Bacillus 
subtilis neutral proteinase. I. A zinc enzyme of high 
specific activity. J. Biol. Chern. 239:3706-3715. 

Meloun B. , Baudys M. , Kostka V. , Hausdorf G. , Fromme! C. , 
and Hohne W.E. 1985. Complete primary structure of 
thermitase from Ther.moactinomyces vulgaris and its 
structural features related to the subtilisin-type 
proteinases. FEBS Lett. 183:195-200. 

Merkel J.R. 1 and Sipos T. 1971. Marine bacterial 
proteases: Characterization of an endopeptidase 
produced by Vibrio B-30. Arch. Biochem. and Biophys. 
145:126-136. 



I 
I 

Michaelis s., Chapon c., D'Enfert c., Pugsley A.P., and 
Schwartz M. 1985. Characterization and expression of 
the structural gene for pullulanase, a maltose­
inducibl-e secreted protein of Klebsiella pneumoniae. 
J. Bacterial. 164:633-638. 

Miller J.H. 1972. Experiments in Molecular Genetics. Cold 
Spring Harbor Laboratory, Cold Spring Harbor, New York. 

Misra T.K. 1985. 
deletions for 
34:263-268. 

A new strategy 
rapid nucleotide 

to create 
sequencing. 

ordered 
Gene 

Montville T.J. 1983. Dual-substrate plate diffusion assay 
for proteases. Appl. Environ. Microbial. 45:200-204. 

Moran C.P.Jr., Lang N., LeGrice S.F.J., Lee G., Stephens M., 
Sonenshein A.L., Pero J., and Losick R. 1982. 
Nucleotide sequences that signal the initiation of 
transcription and translation in Bacillus subtilis. 
Mol. Gen. Genet. 186:339-346. 

Moreno F., Fowler A.V., Hall M., Silhavy T.J., Zabin I., and 
Schwartz M. 1980. A signal sequence is not sufficient 
to lead /3-galactosidase out of the cytoplasm. Nature 
286:356-359. 

Morgan w.o., Bear D.G., Litchman B.L., and von Hippe! P.H. 
1985. RNA sequence and secondary structure 
requirements for rho-dependent transcription 
termination. Nucleic Acids Res. 13:3739-3754. 

Morihara K. 1974. Comparative specificity of microbial' 
proteinases. In: A. Meister (ed.), Advances in 
Enzymology. Interscience publishers, John Wiley & Sons, 
New York. 41:179-243. 

Nakajima M., Mizusawa K., and Yoshida F. 1974. 
Purification and properties of an extracellular 
proteinase of psychrophilic Escherichia freundii. Eur. 
J. Biochem. 44:87-96. 

Nelson G., and Young T.W. 1987. Extracellular acid and 
alkaline proteases . from Candida olea. J. Gen. 
Microbial. 133:1461-1469. 

Ojha M. I and Wallace c.J .A. 1988. Novel ca2+ -activated 
neutral protease from an aquatic fungus, Allomyces 
arbuscula. J. Bacterial. 170:1254-1260. 

Oliver D. 1985. Protein secretion in Escherichia coli. 
Annu. Rev. Microbial. 39:615-648. 

Oliver O.B., and Beckwith J. 1981. E. coli mutant 
pleiotropically defective in the export of secreted 
proteins. Cell 25:765-772. 



Oliver D.B., and Beckwith J. 1982. ReguJ,ation of a 
membrane component required for protein secretion in 
Escherichia coli. Cell 30:311-319. 

Omura s. 1976. The antibiotic cerulenin, a novel tool for 
biochemistry as an inhibitor of fatty acid synthesis. 
Bacterial. Rev. 40:681-697. 

Pardee A.B. , Jacob F. , and Monod J. 19 59 . The genetic 
control and cytoplasmic expression of "inducibility" in 
the synthesis of p-galactosidase by Escherichia coli. 
J. Mol. Biol. 1:165-178. 

Park s., Liu G., Topping T.B., Cover W.H., and Randall L.L. 
1988. Modulation of folding pathways of exported 
proteins by the leader sequence. Science 239:1033-
1035. 

Pauptit R.A., Karlsson R., Picot D., Jenkins J.A., Niklaus­
Reimer A.-s., and Jansonius J.N. 1988. Crystal 
structure of neutral protease from Bacillus cereus 
refined at 3. 0 A resolution and comparison with the 
homologous but more thermostable enzyme thermolysin. 
J. Mol. Biol. 199:525-537. 

Pearson G.D.N., and Mekalanos J.J. 1982. Molecular cloning 
of Vibrio cholerae enterotoxin genes in Escherichia 
coli K-12. Proc. Natl. Acad. Sci. USA. 79:2976-2980. 

Pohlner J., Halter R., Beyreuther K., and Meyer T.F. 1987. 
Gene structure and extracellular secretion of Neisseria 

, gonorrhoeae IgA protease. Nature 325:458-462. 

Pollock M.R. 1962. Exoenzymes. In: J. C. Gunsalus and R. 
Y. Stanier (eds.), The Bacteria. Academic Press Inc., 
London and New York. 4:121-178. 

Porzio M.A., and Pearson A.M. 1975. Isolation of an 
extracellular neutral proteinase from Pseudomonas 
fragi. Biochim. Biophys. Acta. 384:235-241. 

Priest F.G. 1977. Extracellular· enzyme synthesis in the 
genus Bacillus. Bacteriol. Rev. 41:711-753. 

Pugsley A.P., and Schwartz M. 1984. Colicin E2 release: 
lysis, leakage or secretion? Possible role of a 
phospholipase. EMBO J. 3:2393~2397. 

Pugsley A.P., and Schwartz M. 1985. Export and secretion 
of proteins by bacteria. FEMS Microbial. Lett. 32:3-
38. 

Reed K.C., and Mann D.A. 1985. Rapid transfer of DNA from 
agarose gels to nylon membranes. Nucleic 'Acids Res. 
13:7207-7221. 



172 

Reid G.C., Robb F.T., and Woods D.R. 1978. Regulation of 
extracellular collagenase production in Achromobacter 
iophagus. J. Gen. Microbial. 109:149-154. 

Reid G. C • , Woods D. R. , and Robb · F. T. 19 8 0 . Peptone 
induction and rifampin-insensitive collagenase 
production by Vibrio alginolyticus. J. Bacterial. 
142:447-454. 

Remaut E., Tsao H., and Fiers w. 1983. Improved plasmid 
vectors with thermo-inducible expression and 
temperature regulated runaway replication. Gene 
22: 103-113·. 

Rigby P.W.J., Dieckmann M., Rhodes C., and Berg P. 1977. 
Labelling deoxyribonucleic acid to high specific 
activity in vitro by nick translation with DNA 
polymerase I. J. Mol. Biol. 113:237-251. 

Robbertse P.J., Woods D.R., Reay A.H., and Robb F.T. 1978. 
Simple and sensitive procedure for screening 
collagenolytic bacteria and the isolation of 
collagenase mutants. J. Gen. Microbial. 106:373-376. 

Rosenberg M., and Court D. 1979. Regulatory sequences 
involved in the promotion and termination of RNA 
transcription. Ann. Rev. Genet. 13:319-353. 

Rothman J.E., and Kornberg R.D. 1986. An unfolding story 
of protein translocation. Nature 322:209-210. 

Ruppen M.E., Van Alstine G.L., and Band L. 1988 .. Control 
of intracellular serine protease expression in Bacillus 
subtilis. J. Bacterial. 170:136-140. 

Salser W. 1977. Globin mRNA sequences :Analysis of base-
pa~r~ng and evolutionary implications. CSH Symp. 
Quant. Biol. 42:985-1002. 

Sandkvist M., Hirst T.R., and Bagdasarian M. 1987. 
Alterations at the carboxy terminus change assembly and 
secretion properties of the B subunit of Escherichia 
coli heat-labile enterotoxin. J. Bacterial. 169:4570-
4576. 

Sanger F., Nicklen s., and Coulson A.R. 1977. DNA 
sequencing with chain-terminating inhibitors. Proc. 
Natl. Acad. Sci. USA. 74:5463-5467. 

Samar N. z., Bissell M.J., Di Girolamo M., and Gorini L. 
1971. Mechanism of excretion of a bacterial 
proteinase: Demonstration of two proteolytic enzymes 
produced by a Sarcina strain (Coccus P). J. Bacterial. 
105:1090-1098. . ' 



1T3 

Scholle R.R., Coyne V.E., Maharaj R., Robb F.T., and Woods 
D.R. 1987. Expression and regulation of a Vibrio 
alginolyticus sucrose utilization system cloned in 
Escherichia coli. ·J. Bacterial. 169:2685-2690. 

Sjostrom M., Wold s., Wieslander A., and Rilfors L. 1987. 
Signal peptide amino acid sequences in Escherichia coli 
contain information related to final protein 
localization. A multivariate data analysis. EMBO J. 
6:823-831. 

Smith E. S • , De Lange R. J. ~ Evans W. H. , Landon M. , and 
Markland F.S. 1968. Subtilisin Carlsberg. V. The 
complete sequence; comparison with subtilisin BPN'; 
evolutionary relationships. J. Biol. Chern. 243:2184-
2191. 

Sohoni s.s., and Joshi P.N. 1982. Isolation and 
characterization of a protease from B. subtilis. 
Indian J. Biochem. and Biophys. 19:399-402. 

Sprang s., Standing T., Fletterick R.J., Stroud R.M., Finer­
Moore J. , Xuong N. -H. , Hamlin R. , Rutter w. J. , and 
Craf~2 c.s. 1987. The three-dimensiona\ 0~tructure of 
Asn mutant of trypsin: Role of Asp in serine 
protease catalysis. Science 237:905-909. 

Springer W., and Goebel W. 1980. Synthesis and secretion 
of hemolysin by Escherichia coli. J. Bacterial. 
144:53-59. 

Stahl M.L., and Ferrari E. 1984. Replacement of the 
Bacillus subtilis subtilisin structural gene with an in 
vitro-derived deletion mutation. J. Bacterial. 
158:411-418. 

Stepaniak L., Fox P.F., and Daly c. 1982. Isolation and 
general characterization of a heat-stable proteinase 
from Pseudomonas fluorescens AFT36. Biochim. Biophys. 
Acta. 717:376-383. 

Struhl K. 1985. A rapid method for creating recombinant 
DNA molecules. BioTechniques 3:452-453. 

Tabors., and Richardson C~C. 1987. DNA sequence analysis 
with a modified bacteriophage T7 DNA polymerase. Proc. 
Natl. Acad. Sci. USA. 84:4767-4771. 

Takagi M., Imanaka T., and Aiba s. 1985. Nucleotide 
sequence and promoter region for the neutral protease 
gene from Bacillus stearothermophilus. J. Bacteriol. 
163:824-831. 

Talmadge . K. , Stahl S • , 
signal sequence 
Escherichia coli. 
3373. 

and Gilbert w. 1980. ' Eucaryotic 
transports insulin antigen in 

Proc. Natl. Acad. Sci. USA. 77:3369-



174 

Tanaka s., and Iuchi s. 1971. Induction and repression of 
an extracellular proteinase in ·vibrio parahaemolyticus. 
Biken J. 14:81-96. 

Tanaka s., and Iuchi s. 1983. Hyperproduction of 
extracellular protease 1 in Vibrio parahaemolyticus 
mutants de~icient in cyclic adenosi-ne 3', 5'­
monophosphate or its binding protein. FEMS Microbial. 
Lett. 16:277-280. 

Tanaka T., and Kawata M. 1988. 
characterization of Bacillus subtilis 
positive and negative effects on 
extracellular proteases. J. Bacterial. 

Cloning and 
iep, which has 
production of 
170:3593-3600. 

Tanaka T. , Kawa ta M. , Nag ami Y. , and Uchiyama H. 19 8 7 . 
prtR enhances the mRNA level of the Bacillus subtilis 
extracellular proteases. J. Bacterial. 169:3044-3050. 

Tang J .L., Gough C.L., Barber C.E., Dow J .M., and Daniels 
M.J. 1987. Molecular cloning of protease gene(s) from 
Xanthomonas campestris pv. campestris: Expression in 
Escherichia coli and role in pathogenicity. Mol. Gen. 
Genet. 210:443~448. 

Taniguchi H., Ohta H., Ogawa M., and Mizuguchi Y. 1985. 
Cloning and expression in Escherichia coli of Vibrio 
parahaemolyticus thermostable direct hemolysin and 
thermolabile hemolysin genes. J. Bacterial. 162:510-
515. 

Thurn K.K., and Chatterjee A.K. 1985. Single-site 
chromosomal Tn5 insertions. affect the export of 
pectolytic and cellulolytic enzymes in ErWinia 
ch~santhemi EC16. Appl. Environ. Microbial. 50:894-
898. 

TomaS., Del Bue M., Pirola A., and Grandi G. 1986. nprRl 
and nprR2 regulatory regions for neutral protease 
expression in Bacillus subtilis. J. Bacterial. 
167:740-743. 

Traficante L. J. , and Lampen J. 0. 19 7 7 . Vesicle 
penicillinase of Bacillus licheniformis: existence of 
periplasmic-releasing factor(s). J.· Bacterial. 
129:184-190. 

Vasantha N., and Thompson L.D. 1986. Secretion of a 
heterologous protein from Bacillus subtilis with the 
aid of protease signal sequences. J. ·Bacterial. 
165:837-842. 



/ 
I 

175 

Vasantha N., Thompson L.D., Rhodes C., Banner C~, Nagle J., 
and Filpula D. 1984. Genes for alkaline protease and 
neutral protease from Bacillus amyloliquefaciens 
contain a large open reading frame between the regions 
coding for signal sequence and mature protein. J. 
Bacteriol. 159:811-819. 

Vimr E. R. , Lawrisuk L. , Galen 
Cloning and expression 
neuraminidase gene nanH 
Bacteriol. 170:1495-1504. 

J., and Kaper J .B. 1988. 
of the ' Vibrio cholerae 

in Escherichia coli. J. 

Von Heijne G. 1983. Patterns of amino acids near signal­
sequence cleavage sites. Eur. J. Biochem. 133:17-21. 

Von Heijne G. 1985. Signal sequences: the limits of 
variation. J. Mol. Biol. 184:99-105. 

Wagner W. , Vogel M. , and Goebel W. 19 8 3 . Transport of 
hemolysin across the outer membrane of Escherichia coli 
requires two functions. J. Bacteriol. 154:200-210. 

Walter P • , Gilmore R. , and Blobel G. 19 8 4 . Protein 
translocation across the endoplasmic reticulum. Cell 
38:5-8. 

Wandersman C. , Andro T. , and Bertheau Y. 19 8 6 . 
Extracellular proteases in Erwinia chrysanthemi. J. 
Gen. Microbiol. 132:899-906. 

Wandersman c., Delepelaire P., Letoffe s., and Schwartz M. 
1987. Characterization of Erwinia chrysanthemi 
extracellular proteases: Cloning and expression of the 
protease genes in Escherichia coli. J. Bacteriol. 
169:5046-5053. 

Wells J.A., and Estell D.A. 1988. Subtilisin - an enzyme 
designed to be engineered. Trends Biochem. Sci. 
13:291-297. 

Wells J .A., Ferrari E., Henner D.J., E·stell D.A., and Chen 
E. Y. 19 8 3 . Cloning, sequencing and secretion of 
Bacillus amyloliquefaciens subtilisin in Bacillus 
subtilis. Nucleic Acids Res. 11:7911-7925. 

Welton R.L., and Woods D.R. 1973. Halotolerant 
collagenolytic activity of Achromobacter iophagus. J. 
Gen. Microbic!. 75:191-196. 

Welton R.L., and Woods D.R. 1975. Collagenase production 
by Achromobacter iophagus. Biochim. Biophys. Acta. 
384:228-234. 

. 
Wood w. B. 1966. Host specificity of DNA produced by 

Escherichia coli: Bacterial mutations affecting the 
restriction and modification of DNA. J. Mol. Biol. 
16:118-133. 



''I 

I 

176 

Woods D. R. , Rawlings D. E. , Cooper D. E • , and Galloway A. C • 
19 7 3. . Collagenolytic activity of hide bacteria and 
leather decay. J. Appl. Bacteriol. 36:289-295. 

Wretlind B., and Pavlovskis O.R. 1984. Genetic mapping and 
characterization of Pseudomonas aeruginosa mutants 
defective in the formation of extracellular proteins. 
J. Bacteriol. 158:801-808. 

" Wunsch E., and Heidrich H.G. 1963. Zur quantitativen 
bestimmung der kollagenase. Hoppe-Seyler's Zeitschrift 
fur physiologische Chemie 333:149-151. 

Yanagida N., Uozumi T., and Beppu T. 1986. Specific 
excretion of Serratia marcescens protease through the 
outer membrane of Escherichia coli. J. Bacteriol. 
166:937-944. 

Yanisch-Perron c., Vieira J., 
Improved M13 phage cloning 
nucleotide sequences of the 
Gene 33:103-119 .. 

and Messing J. 1985. 
vectors and host strains: 
M13mp18 and pUC19 vectors. 

Zabeau M., and Stanley K.K. 1982. Enhanced expression of 
cro-p-galactosidase fusion proteins under the control 
of the PR promoter of bacteriophage A. EMBO J. 1:1217-
1224. 

Zimmermann R., and Meyer D. I. 1986. 1986 :A year of new 
insights into how proteins cross membranes. Trends 
Biochem.Sci. 11:512-515. 

i 1 JUt 1989 




