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T hu thesis describes the study of extracellular eniyme activities secreted by the Gram- 

negative bacterium Aeromnnas satnumicuia and related species. Initially, cell 

fractionation criteria were used to define operationally the cellular and extracellular 

location of proteins. It was demonstrated that proteins detectable in the extracellular 

medium of d. sabnanicida were selectively secreted beyond the outer membrane and 

not present as a result of general non-specific release due to cell lysis. Several 
extracellular enzyme activities were detected in the culture filtrate of A . sabnonietda, of 

which a number of protease and amylase activities were partially characterised. The 

principal extracellular protease of M, 7(XKX) was purified to homogeneity by a 
combination of ion-exchange and gel filtrauon chromatography, while another miyor 

extracellular protein of M, 5«XX) was purified by preparative-SDS-polyacTylamide gel 

electrophoresis. Rabbit polyclonal antibodies were then raised against these purified 

extracellular pmteins. In assays with trout erythrocytes, haemolytic activity in the 
culture filtrate was inhibited by pre incubating with antibodies raised against the MikDa 

protein, suggesting that this protein is in fact a haemolysin.

After the preliminary studies on the prxxluction of extracellular proteins by this 

organism, a series of experiments was carried out to compare the extracellular protein 

production of A. saimttnicida and related species. The study of strain variation at 

species and sub-species level, with respect to extracellular protein production, was 

approached In several ways. Firstly, the strains were examined for the production of 

extracellular enzyme activity; secondly, polyclonal antibodies raised against the purified 

extracellular protease and haemolysin enzymes were used In Western blotting 

experimenu to screen strains for cross-reactivity; and lastly, culture filtrates of all 

strains studied were applied to substrate-SDS-polyacrylamide gels to detect hydrolytic 

enzyme activity.

It was found that the extracellular protease and haemolysin enzymes were common to 

the rratiority of A. satmimicUta ssp. saimtinicida strains studied. Positive cross- 

reactivity was also observed with the extracellular fiaction o f A. hydrttphila when 

probed with A. lalmontcUta antibodies against the protease and haemolysin activities.



This thesis describes the study of extracellular enzyme activities secreted by the Gram- 

negative bacterium Aeronutnas saUnonicida and related species. Initially, cell 

fractionation criteria were used to define operationally the cellular and extracellular 

location qS proteins. It was demonstrated that proteins detectable in the extracellular 

medium of A. saUnonicuia were selectively secreted beyond the outer membrane and 

not present as a result of general non-specific release due to cell lysis. Several 

extracellular enzyme activities were detected in the culture filtrate of A . saimoniciiia, of 

which a number oX protease and amylase activities were partially characterised. The 

principal extracellular protease of M, 7(XXX) was purified to homogeneity by a 

combination of ion-exchange and gel filtration chromatography, while another miÔ ’c 

extracellular protein of M, 56(XX) was purified by preparative-SDS-polyacTylamide gel 

electrophoresis. Rabbit polyclonal antibodies were then raised against these purified 

extracellular proteins. In assays with trout erythrocytes, haemolytic activity in the 

culture filtrate was inhibited by pre-incubating with antibodies raised against the .^6kDa 

protein, suggesting that this protein is in fact a haemolysin.

After the preliminary studies on the production of extracellular proteins by this 

organism, a series of experiments was carried out to compare the extracellular protein 

production of A. salnumvida and related species. The study o f strain variation at 

species and sub-species level, with respect to extracellular protein production, was 

approached in several ways. Firstly, the strains were examined for the production of 

extracellular enzyme activity; secondly, polyclonal antibodies raised against the purified 

extracellular protease and haemolysin enzymes were used in Western blotting 

experiments to scTeen strains for cross-reactivity; and lastly, culture filtrates of all 

strains studied were applied to substrate-SDS-polyacrylamide gels to detect hydrolytic 

enzyme activity.

It was found that the extracellular protease and haemolysin enzymes were common to 

the majority of A. saimtmicida tsp. saimtmicUia strains studied. Positive cross- 

reactivity was also observed with the extracellular fraction o f  A. kydropkUa when 

probed with A. satmoMcUia antibodies against the protease and haemolysin activities.



On the evidence of Wesicm blotting, cxmicellular protein production by other 
Acromonas species does not uppeur to be related to <4. sulmonicidu. Detection of 

protease and amylase activity in substrutc-SDS-polyacrylamide gels allowed a detailed 

comparison of the hydrolytic enzyn>e production by members of the Aeromonas genus. 

The results obtained in this way demonstrated striking honmgeneity of protease and 

amylase secretion within A. xalmonicidu ssp. salmi>nicida. but substantial variatiw» 

between species and subspecies of the Arromonas genus.



I. In tro d u c tio n

1.1 O rncral Intm ducdon

Aentmmas salmonicida i i  the causative agent of furunculosis and other associated 

diseases in salmonid (salmon and trout) and non-salmonid fish. The disease is named 

after the raised liquefactive muscle lesions (furuncles) which sometimes occur in 
chronically infected fish. Furunculosis was originally described from hatchery fish in 

Oemumy by Emmerich and Weibel (1 »94) and is now observed in most of the 

salmonid-producing countries in the world with nouble exceptions being countries 

where fish are not heavily cultured, for example in Australia, New Zealand and the 
USSR. The transfer of fish stocks is most certainly the reason for the spread of the fish 

pathogen A. satnuinicida.

The clinical and grots pathological features of furunculosis infection have been well 
documented (Hetman 196«; McCarthy & Roberts I9K0; Paterson 19»J). Based on the 

variety of clinical symptoms associated with furunculosis, three main degrees of A 

satmonicida infection have been described: acute, peracute and chronic (Austin &

Austin 1987). Acute furunculosis infection is characterised by the sudden increaie in 

mortality with few or no external clinical symptoms. Peracute fuiunculosit infection is 

similar to the acute infection but is confined to Juvenile fish. Development of furuncles, 

lethargy, darkening in colour and small haenxttrhages at the base of the fins Is 

indicative of chronic A . salmontcida infection and corresponds with a low steady lUte 

mortality. The disease affects many areas of the body and pathological features of the 

disease may include tissue necrosis in the liver, accumulation of bacteria In the 
glomeruli, a dark and enlarged spleen, the formation of lesions or furuncles In muscle 

tissue and a fluid inflamed intestine. In all forms of furunculosis, large numbers o f A 

laJmimIclda cells are present In the blood and infected tissues (Austin A Austin I9«7).

The host range of A. salmnnictda also includes many non-salmonid freshwater and



marine species. Indeed, 'atypical' strains of A. salmonicida have been linked with 

serious ulcerative diseases in commercially raised carp (Bootsma et ai. 1977). goldfish 

(Elliot & Shotts 1980, Whittington etal. 1987) and eels (Kiiaoera/. 1985) as well as 

salmonid fish (Paterson 1983).

1.1.1 T^Konomy o f  A erum onm  species

The genus Aeronutnas (Stanier 1943) belongs to the family Vibrionaceae (Sebald & 

Vferon 1963; Veron 1966): the differential characteristics of the genera are shown in 

Tkble 1.1. Within the genus Aenymonas there are two distinct groups (Fig. 1.1): the first 

are psychrophylic and non-motile A. salmonicido and the second group are mesophilic 

and motile aeromonads which are generally divided into three species, namely A . 
/iydri;pW/ii, 4. cavioe and A. (Popoff & Veron 1976; Popoff era/. 1981). The

phenotypic basis for the differentiation of the Aeromonas genus is shown in Tkble 1.2, 

while other biochemical and physiological features of motile and non-motile 

aeromonads are given in Tiible 1.3 .4 . salmonicida can be further subdivided into three 

subspecies: namely. A. salnuynicida ssp. salmttnicida. A. sairrumicuia ssp. 

achntmitftenes and A. salnumicida ssp. masoucida. These three subspecies can be 

distinguished by biochemical characters (Tkble 1.2). but have similar genotypic 

properties (see below).

However, the classification of the Aeromi>nas genus is unclear, with currently eight 

proposed or validated phenotypic species that reside among at least 12 DNA 
hybridization groups (*nible 1.4) (Carnahan & Joseph 1991). The literature concerned 

with A. salmi)nicida classification conuins a prevalence of suggested taxonomic 

revisions, including removing the type genus Aerorru>nas from the family Vihrionaceae 

and elevating it to family status, i.e.. the Acromonadaceac (Colwell et ai. 1986). The 

question of Aemmonas genus classification is particulatly relevant to the motile species 

(ColwclUroJ. 1986; Austin er of. 19 89 ; Carnahan & Joseph 1991), AsmenUoned 

above, according to Bergey’s Manual of Systematic Bacteriology (Popoff 1984) the 

genus Aeromimas contains three mesophilic species. A. hydrophila, A. cavtor and A.











Table 1.4 DNA hybridization groups of the Aeromwmu genus*

DNA hybridiution Species
group (DUG)

A . hytirophila
2 A . hydrophila
3 A. hydrophila/A. salrrutnivida
4 A. caviae
ISA A. caviae
SB A caviae/A. media
6 A. eturemtphila
7 A . sobria

A . sobria
9 * A sobria

U)t A veronii
11 A verofiii
12 A .u bubertii

< DIICi's h and 10 share enough DNA homology to he included 
in the same DNA hybridization group. DUG K/10 
4 Newly proposed as A jandati (Carnahan rial. 1991)

• Compiled from Carnahan & Joseph (1991) and Altwegg & 
Luthy-Monenstcin (1991)



sobria, however in recent years a number of new motile Aeromonas species have been 

proposed: A. veronii {Hickman-Brennere/of. 1987), A. schuhtriii (Hickman-Brenner 

el at. 1988). A. eucrenophila (Schubert & Hegazi 1988) and A.jandaei and A. trota 

(Carnahan & Joseph 1991). The distinctness of A. hydrophila, A. caviae and A 
sohria was demonstrated by Austin el at. (1989), but significant phenotypic variation 

was recognised within the A. hydrophila and A. sobria groups. On the basis of this 

phenotypic variation, new species are being characterised and assigned to one of the 

DNA hybridization groups. For esample, strains assigned to DNA hybridization 

gioups 7-9 were formerly all phenotypically classed as A. sobria, but isolates 

associated with DNA group 9 are now proposed as A.jandaei on the basis of being 

'esculin and suc*ose-negative’ A. sobria (Table 1.4).

Recent numerical uxonomic studies have confirmed the low phenotypic similarity of 
non-molile aeromonads with their motile counterparts (Bryant el a/. '986; Austin el u/.

1989) . In fact, because of the high degree of phenotypic dissimilarity between motile 

and non-motile aeromonads, it was previously suggested that A. salmonicida he 

transfeired from the Aeromonas genus to the Pseudomonadaceae as a novel genus and 

species (Smith 1903). However, the genotypic similarities between motile and non- 

molile groups supports the retention of A . salrrutnictda within the Aeromoruss genus 

(Macinnes «  ai. 1979; Bast el at. 1988; Belland & Trust 1988; McCoimick el at.

1990) .

TTie current differentiation of the A. salmonicida species appears to be more generally 

accepted. Numerical taxonomy (Austin el at. 1989), DNA homology (Belland St Tntit 

1988; McCormick et at. 1990), serological (Paterson et at. 1980; Popoff St Lallier 

1984) and biochemical (Chart el at 1984; Popoff & Lallier 1984) studies, as well as the 

evaluation of plasmid profiles (Bast el at 1988), have demonstrated the marked 

homogeneity of A satmonlcida ssp. saimttnlcida. In fact. DNA hybridization studies 

using single itrand-specific endonuclease SI fixmi Aspergillus oryiae to study 

polynucleotide sequence rclatedness, indicate greater than a 97% level of relatedness.



However, there is some debate as to the correct subspecies differentiaiion. with Belland 

& Trust (1988) suggesting that ssp. achr<tmi>gcnes and masoucida be combined into a 

single group, and also that a new subspecies (epithet nova) be introduced f «  the 

atypical ssp. sairrktnicida strains (Belland Si Trust 1988; Austin et ai. 1989). The latter 
suggestion is clearly justified for A. salnumidda ssp. saimonicida strains which infect 

non-salmonid fish, since their phenotypic (Austin ei ai. 1989) and genotypic (Bclland 

& Trust 1988) properties support the elevation to a full subspecies level. However, the 

suggestion by Bclland & Trust (1988) of combining ssp. achromogenes and 
masom'ida into a single group has been dismissed by the numerical taxonomic studies 

o f Austin et ai. (1989). which supported previous observations that these subspecies 

may occupy an intermediate position between A. hydrophiia and A. saimorucida ssp. 

saimiinicida (Paterson et ai. 1980; Bclland & Trust 1988).

A large range of species-specific bacteriophages have also been used in A . salmnnicida 

typing studies. Bacteriophages acting on A. saimi>nU ida may be isolated from 

hatcheries, water and sewage, or from lysogenic isolates (Christison et ai. 1938; 
Paterson et at. 1969; Popoff & Vieu 1970). A . salmonU ida phages can be divided into 

three morphological groups (Popoff 1971). The first group contains phages which 
resemble T-even phages of Eschtriciua coU in having a head ( l(X)nm). a long contractile 

tail ( 130nm), a collar and a base plate with fibres. Phages of the second group have a 

polyhedric head (65nm) and a long contractile u il ( 150nm). The third group conuins 

phages which possess a polyhedric head (60nm). a short tail (90nm) with an anchor- 

like plate. P opoff(l97l) investigated the resistance of A. saimonicida phages to 

physical factors. The phages are usually resisunt to temperature of fiO-65'»C for 10 

minutes arul some phages also erulure exposure to 75®C. All phages of A. saimt*nicida 

are stable at pH 6.5-11.0.

Phages of A, saimtmicida have been used in the idenlificatioo of isolates, in cell wall 

studies of this organism and in studies on the epidemitilogy of the disease (Paterson et 
at. 1969; PopofT 1971; Rodgers r id /  1981; Trust «  d/ 1980) The lipopolysaccharide 

(LPS) layer appears to possess the receptor for most A. saimt>nicida bacteriophage



(Rodgers et al. 1981). however Udey and Guiirain (1980) have reported phage which 

only infect cells possessing an A-layer (cell envelope of A. salmonicida is discussed in 

Sections 1.2.3 & 3.1).

The bacteriophage typing analysis of A . saUrutnicida is one of only two methods 

capable of differentiating between typical A. salmonicida isolates (Popoff & Lallicr 

1984). The other method, the result of a more recent study, cornfaises a restriction 
endonuclease fingerprinting (REF) analysis of A. salnumicida cellular DNA visualised 

by silver staining (McCormick «  al. 1990). Like previous techniques, REF indicated 

that A. salmonicida is a very homogenous pathogen, but in contrast to the earlier 
studies, REF analysis permitted the identification of subgroups within the subspecies 

which may be useful in epidemiological studies.

1.1.2 Mrasiholngv and arowih characteristics

Members of the genus Aeromonas are Gram-negative, nxl shaped bacteria with 
rounded ends, measuring 1 -3.5 by 0.3-1 pm. The cells can occur singly, in pairs or 

short chains. On complex media, cells of A. salmonicida appear as coccobacilli; the 

length is less than twice the width (Popoff 1984). This species commonly develops 

tdiort chains and clumps (Smith 1963). The optimum growth temperature for A 

salmonicida is 22-25**C with most strains able to grow al 5“C; A. salmonicida does not 

grow at all at 37“C (Popoff 1984). The majority of the typical A. salmonicida strains 

produce a brown water-soluble pigment; however, pigment production doe. not occur 

anaerobically (Williamson 1928).



I.I.3  Frnloiiv of A xitinumicidu

A. saUrutnicida is s parasite lacking the ability to exist as a saprophyte under natural 

conditions and so is considered to be a true pathogen (Popoff 1984). However. A . 
salmonicida has the ability to survive in the aquatic environment, but in an apparently 

non-culturable/dormant suite (Allen-Austin el at. 1984). A. salmonicida cells were 

observed as microcolonies on particulates obtained from river water, and the presence 

of these microcolonies could serve as foci for infection. It is not known how long A 

salmonicida can survive in the aquatic environment, but some studies have suggested 

that the bacterium may remain viable for several weeks in fresh and sea water (Austin & 

Austin 1987). and for many months in river sediments (Michel & Dubois-Damaudpeys 

1980).

A. saimonicida has the ability to cause latent infections; Paterson (1983) previously 

noted that little was known of the furunculosis carrier slate, except that it existed. 

Asymptomatic carriers can be demonstrated by immunosuppression of the fish by 

cortico-sieroids (Bullock & Stuckey 1975). Paterson (1983) suggested that the carrier 
slate was of considerable importance as a focus of A saimonicida infection. The carrier 

fish would function as a reservoir of infection within fish populations. However, great 

difficulty has been experienced in isolating A. saimonicida from anything other than 

infected fish (Paterson 1983). Mclnttjsh and Austin (1991) suggested that the difficulty 

in recovering A. salmonirida from surface waters and carrier fish could be due to 

inadesjuacies of conventional culture media if the pathtrgen in the carrier fish occurred 

as an L-form; a cell-wall deficient bacterium capable of multiplication (Maxted 1972). 

Induction of A. saimonicida L-forms has been achieved by the action of lysoxyme and 

antibiotics (McIntosh & Austin 1988). and by complenKnt in combination with anti-A 

salmimicida rabbit antiserum (McIntosh & Austin 1990). By developing specially 

formulaled media for culturing A. saimonicida L-forms. McIntosh and Austin (1988) 

Isolated 'natural' L-form colonies from diseased salmon This suggests that A 

salmonicida L-forms may be involved in the disease process (McIntosh 4t Austin

1991).



1 2  Rin. ivn iii »1 .-hHnu.ierisi ics o f  exiracelluliif nrudutlii u f A. i alm m itiila

Protein secretion it  a fundamental process that occurs in all living cells. Although it was 

known that Gram-negative bacteria exported proteins to various compartments and 

assembled proteins into the cell envelope, it was presumed that these organisms rarely 

secreted proteins beyond their outer membrane. Like most studies on Gram-negative 

bacteria. E. colt was used as a model for protein export and as a consequence of the 

general inability of this bacterium to secrete proteins into the external medium it was 

presumed that other members of this class of bacteria would behave similarly.

However, recent evidence presented by a number of workers {Hirst «  al. 1984; Poole 

& Hancock 1983; Mackman «  al. 1986; Howard & Buckley 198.3; Pohlner er at. 1987) 

has challenged this view and it has now been unambiguously shown that numerous 

Gram-negative species actively secrete proteins into the external milieu.

Proteins that are incorporated into the cell envelope or secreted into the culture medium 

are synthesised on ribosomes attached to the cytosolic side of the inner membrane and 

are then translocated across this membrane into the periplasm, outer membrane or 

medium. All periplasmic and outer membrane proteins so far studied appear to be 

exported by the same mechanism (Randall et at. 1987; Hirst & Welch 1988). In 

general, this process involves the synthesis of the protein as a precursor with an amino­

terminal extension (signal sequence) and the removal of this sequence by signal 

peptidase in the cytoplasmic membrane. Energy is required in the form of high-energy 

phosphate and an export apparatus is necessary for the correct processing of the protein 

precursor».

The secretion of extracellular proteins, however, does not appear to be as straight­

forward in comparison with their cell-bound counterparts (Pugsley & Schwartz 198S). 

Most extracellular proteins are synthesised and expticled to the periplasm In a similar 

manner as periplasmic and outer membrane proteins (signal peptide-dependent 
pathway), but a number of important excepUons have been demonstrated, including the 

collclns and the -haemolysins of E. colt (Pugsley & Schwartz 1984; Felmlee r i at.



1985). These extracenular proteins are secreted beyond the outer membrane in a signal 

peptide-independent manner, possibly through the interaction of long stretches of 

hydrophobic amino acids which could insert into the cytoplasmic membrane and initiate 

the secretion process (Pugsley 1988). The only eatnicellular protein of /4. salmonicida 

to be studied in terms of protein secretion is the A-protein. although this protein is not 

normally referred to as truly extrac-ellular since it is associated with the cell envelope 

(see below). A large number of extracellular products have been detected in the culture 

medium of A. salmonicida cultures. However, the mechanism by which these proteins 

are secreted has received tittle attention, apart from preliminary studies which correlate 

protein secretion with protein synthesis on membrane-bound polysomes (Campbell er 

at. 1990).

The range of extracellular enzymes detected in the culture medium of A. salmttnicida 

itKlutle proteases, haemolysins and glycerophospholipid: cholesterol acyltransferase 

(GCAT) aixl leucocytolytic activities (Ellis 1991). In general, the only physical property 

which has been determined for most of these ac*tivities is the of the enzymes, artd the 

values displayed by these enzymes appear to he slightly different to the norm for 
bacterial extracellular proteins. In contrast to eukarytxic cells, which quite often secrete 

large glycoproteins, bacterial extracellular enzymes have relatively low molecular 

weights (2()-4()kDa) and are usually free of carbohydrate (Bums 1983). However, a 

number of extracellular proteins of A. salnutnicida are either relatively large 

polypeptides such as the protease (Price el at. 1989). or large glycoproteins including 
haemolysin (Nomura e ra/ 1988) and leucocytolysin (Puller el a/. 1977) components. 

Early studies revealed a prominent characteristic of bacterial extracellular proteins being 

a low cysteine content which, in turn, means a low Incidence of disulphide bridges in 

secreted proteins (Pollock 1962). Apart from the low occurrence of cysteine, bacterial 

extracellular enzymes do not have any obviously distinctive amino acid comptrsitlon 

and their polarilles do not differ markedly from those of Intracellular proteins (Olenn 

1976). Another feature of extracellular enzymes Includes the ability to tolerate high 

temperatures and other extreme envlmomenul situatloos, and so retulu In the relatively 

long half-lives of these enzymes In comparison with labile intracellular enzymes. Alio.



in comparison with highly specific intracellular enrymes associated with meubolic 

regulation mechanisms, the extracellular countetparts such as proteases have, typically, 

low substrate specificities (Gibb & Strohl 1987).

I 7  I F ^ tn ice lliilftr p ro tea se  activity o f  sn/m onl'cltiti

There have been a number of studies investigating the extracellular proteolytic activities 

of A. salmanicida but there has been considerable variation in the reported sizes, 
ranging from 11 to 87.5kDa. and substrate specificities (Dahle 1971a; Shieh & Maclean 

1975; Sheeran & Smith 1981; Mellergaard 1983; Ihjima era/. 1984; Fyfe erol. 1986a). 

In another report Sheeran and Smith (1981) observed that strain 480 produced two 

distinct proteolytic activities, one a serine protease and the other a meuilloprotease. 
Metalloprotease activity was also demonstrated in A. salmonicida culture medium by 

Rockey er al. (1988). although no detailed biochemical properties of the enryme(a) 
were presented. Recently, Price «  a/ (1989) attempted to clarify some anomalies in the 

literature concerning the proteases produced by A. salmonicida. The strains studied 

(M T004. 1102 and 480) were those used by previous workers. These strains showed a 

very similar pattern with two types of protease produced. The protease of nwlecular 

weight 70kDa was active against casein and gelatin and is most probably the same 

enzym e as that from strains Ar-4 and MT(X)4. described by Dtjima a a l.  (1984) and 

Fyfe e i al. (1986a) respectively, whereas the protease(s) o f approximate molecular 

w eight 20kDa is (are) active against gelatin but not casein.

The 70kDa enzyme has been classified as a serine protease on the basis of iu  inhibition 

by phenylmethanesulphonyl fluoride (PMSF). However, less than 20<*. inhibition of 

this protease was observed on incubation with ovomucoid, ovoinhibitor. aprotinin. 

antipain or benzamidine, which distinguishes it from other serine proteases such as 

trypsin snd chymotrypsin, Ellis (1987) identified j-macroglobulin as the only senim 

protein capable of inhibiting the serine protease of A. .lalrrumUida. The resistance to 

serum protease inhibitors may be correlated with the unusual nature of the active site to 

provide pathogenic adaption to host defence mechanisms.



Experiments with low molecular weight substrates (p-nitroanilides) revealed a degree of 

overlap between the 70kDa protease and thrombin (Price el al. 1990). however the 

70kDa protease showed less discrimination between the substrates. A possible 

physiological role of the 70tiDa protease was suggested as that of digestion of host 

proteins as a nutrient source for the bacterium. It was also noted that blood clots formed 

in the heart of rainbow trout injected with the extracellular products of A salmonicida. 

presumed to be due to (thrombin-like) protease action (Ellis «  al. 1981).

Further studies o f  substrate specificity of the purified serine protease of A 

salmonicida have been reported (Price el al. 1990). The protease of molecular weight 

7()kDa degrades casein to fragments of less than lOkDa, bovine serum albumin (BS A) 

into two large fragments (60 & 25kDa) and appears hardly active against native 
ovalbumin. However, BSA which has been denatured by carboxymethylation of 

cysteine residues is degraded to small fragments.

The production o f  the 70kDa caseinase enzyme is affected by a number of factors, 

including temperature, oxygenation, pH. and composition of the growth medium. 

Lowering the incubation temperature to 1(7*C resulted in more than a 2-fold decrease in 

extracellular cascinase activity, compared with cells grown at 25**C (Fyfe er al. 1987b). 

Anaerobic growth was found to have an even more pronounced effect on protease 

production; only one-tenth of the protease activity was present in the culture filaates of 

the anaerobic culture (Fyfe etal. 1986b). Dahle (1971a) demonstrated that protease 
production was dependent on the pH of the growth medium being raised above pH 7.0. 

A number of medium components also affected caseinase enzyme production; high 
moleculru' weight compounds (e.g., peptone) (Dahle 1971b) and certain concentrations 

of amino acids (Sakai 198.ib) were found to be necessary for protease production. 
However, unpublished findings (Laverty, E., this laboratory) suggest that the pretence 

of peptides |e .g .. (glycine)y *  (leucinelsl are mtxe important than either amino acids or 

proteins.



1.2.2 F.tn»-i-iiMiiir nhniinholiDa «g and haemolviin «LiiviUrs nf A nalimmicida

Xhe other major focus of interest on the extracellular products of A. salmonicida has 

been on membrane-damaging toxins. There have been several reports on enzymes of 

this type in the literature, including OCAT (Buckley et al. 1982; Lee A  Ellis 1990), 

leucocytolysin (Fuller el al. 1977) and haemolysin activities (Titball & Munn 1981,

1983, 1985a; Fyfe eioi. 1987a; Nomura el a/. 1988). It was demonstrated that bacteria 

in the family Vtbrionaceae relea.se a glycerophospholipid: cholesterol acyltransferase 

(GCAT) which is active against both liposome substrates and human erythrocyte 

membranes (MacIntyre & Buckley 1978; MacIntyre eia l. 1979). GCAT was found in 

outer membrane fragments, termed 'blebs', which were released during growth 

(MacIntyre eial. 1980). GCAT was purified to near homogeneity from the culture 
supernatant of A. satmmicida  and was found to have a molecular weight of 23.6kDa 

(Buckley «  at. 1982). The purified GCAT exhibits phospholipase, acyltransfeiase and 

lysophospholipase activities (Fig. 1.2). Partial characterisaUon of GCAT from A 

salmonU ida distinguished it from bacterial phospholipases: however, it shares a 
number of characteristic features of mammalian lecithin: cholesterol acyltransferase 

(LCAT); for example, it has no divalent cation retjuiremenl and is stimulated both by 
albumin and by human apolipoptoiein A l. The enzyme exhibits 2-positional specificity 

as an acyltransferase and as a phospholipase which is unlike the 1 -position specificity 

of nearly all bacterial phospholipases so far characterised.

A. salmonicida GCAT is much less specific than mammalian LCAT (Glomsel A  Norum 

1973) in the phospholipids it uses. In contrast to LCAT, which is specific for 
phosphatidylcholine, the bacterial enzyme is capable of using a wide range of naturally 

occurring phospholipids as acyl donors. The results indicate that the enzyme has a 

preference for phospholipids carrying shon-chain or unsaturaied fatty acids and is less 

dependent on the nature o f the phospholipid head group.

Buckley (1983) examined further the sinicluial requirements of the bacterial 

acyltransferaae for the acyl donor. The enzyme is able to use a variety of hydrophobic





esters as acyl donors, yet acyl transfer is specifically from the 2-position when 

phosphatidylcholine is the substrate. This observation suggests that the enzyme- 

catalysed acyl transfer requires hydrogen bonding between donor and acceptor. Even 

though sphingomyelin is not a substrate for the enzyme it inhibits acyl transfer from 

phosphatidylcholine to cholesterol, indicating that microbial enzyme-catalysed acyl 

transfer depends on the formation of a complex between the acyl donor and acyl 

acceptor.

Recently the nucleotide sequence of a gene encoding A. hydrophita GCAT was 

determined (Thornton etal. 1988). Comparison o f the amino terminal sequence with 

that of GCAT purified from A. salmonicida showed that only one of the first 18 amino 

acids is different in the enzymes from the two species. GCAT from A. salmonicida 

contains a threonine at position 3 rather than a serine. The DNA sequence of the GCAT 

gene of A. hydrophila encodes a protein of 281 amino acids with a rrKilecular weight of 

31303, which is significantly larger than the molecular weight of the protein from A . 
sainutnicida as determined by SDS-polyacrylamide gel electrophoresis (Buckley et al. 
1982). This may reflect major differences between the two proteins or. alternatively, 

GCAT may undergo post-translational nxxJification.

Karlsson (1962) demonstrated the presence of a haemolysin among the extracellular 

products of A. salmonicida. Since then Titball aiKl Munn (1981) have identified two 

distinct haemolytic activities. One, H-lysin. is a broad-spectrum haemolysin with 

maximum activity against horse erythrocytes, and the other, T-lysin, it  only active 

against trout erythrocytes. H-lysin is only produced under restricted in vfim conditions 

(stationary culture). The purified H-lysin coniairted detectable levels of GCAT activity, 

but the results suggested that the two activities were due to different extracellular 

products since membrane filtration of the preparation removes H-lysin activity (Titball 

& Munn 1981) but fails to remove OCAT from the preparation (Titball & Munn 

1985a). It has been reported that H-lysin is secreted as an inactive precursor which, on 

proteolytic cleavage, yielded an active haemolysin of M, 29.5kDa (Titball A  Munn 

1985a).



The haemolytic activity of partially purified T-lysin was suggested to be due to the 

combined effect o f two components; an activity (designated T | ) which caused 
incomplete lysis of erythrocytes and a caseinase enzyme (Titball & Munn 1983). 

Caseinase-negative mutants of A. salmonicida produce an inactive precursor of 

haemolysin that is activated by an autogenous protease (Titball el ai. 1985).

Other haemolytic activities have been reported to be released into the culture supernatant 

by A. salmtmicida (Nomura & Saito 1982; Fyfe tta l. 1987a). Ibn  different strains of 

A. sainutnicida were grown under identical conditions and the panem of extracellular 

proteins produced by each strain were compared. l\vo  significant common components 

were observed; one with a molecular weight of 7()kDa. found to be the serine protease 

mentioned previously (Price el ai. 1989). and the other with a molecular weight of 

56kDa that was haenwlytic to trout erythrocytes. It was suggested that the S6kDa 

haemolysin may correspond to the haemolysin described by Karlsson (1962) and that 

the haemolysins observed by Titball and Munn (1981) may be less widely distributed.

Nomura et ai. (1988) have rec'ently purified and characterised a new extracellular 

haerrx)lysin from A. salmtmicida, termed 'salmolysinV The production of an 

extracellular haemolytic toxin was previously reported (Nomura St Saito 1982) and the 

optimum pH range was from 7.5 to 8.0. and the optimum temperature was around 

20°C. The molecular weight of the purified salmolysin was estimated to be 

approximately 2(K)kDa by the sedimentation equilibrium method. Salmolysin is an 

acidic protein with an isoelectric point of 5.4. Carbohydrate arxl protein analyses 

irulicated that salmolysin is a glycoprotein which contains approximately 62% 

carbohydrate and 38% protein.

A leucocytolytic (LCL) factor was demonstrated by Kloniz r l ai (1966) and later 

identifkd by Fuller n o /. (1977) as a glycoprotein with a molecular weight in the range 

of 100-3(X)kDa. The protein and carbohydrate composition was estimated as 35% artd 

55%. respectively.



Recently. Lee iind Ellis (1990) identified a GCAT enzyme which forms a complex with 

LPS. The protein component of the complex comprised a single polypeptide chain of 

molecular weight 2SkDa, but the whole toxin had a molecular weight of over 2(XX)kDa, 

estimated by FPLC Superóse gel filtration. The isoelectric point of free OCAT was 

deteimined to be pi 4.3. whereas GCAT/LPS produced an unfocused smear 

corresponding to pis’ from 5.0 to 5.8. The effect of LPS-complexing with free GCAT 

was determined by comparing its properties with the small amount o f free GCAT also 

present in the culture medium. It was found that complexing of the UPS with GCAT 

conferred a number of advantages over the free GCAT. Free GCAT was found to be 

mote susceptible to heal inactivation and possibly, of more significance in vivo, GCAT 

in the GCAT/LPS complex was more resistant to proteolysis and had enhanced 

haemolytic activity.

Lee and Ellis (1991) have demonstrated that the GCAT/LPS complex possesses a 
number of biochemical characteristics in common with several of the other previously 

identified extracellular proteins. It is suggested that all of these enzyme activities 

(phospholipase (GCAT). leucocytolysin. cytotoxin. T-lysin. H-lysin & salnajlysin) are 

properties o f the single entity GCATA-PS (Ellis 1991).

1.2.3 Cell surface layer of A salnumicida

A. sabnonicida possesses a superficial coat called the A-layer (Fig. 1.3) (Udey & Fryer 
1978; Hamilton er a/. 1981; Trust era/. 1980). This layer is composed of carbohydrate 

in the form of lipopolysaccharide (LPS) and a tetragonally arrayed protein of molecular 

weight 49kDa known as the A-piolein (Kay era/. 1981). Regularly-smiclured (RS) 

layers are ubiquitous in nature and are found as part of the cell envelope o f virtually 

every uixonomic group of walled eubacteria and archaebacteria (Sleytr & Messner 

1983). In eubacteria. these RS layers are notwiovalently associated with the underlying 

cell wall.

The amino acid composition of RS proteins of different eubacieria is very similar. They





are acidic proteins with a high proportion of non-polar and acidic amino acids and 

contain little or no sulphur-oontaining amino acids (Sleytr & Messner 1983; Kandier St 
König 1985; König & Steuer 1986; Sleytr ef o/. 1986; Bingle etal. 1986). The acidic 

nature of RS proteins has been confumed by their low isoelectric points which arc 

usually within the pH range 4-6 (Smit 1986). Isoelectric focusing of the purified A- 

protein from A. salmonicida demonstrated several distinguishable isoelectric forms, 

with pis’ ranging from 5.7 to 5.9. The appearance of multiple isoelectric forms is not 

unusual, particularly for cell surface localised proteins. The amino acid sequence has 

not been determined for any RS protein, but the amino acid composition of A 

salmonicuia A-protein was determined (Kay et al. 1981 ) and was found to be 

substantially hydrophobic (45%). The N-terminal sequence of the A-protein is 

exceptionally hydrophobic. Conformational studies have been done on very few RS 

proteins. So far. the secondary structure of RS proteins, as estimated by circular 

dichroism. shows a low level of -helical structure (2-14%), 20-35% ß-stnicture and a 

high level of aperiodic structure (Baumeister era/. 1982; Bingic era/. 1986; Dooley 0  

ai. 1988). The secondary structure of A. salmonU iäa A-protein complies with these 

general limits, exhibiting 14% -helix and 19-28% ß-structure.

Using computer-enhanced imaging techniques, it was found that the A-protcin subunits 

formed a tetragonal array of alternating light and heavy domains, forming an open 

pcMous structure with concave depressions formed from four subunits. Stewart et ai. 

(1986) have recently described two different square arrays present in a single RS layer 

of A. saimttnicida, formed from the same polypeptide. They propose that the two 

patterns may reflect a structural transformation of the layer such that the permeability of 

the layer would be affected. An increase in penneability would facilitate release of 

possible virulence factors such as protease and haemolysin.

The A-proiein of A. salnutnicida strain 449 has been particularly well characterised 

biochemically. Belland and Trust (1985) were successful in obtaining mutanu blocked 

In A-proiein synthesis, expon and assembly. Their results suggested that the A-proiein 

is coded by a single chromosomal gerte and it is exported through the periplasmic space



and outer membrane. Cloning studies originally suggested that the A-protein was 

synthesised without an amino-terminal signal sequence, since immunoblotting of the 

cloned A-protein was indistinguishable from the M, 49kDa mature protein found in the 

assembled surface array (Belland & Trust 1987). However, sequencing of the A- 

procein gene revealed that the protein coded fordid contain a typical signal sequence for 

protein secretion (Kay &, Trust 1991).

The question o f relatedness and taxonomic significance of RS proteins has been 

considered for selected strains o f A. salrrufnicida (Kay etal. 1984). The RS proteins of 

three A. salrntmicida strains shared similar molecular weights, amino acid 

compositions and N-terminal amino acid sequences. It was suggested that the 

differences in the tryptic peptides could be due to minor positional differences in certain 

amino acids within the RS proteins. As expected antigenic cross-reactivity was 

observed among the RS proteins of the three A. salmnnicida strains.

Gram-negative bacteria are defined by an outer membrane containing lipopoly­

saccharide (LPS) (Fig. 1.3). Chan et ai. (1984) studied the lipopolysaccharides of 

typical and atypical strains of A. salnutnicida. It was dcnKinstrated that the O  

pc^ysaccharide strains were honK>geneous with respect to chain length. Chemical 

aruüysis revealed that the smooth LPS of three typical strains had similar sugar 

compositions. Cellular LPS is found both as a 9 sugar-containing branched core 

oligosaccharide linked to lipid A as well as a complete O-antigen containing a linear 

tetrasaccharide repeat unit joined to core oligosaccharide (Shaw et ai. 1986). 

Immunofluorescence analysis and phage binding studies demonstrated that a number of 

the O-polysacchahde chains traversed the surface protein array of A. sairmmicUta and 

were exposed on the cell surface (Chan et ai. 1984). The synthesis of A-protein and 

LPS side chains may be coordirtately regulated in this organism. Mutants lacking O- 

specific polysaccharides secreted A-protein into the culture medium (Belland A Trust 

1985). It was suggested that the LPS may play an imporunt role in assembly and 

maintenance of the A-layer, and such a structural role might account for the 
iKMnogencity in chain length of the LPS (Chan et ai. 1984; Evenberg et ai. 1985;



Beltand & Trust 1985).

Growth o f A. salnutnicida at elevated temperatures (> 25°C) resulted in the production 

of A-layer-negative mutants which do not possess the ability to autoaggregate (Ishiguro 

etal. 1981). The attenuated derivatives appear to lose A-protein in an irreversible 

manner due to genetic deletion of the 5 ' region of the A-protein gene (Belland & Trust 

1987).

1.3 Virulence factors of A. salmnnicitiii 

1.3.1 Introduction

The study ù( the origin and mechanisms of disease production is referred to as 

pathogenesis. This is derived from ‘pathos* meaning disease and 'genesis’ meaning to 

produce. The development of bacterial infectious disease is dependent on the interaction 

between host and bacterium. Therefore, there are two main aspects of disease 

production: firstly, the host has a number of defence mechanisms for eliminating 

infectious and foreign agents, and secondly, the disease-causing bacterium can evade 

the host defense by a number of its own mechanisms (Widders 1988). The diversity of 

mechanisms utilised for defence and infection is the reason for the enormous spectrum 

of the resulting diseases.

The host has numerous defence mechanisms that, used either singly or in combination, 

will normally provide protection against pathogens. Anatomic barrien such as skin and 

mucous membranes serve a primary protective function by preventing bacterial 

penetration. The regular cleansing activity of tears and secretory juices produced by 

some hosts aids the anatomic barriers. Other passive mechanisms of protection include 

the presence of normal Horn which may compete for space, rec*eptors and nutrients or 

even induce a protective environment (Arp 1988). Finally, the ultimate mechanisms of 

defence are the specific defence mechanisms of the host’s immune system, involving 

both humoral and cellular components and other minor serum factors.



There is some debate as to the nature of the virulence mechanisms of A. stilmonicida 
(Ellis era/. 1988). Numerous reports have described a variety of extracellular proteins 

secreted by A. salmonicida (see Section 1.2), and some of these activities have been 

associated with virulence ((Tipriano era/. 1981; Sheeran era/. 1984; Sakai 1985a; Shieh 

1985; Fyfe er cd. 1986a). Several workers have also correlated the presence of A-layer 

with virulence (Ishiguro er a/. 1981; Kay era/. 1981); and with autuaggregation (Kay 

era/. 1981; Evenberg era/. 1982).

1 .3 .2  A -la v er and  its  p m s ih le  ro le  tn v iru lence

Cell surface proteins represent the preikMninani interface between the cell and the 

environment. The bacterial cell surface must play a major defensive role in protecting 

the pathogen from the defence mechanisms of the host. Therefore, regularly structured 

(RS) layers must be important for the few bacterial pathogens that have been identified 

as possessing this type of surface component. Kay rr a/. ( 1981) suggested that If the A- 

layer plays a key role in the virulence of A sfdmonicida, then the structure of the A- 

protein should be conserved even in bacterial strains from different locations and hosts. 

Studies on the surface antigens of A . salmonicida revealed that both LPS (Chan er a/. 

1984) and A-protein (Kay era/. 1981) display considerable antigenic conservation, 

implying important fuiKtions of these surface structures in the virulence of this 

pathogen.

A critically important first step for a number of bacterial pathogens is that of attachment 

to the mucosal surface (Reed & Williams 1978; Arp 1988), i.e.. pathogenic bacteria 

must have the ability to suc'cessfully colonise the mucosal surface. The requirements for 

bacterial colonisation of the mucosal membrane are described by Arp (1988). The 

infecting bacteria must establish and maintain their position in close proximity to the 

mucosal membrane. This is achieved by estaNishing some form of surface interaction 

to avoid being swept away, obtaining nutrients in the host environment for growth, 

aufncient multiplication lo maintain or expand the bacterial population, artd evading the



host defence mechanisms.
In general, there are three ways in which bacteria interact with the mucosal surface, 

and the terms of interaction are based on the degree of intimacy between bacterial and 

mucosal surfaces. The bacterial-mucosal interactions can be loosely classed in 
increasing degrees of intimacy as association, adhesion and invasion. Association 

describes weak attd reversible attachment to the mucosal membrane which may be 

sufTicient for surfaces that are not subjected to physical shear forces. Adhesion is a 

relatively suble, irreversible interaction between the bacterial and mucosal surfaces and 

is a preferred mechanism of attachnrent (Jones & Isaacson 1983). A ligand-receptor 

type mechanism is the basis for the adhesion interaction between the bacterial and 

mucosal surfaces. The complementary molecules are typically bacterial surface proteins 

and carbohydrate-containing components (glycoproteins and glycolipids) of the 

epithelial cell membrane (glycocolyx) and mucous layer (Lark 1986).

Adhesion of A. salmmicida to host tissue cells may be an important initial stage in the 

infection process (Parker & Munn 198.3; Johnson etui. 198S). The presence of an A- 

layer on A salmonicida cells has been associated with an increased ability to adhere to 

various fish and non-fish cells (Udey & l-tyer 1978; Parker & Munn 1985). 

CJomparison of aggregating (A*) and nonaggregating (A") isolates revealed that 

aggregating strains have a greater adhesive ability than nonaggregating strains. The 

binding ability of the aggregating cells was general rather than specific, and was most 

likely a result of the hydrophobic nature of the surface of these cells (Parker & Munn 

1985). Recent studies have demonstrated that the A-layer is capable of binding a 

number of high molecular weight host basement membrane molecules such as 

flbronectin, laminin and collagen-IV (Kay & Trust 1991).

Once the invading organism has penetrated the analrxnic barriers of the host, a number 

of specific Immune defence mechanisms are activated to make condidons unfavourable 

for survival of the invader. The host's mechanisms of defence can be divided into two 

types, humoral and cellular defence mcr:hanisms. The major components o f the 

humraal defence mechanism are antibodies and complement.



Microbial binding of host cell constilucnis. in the form of nonimmunc immunoglobulin 

binding, also limits induction of a specific antibody response (Widders 1988). This 

mechanism of effecting antibody synthesis is most commonly associated with Gram­

positive cKganisms, c.g., protein A of S. aureus. However, Gram-negative bacteria 

including Taylorella equinenitalis (causative agent of equine metritis) and Haenu>philus 

somnus (mucosal pathogen of cattle). exfXTss surface receptors which bind to the Fc 

portion of the immunoglobulin molecule (Widders et ai. 1985. 1988; Yomall et ai.
1988). The A-layerof A. saimonicida has also been shown to bind specifically to 

immunoglobulins in serum (Phipps & Kay 1988), and so may have the effect of 

reducing a specific antibody response.

The complement system is the other major humoral factor in the host's repertoire of 

defence mechanisms. The complement system comprises upwards of 20 serum proteins 

which interact in a series of cleavage reactions by a cascade mechanism resulting in the 

formation of biologically active fragments. These fragments exert their effects in two 

major ways: firstly, by the deposition of an opsonic protein (C3b). which promotes 
phagocytosis of invading bacteria by interacting with specific receptors on phagocytic 

cells, and secondly, by the assembly of the membrane atuck complex (MAC) capable 

of the direct killing of a wide variety of susceptible Gram-negative bacteria.

Complement activation may occur by either of two pathways, the classical (antibody- 

dependent) or alternative (antibody-independent) pathways. The alternative pathway is 

stimulated by surface components of the invading organism: these componenu Include 

capsular pc^ysaccharides. lipopolysaccharides (LPS), and other cell envelope 

constituents. However, specific antibody induces a more rapid activation and also 

provides direction to the complement atuick mechanism (Frank et ai. 1987). Both 

pathways result in the activation of C3, the vital component of complement, then 

converge and proceed to form the C5tv-9 protein complex, the membrane attack 

complex. The deposition of as few as 50- KM) C5b-9 complexes per target cell may be 

sufficient for killing to occur (Bom St Bhakdi 1986).



The mechanism of complement-mediated killing is not precisely understood (Frank a  

a/. 1987), but is known to depend on irreversible damage of the cytoplasmic membrane 

(Tkylor 1988). The failure o f complement-mediated killing may result either by 

(NTventing (or at least limiting) complement activation, or from failure o f activated 

complement to exert its effect (Woolcock 1988). In general, rough strains of Gram­

negative bacteria, which are devoid of O-specific side chains on the outer membrane- 

located LPS, are highly sensitive to complement-mediated killing, whereas smooth 

strains possessing intact LPS are usually resistant to the direct killing action of 
complement (Rowley 1956; Woolcock 1988). In addition to LPS, other cell surface 

components, including polysaccharide capsule components, and outer membrane 

proteins, may also reduc'e sensitivity to complement by diminishing its activation or 

affecting the normally suble insertion of the MAC into the bacterial surface (Joiner 

1985; ■niylor 1988).

The A-layer has been suggested to prevent attack by noxious enzymes and the 

interaction between serum complement components and the plasma membrane 

(Ishiguro etai. 1981; Kay et ai. 1981). A number of studies have indicated that the A- 

layer and IPS  of A. sainumUida play an important role in resisting the bactericidal 

action of serum (Munn etal. 1982; Johnson etai. 1985; Sakai & Kimura 1985). Using 

mutant derivative A. salnutfucUia strains deficient in A-luyer and high molecular weight 

LPS, Munn etai. (1982) and Johnson etai. (1985)demonstrated that the presence of 

A-layer and the full complement of LPS conferred resistance to the bactericidal action of 

serum. A-layer-negative strains displayed an intermediate resistance, while strains 

deficient in both A-layer and high molecular weight LPS Nvcrc the most susceptible to 

serum killing. L^ss of the Ospecific polysaccharide chains was the m^jor contributing 

factor of IPS  to serum resistance (Munn et ai. 1982). The bactericidal activity of the 

serum was correlated with complement activity, since heat-treatment and addition of 

lOmM EDTA which inhibit complement activity (Nonaka er<i/. 1981; Sakai 1981) 

removed the serum bacnericidal activity.

The cell envelope plays an important role in limiting the effect of the aciivated MAC



(C5b-9). Frank et al. (1987) have suggested that difTcrent bacteria) species have 

evolved different mechanisms for dealing %vith lytic attack by the MAC. The A*protein 

may possibly act as a protective barrier to the cell-killing MAC con^x>nents of 

complement. Joiner etal. (1986) demonstrated that C3b preferaMy associated with the 

longest O-polysaccharide chains of the LPS. Since bound C3b is the first step in the 

formation o f the MAC. then it is clear that the complex will he generated at a 

considerable distance from the outer membrane. Thus the MAC is less likely to insert 
successfully into the outer membrane and as a result will increase the organism's chance 

of survival.

Phagocytes (neutrophils, macrophages and eosinophils) are important components of a 

host's defenc'cs against invading microorganisms. The complex interactions that 

regulate cellular defences usually provide a decisive advantage to the host. At the site 

infection phagocytes attach to the invading bacteria by binding to either recognisable 

cell envelope moieties (Van Oss 1978), or to serum opsonins present on the bacterial 

surface (Horwitz 1982) via a wide array of phagocyte cell surface receptors. Once 

binding has occurred the phagcx'yte ingests the organism into a plasma membrane-lined 

compartment called a phagosome, in which the environment is extremely hostile to the 

ingested bacteria.

Despite the highly bacteriocidal action of the c'ellular defence system soctk bacteria are 

able to survive, or even thrive, in these apparently hostile conditions; a wide range of 

strategies for bacterial evasion of the host's cellular defenex mechanisms have been 

identified. The bacteria that successfully overcome the cellular defence mechanisms do 

BO either by avoiding phagocyte birtding or adapting to life within phagocytes (Cross & 

Kelly 1990). Evidence is accumulating that indicates that fish pathogens display 

effective antiphagocyte strategics. In the case of A. salmonivkta, evidence indicates 

possession of the A-layer confers resistance to macrophages through binding (Trust et 
ai. 1983; Parker A  Munn 1983) and infiltration (Kay A  Trust 1991): once inside, A . 

uUmi>nicUia can somehow resist phagocytic killing mechanisms (Kay A  Trust 1991).



In general, the A-proiein of A. saimonicuia is considered responsible for the 

autoaggregation of virulent strains (Evenberg et al. 1982), and autoaggregation of A . 
salmi>nicida cells is considered essential for virulence (Sakai & Kimura 198S). Several 

workers have correlated the presence of the A-layer on the outer surface o f A . 

salmomcida with virulence (Kay etai. 1981; Munn etai. 1982). The most direct 

evidence for a role in bacterial pathogenesis has been reponed for the A-layer of A . 

saimitnicuki (Ishiguro etai. 1981). These workers investigated the effect of growth 

Mmperature on virulence o f A. salnumicida. Growth at higher than optimal 

temperatures resulted in the selection of spontaneous attenuated derivatives in the initial 

bacterial culture. Virulent strains auioaggregated during growth and possessed the A- 

layer, whereas attenuated strains did not aggregate and did not possess the A-layer. 

Ishiguro era/. (1981) suggested that attenuation of virulence was a consequence of the 

loss of the A-layer.

However, autoaggregating virulent strains which appear to lack the A-layer (A ) have 

been described (Johnson e/Cl/. 1985; Ward era/. 1985). Strain CN 8()6()(A'. 

autnaggregaiing) was found to he virulent for Atlantic salmon. confirTning the 

association between autoaggregation and virulence, but questioning the association 

between possession of an A-Iayer and virulence (Ward etai. 1985). The cells of CN 

8060 still retained the capacity to adhere efficiently to tissue culture monolayers.

Recently, It has been demonstrated that MT(XM (a ncxi auioaggregating A-layer-negative 

(A ) strain) has an LD50 o f 1.7 x 10  ̂by intramuscular injection in rainbow trout, 

indicating that at least moderate virulence can be retained in the absence of the 

autoaggregating property (Ellis era/. 1988). Strains M7X)28 (possesses A protein (A'*'), 

it  protease negative (P ) and haemolysin positive (H*)l and MT048 (A ^ P*̂  St H*) 

exhibited lower LD<io values of 2.1 x lO* and 2.4 x lO^, respectively, by the 

intramuscular route of injection which is consistenl with the presence of A-layer 

contributing to viruIerKC.



1.3.3 Iron-sequestering mechanisms

In addition to the specific immune responses of the host a number of other factors 

influence the success invading bacteria, including temperature, pH, oxygen tension, 

and the availability of essential nutrients (Griffiths et ai. 1988). At present the 

availability iron is the most widely researched and best understood these factors. 

Iron is widely recognised as an essential nutrient ftK proliferation and survival of the 

invading pathogen (Bullen etal. 1978; Weinberg 1978; Griffiths et ai. 1988; Payne 
1988). However, the amount of free iron present in the body and available to the 

bacteria is extremely small. Most iron in the body is found intracellularly, as haem or 

stored in ferritin and haemosiderin. while extracellular iron is attached to high-affinity 

iron-binding glycoproteins, transferrin in serum, and lactoferrin in external secretions 

(Weinberg 1978). The anwunt of free iron in equilibrium with serum transferrin is 

approximately 10'^*M (Bullen et ai. 1978). and since most invading bacteria require 

approximately 10-  ̂M iron for maximal growth the concentration of free iron in Mood is 

not sufficient to suppon bacterial growth (Payne 1988). Ho>vever, pathogenic bacteria 

can replicate successfully in the low-iron environment of the host, implying that they 

have evolved mechanisms for acquiring iron in these iron-restricted corulitions.

Pathogenic bacteria have successfully adapted to the iron-limiied environment of the 

host by assimilating iron either from protein-bound sources or from haem-containing 

compounds. In general, there are two mechanisms by which bacteria acquire iron: (i) 

direct utilisation of host iron compounds. ar>d (ii) synthesis of high-afflnity iron 

chelaUM  ̂to dissociate the iron from host complexes. Some pathogens sequester iron by 

interacting directly with iron-binding proteins.

Apart from autoaggregation, colonies of A* bacteria can be directly distinguished from 

those of A* bacieria by growth on Congo red agar; the A-protein is the component 

lesponsible for binding Congo red (Ishiguro et ai. 1983). A selective extraction 

procedure resulted in a fraction composed o f 93% A-protein. and over 90% o f the



bound Congo red was found in this fraction. This suggested that the A-protein was the 

major protein responsible for dye-binding activity. Confirmation of this was 

demonstrated by the binding of Congo red to pure A-protein. Further studies of dye­

binding by A. salmonicida revealed that Congo red binding to the A-protein was 

structurally specific (Kay etal. 1985). Inhibitor studies demonstrated that Congo red 

binding was strongly inhibited by protoporphyrin and haemin. Kay etal. (1985) 

speculated that binding these porphyrin-type compounds by the A-layer could 

represent some means of sequestering iron by A. salmonicida', this may be of panicular 

importance in the acquisition of iron by atypical strains of A. salmonicida. In fact, 

when porphyrins such as haematoporphyrin and haemoglobin are added to the normal 

growth media o f atypical strains, a significant improvement in their growth occurs 

(Ishiguro era/. 1986).

The most widely studied and best-understood mechanism for the assimilation of iron 
from iron-binding proteins is the production of low molecular weight, high-affinity 

iron-chelating agents, referred to as siderophores (Lankford 1973; Neilands 1981). 

Siderophore synthesis is usually derepressed in the low-iron environment of the host. 

The high-affinity siderophore compounds are secreted into the external milieu where 

they remove iron from lower affinity complexes and facilitate its transport back into the 

cell with the assistance of specific receptors present on the bacterial surface (Griffiths 

et ai. 1988; Payne 1988). In general, there are two main classes of siderophore 

(Fig. 1.4); the catechols and the hydroxamates, of which enterobactin and aerobactin are 

reflective representatives. These siderophores have both been identified in enteric 

bacteria (the bacteria studied in most depth with respect to siderophore production). 

Enterobactin is the most commonly found catechol siderophore in enteric bacteria.

A. saUmtnicida Is capable of growth in a low iron environment; this ability has been 

correlated with stderophore-mediated iron uptake and induction of iron-negulaied outer 

membrane proteins (Chan & Trust 1983; AokiA Holland 1985; Hirst n o /. 1991). 

Hirst et al. (1991) demonstrated that typical A. salrntmlcida strains sequester iron via a 

siderophore-dependent mechanism. These workers could not isolate the siderophore-





like activity by the method used by Chan & Trust (1983), citing the insolubility of the 

sideiophore in the organic solvent used in the extraction procedure as a possible reason 

for this failure. However, a catechoi-type siderophore was detected in the culture filtrate 

of A. salmonicida and isolated by an alternative method. The partially purified 

siderophore was found to behave as a 2.3-diphenolate catechol. The A. saimonicida 

siderophore shared some common propenies (2,3-diphenol catechol; insolubility in 

organic sc^vents) with siderophores from the related species, amonabactin and 

anguibactin produced by A. hydrophila and V. anffuUlarium, respectively. However, the 

siderophore of A. salmifnicida was clearly quite different in structure, since A . 

salmonicida was unable to utilise either amonabactin or unguibactin.

An integral part of adaption to reduced iron levels through the siderophore high-affinity 

uptake system is the production of one or more proteins in the outer membranes of 

Gram-negative bacteria (Neilands 1982). Some of these outer membrane proteins are 

siderophore receptors (Griffiths 1987), and it is possible that the iron-regulated outer 

membrane proteins deicTibed by Chart & Trust (1983) and Aoki & Holland (1985) may 

have a siderophore receptor-type function in the iron uptake system oX this organism.

1 .3 .4  E x tra ce llu la r p ro d u c ts  as v iru len ce  fac to rs

In addition to its putative role in protection, nutrient uptake and virulence, the A-layer 

has been shown to have a significant effect on the secretion of extracellular proteins by 

A. salnutnicida (Titball & Munn 1985b). These workers demonstrated that the secretion 

of proteins into the external medium was growth phase-related, and the presence of the 

A-layer altered the secretory phase. A-layer-negative strains secreted proteins into the 

extracellular medium during late log phase of growth, whereas strains possessing the 

A-layer did not secrete proteins until the sutionary phase. Titball Sl Munn (1985b) 

suggested that the impermeable nature of the A-layer may alter at the end of the log 

phase and so facilitate the release of extracellular proteins. Indeed, two conformations 

of the A-layer have been shown to be present on the surface of A. satmonicida (Stewart 

el al. 1986). IVP^ pattern appears to be a more open arrangement than the type I



pattern: if these patterns correspond to structural transformations, then the type 11 

pattern will be of a more permeable nature and may correspond to the possible A*layer 

form associated with extracellular protein secretion.

Ellis et ai. (1981) demonstrated that the extracellular products on injection into the fish 

were lethal and produced most of the pathological changes associated with 

furunculosis. In an attempt to identify the principal virulence factors in the culture 

filtrate, a number of workers have investigated the virulence of mutants or strains 

differing in their extracellular components (Hackett era/. l984;Drinan& Smith 1985; 

Sakai 1985a) or the toxicity of purified or partially purified components of the culture 

filtrate (Qpriano er a/. 1981; Hastings era/. 1981; Fyfe era/. 1986a). Various lines of 

evidenc'e suggest that the extracellular protease of A. satnumicida is the migor toxic 

factor. Sakai (1978) demonstrated that when injected intruperitoneally into Kokanee 

salmon, partially purified extracellular [Motease caused lesions and mentality. A 

protease-rich fraction of culture filtrate from preparative isoelectric focusing produced 

typical furuncular lesions on intramuscular injection into rainbow trout. The toxicity 

and pathogenicity four fractions of culture filtrate were compared by Cipriano et ai. 
(1981). Similar results were obtained with both properties associated with the fraction 

containing proiea.se (fraction 2) which was also lethal for Atlantic salmon and brook 

trout. Two proteolytic enzymes were purified from the culture filtrate of A . 
saimonicuia by Sheeran etai. (1984) and were found to be pathogenic in brown trout. 

Slight differences were observed in the pathology produced by the two proteases, with 

PI (caseinase) causing greater liquefaction of muscle at the site of injection as compared 

with P2 (gelatinase).

Ocher workers have reported on the involvement protease activity in the disease 

process. SDS-pdyacrylamide gel electrophoresis analysis was used to demonstrate 

purity of the protease haclion (Fyfe et ai. 1986a). The pure protease was shown to be 

leM efflcieni in causing muscle pathogenesis by intramuscular Injection compared with 

unfractionaied culture filtrate, suggesting that other extracellular components may act 

syncrgistically with the protease. The synergistic effects o f protease and haemolysin in



pathogenicity have been indicated in studies where the haemolytic activity was found to 

be due to the combined effect of Ti activity which causes incomplete lysis, and the 

protease which is able to completely lyse the remaining erythrocyte ghosts (Titball & 

Munn 1983; Titball e( a/. I98S).

The extracellular proteolytic activity was strongly implicated as a principal virulence 

factor by the work of Sakai ( l98Sa). This work demonstrated that a mutant defective in 

protease secretion, but resembling its parent wild type in many other biochemical 

characteristics, was able to survive for a period of time in fish tissues but was avirulent. 

The P mutant was unable to grow on selective media in the absence of amino acids 

whilst the parent strain was able to utilise casein as the sole amino acid source (Sakai 

l98Sb). These results do not necessarily imply a virulence role for the protease; it may 

be that the protease is simply a growth-aiding factor, allowing virulent bacteria to obtain 

amino acids in the host environment. The recent observation that the P  mutant MT028 

was highly virulent in rainbow trout suggests that the extracellular protease does not 

have a major role in virulence (Ellis et ai. 1988).

Hackett el ai. (1984) came to similar conclusions on the role of extracellular protease 

and haemolysin. They found no difference in the when fish were exposed to a 

A*P*H* isolate or its A*P H variant indicating these extracellular activities were not 

necessary for virulence or pathogenicity in the acute form of furunculosis. Ellis et ai. 

(1988) correlated the protease with certain pathogenic effects which may hasten the time 

to death but not with the ultimate lethal effect o f unftactionaied extracellular 

components. These workers also demonstrated a lack of relationship between 
haemolysin titres and minimal lethal dose o f the extracellular fraction. It was concluded 

that the protease and haemolysin are involved in the pathogenesis of furunculosis but 

the lethal component is not the protease or haemolysin.

Of the other extracellular pnxiucu reported, leucocylolysin (LCL) (Fuller et ai. 1977), 

salmolysin (Nomura er al. 1988) and a possible enterotoxin (Jlwa 1983), the most



likely candidate seems to be salmolysin which has a high haemolytic activiiy against 

salmonid erythrocytes and is lethal to rainbow trout at low concentrations (48.5^g 

toxin/kg fish) when injected intramuscularly. Intravenous injection of high doses of 

partially purified LCL (1.13mg) into rainbow trout (2kg) only produced a mild and 

transient leucopaenia (Fuller et at. 1977) and this would suggest that LCL is not a likely 
candidate.

Recently. Lee and Ellis (1990) have indicated that an extracellular enzyme (GCAT/LPS) 

displaying a number o f activities (see Section 1.2.2) is the major lethal toxin of A . 

salnumcida. The toxicity of this enzyme was specifically neutralised by rabNt anti* 

GCAT/LPS antiserum (Lee & Ellis 1990). The protease has been implicated in the 

pathogenesis of furuncle formation (Fyfe r / at. 1986a) and the work of Lee and Ellis 
(1991) confirmed this observation. Injection o f purified protease with GCAT/LPS 

resulted in liquefaction and haemorrhaging of muscle fitMes. typical of that induced by 

unfractionated culture filtrate.

1.4 A im s o f  s tudy

The volume of literature concerning the production of extrac^llular proteins by A . 
sfUmonickta, and their relationship with the virulence of this organism, is quite 

considerable (Ellis et at. 1988; Olivier 199(); Ellis 1991). However, the process by 

which proteins are released into the culture medium of A. salnutnicida has not been 

empirically defined; i.e., are proteins detected in the culture filtrate present due to active 

secretion or as a result of general non-specific release due to cell lysis. Perhaps during 

infection some A. satmonicida cells lyse and relea.se hydrolytic enzymes into the host 
environment to obtain nutrients for growth of the remaining cells, or alternatively, A . 

saUnonicida specifically secretes these enzymes so as there is no reduction in bacterial 

numbers which would favour the host. The initial pan of this project attempted to 

determine the manner in which these proteins are released into the extracellular medium. 

The strategy used for studying protein release by A. satmonicida was that of cell



frictionaiion which would deierminc the discreteness of the various intn* and extra­

cellular fractions A. salmonicida. If the proteins present in the extracellular medium 

were found to constitute a fraction distinct from the intracellular fractions, then it would 

indicate that the proteins were released via an active secretory mechanism and not as a 

result of cell lysis.

The mejor interest of this study was to  gain a more detailed knowledge the 

extracellular proteins of uUmimicida. Since the extrac'cllular proteins are thought to 
play a key role in the virulence of A. salmonicida then a better understanding o f their 

production should help in the development of a vaccine for the eventual elimination of 

the disease. However, only a brief overview of the various reports on secreted enzyme 

activities oi A. salmtmicida is required to illustrate the substantial degree of variation in 

the biochemical characteristics attributed to the extracellular proteins by different 

research groups (Price et al. 1989; Lee & Ellis 1990). Since the development of a 

vaccine requires a detailed and accurate picture of the virulence factors involved in the 

disease process, one aim of this study was to attempt to determine the reason(s) for, 

and resolve, the widely differing and conflicting results prevalent in the literature 

concerning the extracellular proteins o f A. salmonicida. For example, is strain variation 

a major factor in the observed heterogeneity of |»t>tein secretion, or are the methods of 

detection used to examine the extracellular enzyme activity at fault 7

The idea of strain variation was pursued further in this study, in an attempt to resolve 

the apparent contradiction of heterogeneous protein secretion by A. salmitnicida, with 

taxonomic data which indicate a marked homogeneity in the phenotypic and genotypic 

properties of this cN’ganism (see Section 1.1.1). Since most work on A. salmttnicida in 

our laboratory has been concerned with the extracellular 7()kDa protease (Price etal. 
1989; Campbell t t  al. 1990; Price et al. 1990), this enzyme, and other proteolytic and 

hydrolytic activities, were examined thoroughly as a basis for studying the apparent 

heterogeneity of the extracellular protein production of this organism. The scope of the 

research was extended and the methods used to analyse the culture nitrates of A . 
salmnnicida were also employed to examine other members of the genera for a



comparative study of extracellular enzyme production hy Aer€nnonas species.

A number of workers have reponed on the comparative characteristics of extracellular 

protease and haemolysin fxtxluction by motile aeromonads (Kozaki etal. 1989;

Monfon Sl Baleux 1991; Nieto 8l Ellis 1991), but no comparison with the non-motile 

Aeromonas species is evident in the literature. However, it has been demonstrated that 
cloned extracellular enzymes oS the motile A. hydrophiia have been successfully 

secreted into the culture medium by A. salmonicida (Buckley 1989; Wong et at. 1989). 

indicating that these two relatively different bacteria must possess a similar secretory 

apparatus. Therefore, it may follow that if these bacteria are capable of secreting the 

others proteins, then perhaps there will be similarities in the type of extracellular 

proteins secreted by these organisms.

The results obtained from the comparative study of extracellular protein secretion would 
allow us to comment on the question of relatedness between strains of A. salmonicida 

ssp. salmitmcida and also between A. salnumicida and other Aeronu>nas species.



2. M aterials  and  methods

2.1 M ulerials

Aeronutnas strains used in this study arc given in *T^ble 2.1. The strains were routinely 
subcultured on petri dishes containing 4% (wA )̂ tryptic soy agar (Oibco, Paisley, 

Scotland). Pure stock cultures were stored in tryptic soy broth (TSB) in 10% glycerol

at -2 0 ^ .

Casein (light white soluble) was obtained from BDH. Poole. Englartd. The following 

protease inhibitors were all obtained from Sigma; PMSF, iodoacetic acid. EDTA, 

chicken ovomucoid, chicken ovoinhibitor and benzamidine. Molecular weight 

standards for SDS-polyacrylamide gel electrophoresis were also obtained from Sigma. 

For immunochemical experiments, nitrocellulose was purchased from Anderman & Co. 

Ltd., Surrey; diaminobenzamidine tetrahydrochloride obtained from Sigma; and goat 

anti-rabbit horseradish peroxidase secondary antibody obtained from North East 
Biomedicals. Uxbridge.



Table 2.1. Aeromwmij strains and olher baclerial isolates used in this study

Organism Isolate Host source Country of origin

A . salmolùcida 
ssp. salmonicida MT004 Salmo solar Scotland

MT004rp*

1102» Salmo salar Scotland

184/86 •• Norway

MT()48 •• Scotland

MT()28 Salmo trutta United States

ssp. achronutgenes MT535 Cyprinus carpio Scotland

MT365 Salmi> salar

ssp. masoucida 2020’ Oncorhynchus Japan

A. media 2237’
masou

Fish farm effluent England

A . hydrophila 9240’ Omiaminated milk ■

A . sobria 12065’ Fish (unspeciHed) ■

V. anguillarium 8573* ■ •

8587* - *

X. maiuiphilia 2225*

* MT004rp. derivative of MTIXM with reduced protease (and other estncellular enrynie 
activities): obuined by continuous laboratory sub-culturing on 4% TSA
* Strains purchased frirm the National Collection of Industrial and Marine Bacteria 
Umited (NCIMB). Aberdeen
* Obtained ftorn Wellcome (host and geographic origin unknown)
4 X, mattophilia, isolated from an A. saUrumicida culture grown on 4% TSA containing 
4tig ampicillin per ml
Strains MT004, MT04«. MT028, MTJ35 & MT365 were obuined from A.E. Ellis. 
DAPS Marine Laboratory. Aberdeen



2.3 Cell fractionation

2.3.1 Periplasmic extraction techniques

For periplasmtc extractions, cells were harvested after 20h of growth. The periplasmic 

fraction was prepared by several methods; sphaeroplasi formation (Neu A  Heppel 

1964), cold osriKMic shock (Neu & Heppcl 1965; Willis et ai. 1974; Hazelbaucr A  

Harayama 1979; Hirst A  Holmgren 1987) and treatment with chlorofcMm (Ames eta/. 
1984).

Periplasmic proteins were released on sphaeroplast formation by the EEXTA-lysozyme 

method of Neu A  Heppel (1964). The standard procedure was as follows: Ig  (wet 

weight) of cells was suspended in l()ml of 20% (w/v) sucrose*Tris/HCl. pllS.O at 

24**C. The suspension was supplemented with EDTA to give a concentration o f ImM, 

followed immediately by sufficient 1% lysozyme to give l()Mg per ml. The mixture was 
gently agitated on a shaker for 15 min and then centrifuged at 12000f x 10 min. The 

resulting pellet was suspended in a volume of water equal to that of the original 
sucrose-Tris suspension.

Several cold osmotic shock procedures were examined to detemiine the most suitable 

for isolation of the peripla.smic fraction of A. salrrumicida . All of these *shock* 

procedures were based on the original method of Neu A  Heppel (1965). Beriplasmic 

extraction by the cold osmotic shock method of Willis et a/. (1974) was carried out as 

follows: Ig of cells was washed twice in 0.33M Tris/HO buffer, pH7.3 and then 

susperKled in 20ml of a solution containing 20% (w/v) sucrose artd ImM EDTA in 

0.033M Tris/HO buffer, pH8.0. Cells were shaken for 10 min at room temperature 

and collected by centrifugation at 12(X)0g x 20min, and the pellet was rapidly 

suspended in 2ml of ice-cold O.SmM MgOj- The cells were stirred on ice for 

10 min and then removed by centrifugation. The supernatant fraction (*thock fluid') 

was used as the periplasmic protein fraction.



The osmotic shock procedure of Hazclbauer & Harayarrui (1979) is a modined version 

of the original (Neu & Heppel 1965) in which smaller volumes of ‘shock* solutions are 

used. In this ‘mini-shock’ procedure, cells were suspended in 0.2ml of 30mM 
Tris/HCl (pH7.3). 20% (w/v) sucrose. O.lmM EDTA, centrifuged after standing for 

10 min at room temperature and resuspended in 0.6ml of ice-cold 0.5mM Mg0 2 - The 

supernatant after centrifugation <rf this suspension is the shock fluid. All centrifugations 

were fcM* 2 min at maximum speed in a microcentrifuge.

The osmotic shock procedure of Hirst & Holmgren (1987) employed polymyxin B as 

the membrane perturbanl. Cells were washed in ice-cold phoshaie-buffered saline 

(PBS), pH7.2, suspended in the same volume of ice-cold 0.9% NaO containing 2000 

units of polymyxin B per ml and then incubated at 4'*C for 15 min. The supernatant 

was separated from the cells by centrifugation at 12(X)0 g  x 20 min, and the cell pellet 

was resuspended in PBS.

For chloroform (CHCI3) treatment the method of Ames ef al. (1984) was followed. 

Cells were collected at I l(X)g x 10 min after washing in 0.33M Tris/HCl buffer, 
pH8.0. The wash buffer was decanted thoroughly. The cell pellet was resuspended by 

brief vortexing in the residual medium and 10)il ol CHCI3 was then added. The tubes 

were vortexed briefly and maintained at room temperature for 15 min, before adding 
2.5ml of O.OIM Tris/HCl buffer, pH8.0. The cells were separated by cenirifugaUon at 

12000  f  X 20 min, and the supernatant fraction conuining the periplasmic proteins was 

retained.

In all cases, the perturbed (‘shocked’) cells were resuspended in a small volume of 

distilled H2O (2-5ml) and further disrupted by sonication (4 x 30s). The suspension 

was centrifuged at 12000 g  x 20 min and the supernatant was collected. This fraction 

was considered to conuin the cytoplasmic proteins of the cell.



2.3.2 s>n«r«tioii o f cviDOl«.smic and outer m embranes

The insoluble proteins of the inner and outer membranes were separated by the method 

of Filip etof. (1973). The standard procedure used was as follows; cells, from 20h 
cultures, were centrifuged at 12000 g  a 20 min and then washed twice with 0.33M 

Tris/HCl buffer, pH 7.3. The cells were then suspended in 8ml of envelope buffer 

(O.OIM T ris/H a buffer. pH 7.3) and sonicated (6  x 30s). The perturbed cells were 

centrifuged at 10000 g  x 20 min to remove unbroken cells and the supernatant 
centrifuged again at 75000 g  x 90 min to obtain a pellet comprising both inner and outer 

membrane fractions.

This membrane pellet was resuspended in 1ml of 0.75% sodium lauryl sarcosinate 

(Sarkosyl) in envelope buffer and incubated at room temperature for 30 min. The 

membrane/detergent suspension was then centrifuged at 75000 g x 90 min and the 
resulting supernatant contained the detergent-soluble proteins of the inner membrane. 

The pellet conuining the Sarkosyl-insoluble proteins was solubilised in 2% SDS and 

this fraction was used as the outer membrane preparation.

2.4 fVII markrr assays

2.4.1 Cllulamate drhvtiroiienase

Olutamate dehydrogenase (QDH) was assayed as a cytoplasmic marker enzyme. 

Activity was assayed using the method of Kinghom Sl Patetnan (1973) in which ODH 

activity was detemiincd by following the oxidation of NADH at 30°C at 340nm. The 

reaction mixture conuined 0. ImM mercaptoethanol and 0.5mM EDTA in 0.7ml of 

0.05M sodium phosphate buffer. pH«.0, 0.05ml of 0.2M 2-oxoglutarate, pH7.0.

0 .1ml of 0.4M ammonium chloride and 0.05ml of 2mg/ml NADH. 0 .1 ml of enzyme 

sample was added to the reaction mixture and the change in absorbance followed over 

time.



2.4.2 B-lactamase

Û-Ucuunase «ctivity was assayed as a periplasmic marker enzyme. Activity was assayed 

by the method of Nicas & Hancock (1983). 0.1 ml of enzyme sample was added to 

0 .9ml of a solution of the chromogenic O-lactam nitrocefin in 0 .1M sodium phosphate 

buffer. pH7.0. The rate o f conversion of nitrocerin to nitrocefoic acid at 3 0 ^  was 

followed over time by the change in the absorbance at MOnm.

2.4.3 Ribonucléase

Ribonucléase (RNAse) was assayed as a periplasmic marker enzyme. Activity was 

assayed by the method of Campbell eial. (1990). The assay mix conuined 55lil 0.2M 

Tris/HCl, pH7.5, lOul 0.02M EDTA, and lOul of sample in an eppendorf tube. The 

reacüon was started by the addition of 25)il o f RNA (12mg/ml) and continued for 15 

min at 30“C. The reaction was slopped by the addition of 15.4» perchloric acid/0.75» 

uranyl aceuie. The reaction mixture was centrifuged at maximum speed in a microfuge 

for 2min and the A „o  of the supernatant was measured.

2.4.4 Succinate dehydrogenase

Succinate dehydrogenase activity was assayed as a cytoplasmic membrane marker 

enzyme. Activity was assayed by the method o f Pennington (1961). The reaction 

mixture conuined 0.2ml of phosphate buffer. 0.04ml of 0 .5 »  p-iodo-nitrotetrazolium 

violet (INT). 0.04ml of 0.25M sucrose. 0.04ml of 0.5M sodium succinate and a 

volume of water and enzyme sample to a toul volume of 1ml. The assay mix was 

incubated for 20 min at 3 0 ^  with shaking and the reaction was stopped with the 

addition of 0.08ml of a 50»  TCA solution. The chromogen was exuacted with 1.6ml 

of ethyl aceuie In glass stoppered lubes and the A4,o  measured. For blanks, sodium 

succinate was added after the TCA solution.



2.4.S NADH oxidase

NADH oxidase was assayed as an inner membrane marker enzyme. Activity was 

measured by the method of Osborn et a/. ( 1972). Incubation mixtures contained 0.05M 
Tris/HCl. pH7.J.0.12mM NADH, 0.2mM dithiothreitol and the enzyme solution in a 

volume of 1.0ml. The rate of decrease in absorbance at 340nm ( Ajzq) measured at

2.4.6 2-Keto-3^1eoxvoLTulosonic acid

Membrane ffacnons (I.Omg of protein) were precipitated with cold 10» TCA (5ml) 

and collected by centrifugation at 2(XXX)g x 20 min. The precipitate was suspended in 

0.5ml of 0.01 M H]S0 4  and hydrolysed at 1(X)“C for 20 min to liberate 2-keto-3- 

deoxyoctulosonic acid (KDO) from lipopolysaccharide. KDO was determined directly 

on the hydrolysate by the thiobarbituric acid method of Osborn (1963), a modiried 

procedure of Weissbach & Hurwitz ( 1959).

The sample in 0.2ml or less of solution was added to 0.25ml of 0.04M HIO4 in 

0.0625M H2SO4. After 20 min at room temperature, 0.5ml of 0.2mM NaAs0 2  in 

0.5M HCl was added with shaking and the solution was allowed to sund for 2 min. 

2ml of 0 .3 »  thiobatbituric acid (pH2) was added and after stirring the mixture was 

heated at 1 0 0 ^  for 10 min. The mixture was cooled and the final chrotrajgen was 

extracted into 1.5ml of cyclohexanone prior to measurenrent at 548nm. Under assay 

conditions, I.Opmole of KDO gave an absorbancy of 19.0 at 548nm.



2.5 A t«.v. for exin » :e llu l« r enivme »i.uviljt

2.S.1 Hi«te n n w d fr « lu r e  asMv fnr nrotCQlvlic ILtivilY

Hide powder «lure (HPA) (lOmg/ml) was suspended in distilled H jO and sonicated (8 

a ISs) to produce a fine suspension. Assay mixtures routinely contained HPA (0.5ml). 

O.IM sodium phosphate bufTer. pH 7.0 (0.4ml) and sample (0.1ml) (Noith 1978). 

Incubations were carried out at 3 0 ^  for JOmin and reactions were stopped by addition 

of ice-cold 50% (w/v) trichloroacetic acid (TCA) (0.2ml). Supemaunts conuining TCA 

soluble products were obtained by centrifugation at 1 l(X)g x 10 min in a bench 

centrifuge. The absorbanc-e at 595nm of the supernatants were then measured, and 

under these conditions an increase in absorbance of 1.0 was equivalent to the 

hydrolysis of 3.4mg HPA (North 1978). 1 unit corresponds to the hydrolysis of Img 

HPA over 30 minutes.

2.5.2 r . .v in .s e  assay for nnxeolvuc aCUvilY

Protease activity against casein was assayed as described by Price er af. (1989): 0.25ml 
sample was incubated with 0.75ml HjO and 1.0ml casein solution (1% casein in 0.2M 

glycine/NaOH buffer. pH 9.0) at 37»C for 30 min. The reaction was stopped by the 

addition of 3.0ml 0.1 IM  TCA. The tubes were stood at 4“C for 10-15 min and the 

precipitate formed removed by centrifugation at 1 100 g x 10 min in a bench centrifuge. 

The absorbance of the supernatant was detemiined at 28(lnm; 1 unit of activity is 

defined as that amount o f enzyme required to digest 1 mg of casein over a 30 min 
period. Under the conditions described, the digestion of Img casein gives rise to an 

Ajso of 0.14 after the addition of the TCA solution and centrifugadon.



2.5.3 Amvlaae activity assay

Amylase activity was assayed as described previously (Stevens &, Relton 1981).

Sample and distilled H2O with a comlNned volume of 1.0ml was added to 1.0ml starch 

solution (0.73% starch, 0.044M KH2PO4 buffer, pH 7.5, 2mMC!aCl2) and incubated 

at room temperature for 2h. 5ml of distilled H2O was then added and followed by the 

addition of I2/KI reagent. For blanks the sample was added aAer the 12/K l reagent. The 

reaction is measured at 620nm and the activity is obtained by subtracting the sample 

reading from the blank and is given as A42(/nùnAnl. 1 unit of amylase activity is the 

amount of enzyme that will hydrolyse lOmg starehAnin/ml.

2.5.4 Haemolytic titration

Rainbow trout iSaimo gainineh) blood was collected and red blood cells (RBCs) were 

washed three times in PBS, pH7.3, and resuspended at 1% (v/v) in PBS. Haemolytic 

activity was determined by diluting 10()^l sample in 2-fold steps in PBS. adding l(X)|il 

RBC suspension, and incubating at 37°C for Ih. The dilution of sample which caused 

50% haemolysis was defined as one haemolytic unit (HU).

2.6 Analytical and preparative SDS-Polvacrvlamide ycl electrophoratii

2.6.1 SDS-polvacrvlamide yel electniphoresis

SDS-polyacrylamide gel electrophoresis was performed by the method of Laemmli 

(1970). Solutions used in the preparation of the gels and protein samples are shown in 

Thble 2.2. Samples were prepared by mixing with an equal volume of sample 

(solubilisation) buffer and boiling for 3 min. Electrophoresis was carried out at 10mA 

through the slacking gel and 30mA through the separating gel until the bromophenol 

blue tracking dye emerged from the bottom of the gel. Polyacrylamide gels were 

stained with 0.1% Coomassie blue R230 for Ih and destained in 10% acetic acid with 

aeverml changes of destain solution.





2.6.2 Gel«6n-SDS-nolvacrvUmide »el el«.troDhQrc!iis

SDS-polyacrylamide gels were prepared as normal (Section 2.6.1)except gelatin was 

incorporated into the separating gel at a final concentration of 0.2%. This method was 

adapted from that of Heussen & Dowdle (1980). Samples were solubilised with an 

equid volume of sample buffer at rtx>m temperature and allowed to stand for 10 min and 

electrophoresis was conducted as above (Section 2.6.1). After electrophoresis, gels 

were incubated in 2.5% Triton X-100 in water for 30 min to displace SDS and then In 

O.IM glycine/NaOH buffer. pH 8.0 for 5h at 30“C. Gels were stained with 0.1% 

Amido black. After the gel was desuined with 10% acetic acid, proteolytic activity was 

visualised as a clear band against a dark background.

2.6.3 Staich-SDS-nolvacrvlamidc yel electrophoresis

This method was adapted from that of Lacks & Springhom (1980) with starch 

incorporated at 0.17% into the separating gel. Sample preparation and electrophoresis 

were carried out in an identical manner as in Section 2.6.2. For deveiopment of 
amylase activity, SDS was displaced (Section 2.6.2) and the gel was then incubated in 

0 .1M sodium phosphate buffer. pH 7.0 at 30“C for 16h. The gels were then stained 

with Ij/KI reagent for 1 min, and then destained with methanol: acetic acid: water 

( 1: 1:8 ).

2.6.4 Preparative SDS polyacrylamide ael electronhuirais

Preparative SDS-polyacrylamide gel electrophoresis was used to obuin the final 

immunogen preparation for production of rabbit polyclonal antibodies against sciected 

extraceilular proteins. A stacking gel (4%) minus well former was poured onto an SDS- 

polyacrylamide gel (Section 2.6.1). Samples were prepared at a final volume between 

0.5-1.0ml (containing -  l(X)pg of desired protein) and strip-ioaded onto the stacking 

gel and run under the same conditions described in Section 2.6.1. The gel was lightly 

suined with 0.1 % Coomassie blue R250 and the bands of interest were carefully 

excised. The excised bends were washed several limes in phosphate-buffered saline



(PBS) and then cut into small pieces and suspended in ().8ml PBS. The gel suspension 

was sonicated in an ice-bath until a completely homogeneous preparation was obtained; 

this preparation was the final highly pure immunogen used in subsequent antibody 

production regimes.

2.7 Characterisation of extracellular enzvme activities on substraie-SDS- 

polyacrylamide yds

2.7.1 Effect of inhibitors on extracellular protease and amvlase activities

The effect of phenylmethanesulphonyl fluoride (PMSF) and l.l()-phenanthroline on the 

extracellular protease and amylase activities was determined by pre-incubating culture 

filtrate with these inhibitor compounds (ImM  and K)mM respectively) for 30 min prior 

to sample preparation arxl electrophoresis. In the case of the reversiMe inhibitor 1,10- 

phenanthroline. it was also incorporated at the same concentration into the subsequent 

development buffers since omission resulted in the reactivation of some of the affected 

activities.

2.7.2 Heal atabilitv of extracellular protease activities

Samples o f culture filtrate were pre-incubated at for .30 min prior to solubilisation 

and electrophoresis. Oelatin-SDS-gels were developed and stained as described in 

Section 2.6.2.

2.7.3 Effect of pH on extracellular amvlase activities

Sample preparation and electrophoresis was as deKTibed in Section 2.6.2. However, 

before development the gels were cut into strips and, thereafter, the gel strips were 

incubated at different pHs* all the way through the development procedure. The gel 

strips were then stained as described in Section 2.6.3.



2.8 Pnacin  esiiniaiion

Protein concentrationi were esiimued by measurement of the change in absorption 

spectra when proteins bind Coomassie brilliant blue G250 according to the method of 

Sedmak & Grossberg (1977). BSA was used to produce a standard curve. This method 

has several advantages over other protein assays: it is simple and reproducible: it has 

good sensitivity, detecting as little as Ipg of protein (c.f. 5-10 pg by the Lowry 

method); absorbances of the solutions after addition of protein are stable for 60-90 

minutes at room temperature; and the dye has a long shelf life. However, the dose 

response curve is not linear when plotted arithmetically, but it is rcctlincar from 0.5*50 

pg protein when the absorbance ratio at 620 and 465nm is plotted.

2.9 Piirirication nf rstracellular caseinase enzYiDC

2.9.1 Amnainiuni sulnhatr mTcinilalion

Culture nitrate was 65% (w/v) saturated wuth ammonium sulphate KNHsljSOs) and 

the solution was sUrred at 4“C for 3h. The precipitated material was centrifuged at 

2(XXX) g  a 30 min and the resulting pellet was redissolved in a small volume of distilled 

H2O. The redissolved pellet was dialysed against distilled H jO overnight at 4”C and 

centrifuged at 2(XXX) g a 30 min and the supemautnt retained.

2 .9.2 Inn-eachaniff chnaiiatoaranhv

A DEAE-Sephadea A-50 column (4.9c-m2 a 12cm) was ec|uilibraied with lOmM 

sodium phosphate buffer. pH7.0. After washing to remove unbound material. 25ml 

portions o f sodium phosphate solutions (pH 7.0) of increasing molarity (50, 100, 150, 

2(X) and 250mM) were applied to the column, and 4ml fractions were collected for 

subsequent analysis.



2.9.3 Gel filtration chromatography

Chromatography was carried out on a column (6.2cm^ x 35cm) of Scphacryl S-300. 

The column was eluted with 50mM sodium phosphate buffer, pH 7.5 and fractions of 

6ml collected for analysis.

2.10  rh«TM;terisation o f extracellular enzvme activity

2.10.1 K-Ktracellular caseinase acliviLV

(i) Optimum temperature for caseinase activity and heat stability

The optimum temperature for proteolysis was determined over the range 20 to 6 0 ^ .  

The heat subility of the caseinase enzyme was tested by prc-incubating the enzyme 

extract at the test temperature for 30 min. For both determinations the caseinase activity 

was assayed as described in Section 2.5.2.

(ii) Optimum pH for cascinase activity

The optimum pH for extmcellular caseinase acUviiy was examined over the range pH 

5.8 to 10.5, using 0. IM sodium phosphate buffer (pH 5.8-7.0), 0. IM Tris/HCI buffer 

(pH 6.8-8.0) and 0.1 M glycine/NaOH buffer (pH 7.8-10.5).

(ill) Effecu of inhibitors on caseinase activity

The effect o f protease inhibitors on protease actvitity was tested by pre-incubating 

inhibitor, at concentrations shown in section 4.2.1.3, with the eniymc extract for 30 

min at room temperature. The inhibitor-protease mixture was then assayed for protease 

activity as described in Section 2.5.2.



2.10.2 Kxtracellulaf amvlase activilv

Tlie effects of assay temperature. pH and heat stability on extracellular amylase activity 

were deteimined in the same manner as for caseinase activity (Section 2.10.1). The 

amylase activity was examined over the pH range 4.0 to 9.5. using 0.1M aceute buffer 

(pH 4.0-5.5), 0. IM sodium phosphate buffer (pH 5.0-8.0) and 0. IM Tris/HCl buffer 

(pH 8.0-9.5). The amylase activity was assayed as described in Section 2.5.3.

2.11 nm w lh of A ralnumicidn  under different phvsÌQlPgÌl.al (.OlllliliOIll

2.11.1 F.ffect of gmwih lemoerature

A. sabnimicida was grown under the same conditions as described in Section 2.2, but 

over a range of temperatures from 24 to 36“C. Intracellular and extracellular ftactioo. 

were prepared as previously described in Section 2.3.

2 .1 1.2 Fffecl of iron-limitation

A. salmonii ida was grown under iron (Fe’ *)-re5Uicted and -supplemented condiUons 

for 20h at 22"C. Fe’ *-supplemenuition was achieved by adding F eO j to the growth 

medium at a final concentration of lOmM. The low-Fe’ * environment was obtained by 

the addition of the specific iron chelator, ethylenediaminedi(o-hydroxyphenylacetic 

acid) (EDDA) into the growth medium at a final concentration of KKliiM.

2 . 1 1 ,3  Rffeci of vaHoiis ions and i nmnounds on extracrlliillT clUYine BTOdUtnnn

The effect of ammonium ions on extracellular enzyme production was determined by 

supplementing the standard TSB growth medium with ammonium Ions by adding 

ammonium tartrate to a final concentration of 50mM. Qlucose and starch were also 

^ ~ t  to the growth medium at concentrations suited in Section 5.5. The effects of 

these compounds on extracellular enzymes were determined by assaying selected 

•ctivitiet as described in Section 2.5.



2 .1 2  A n iih o d v  o rnriiicrion and  < h» raclcriM tion

2 .12 .1  R «i«inii an tih o d ies  IQ s r le c le d  e x tru fc llu llf  PfOlCini

A homogeneous immunogen preparation was obtained as described in Section 2.6.4.

1b the 0.8ml of immunogen, 1 4ml of Freund’s complete adjuvant (FCA) was added 

and the mixture was then shaken vigorously for 3h, at which time one droplet of the 

preparation would not disperse when added onto the surface of water. The immunogen 
was then injected subcutaneously in four different sites ( -  0.5ml per site) into female 

New Zealand white rabbits. At 4 and 6 weeks booster injections were administered; the 

same procedure was followed, except that Freund's incomplete adjuvant (FICA) was 

used in place of FCA. The rabbit was fully bled 8 weeks from the time of the first 

injection. Antiserum was prepared by standing the blood at room temperature for 3h 

then overnight at 4"*C. and the rod blood cells were pelleted by centrifugation at 12000 

* X 10 min. The supemaunt (antiserum) was immediately divided into 50)d aliquou 

and stored at -70"C unul required; once thawed antiserum was not refroren. Non- 

immune serum was obtained from the same rabbit by a small bleeding prior to injection 

of immunogen; antiserum was prepared in the same manner as the immune serum.

2 .1 2 .2  W este rn  h lo iiine

A. sabnonicida extracellular proteins were separated by SDS-polyacrylamide gel 
electrophoresis using the discontinuous buffer system as described by Laemmli (1970) 

(see Section 2.6.1). After electrophoresis, the proteins were transferred to 
nitrocellulose filter by the methanol/Tris/glycine method of Tbwbin t ta l.  (1979). The 

gel was immersed in transfer buffer 11.92M glycine. 0.25M TrisAnethanolAvater 1/2/7 

(v/v/v)l and blotted onto niuocellulose paper at 0.3A for 3h. After blotting, the 

nitrocellulose was incubated in Buffer 11 PBS/0 ,2»  gelatin (w/v)l for 2h. The 
nitrocellulose was incubated in fresh Buffer II (PBS/0.2% gelatin/0 .1 »  Triton X-100 

(w/v)l with shaking for Ih with primary antibody, rabbit immune serom (diluted as 

required in Buffer II). The nitrocellulose was washed 3 x 5 min in Buffer II and then



secondary antibody, goal anti-rabbit antibody (diluted 1:1(XX) in Buffer II) was added. 

After incubation with the secondary antibody for 1 h in the dark, the nitrocellulose was 

washed for 4 x S min in PBS and stained with 0.03% diaminobenzamidine 
tetiahydtochloride (DAB) in SOmM Tris/HCI buffer. pH 7.6. After approximately 

20sec. hydrogen peroxide (H202> w»» added (l)il H2O2 per ml DAB) and the colour 

development was stopped at the appropriate point by repeated washes with tap H2O.



3. C M  frac tiim atio p  atm»M  on A .sa lm o n ic id a

3.1 Introduction

In common with other members of the Vibhonaceae family. A. saltnonicida is known to 

release a large number of enzymes having diverse activities into the external milieu 

(Ellis era/. 1981; Campbell era/. 1990). The proteins are considered to be secreted 

because they are found in the culture medium and because their presence there is 

compatible with their function and mode of action However, although proteins are 

detected in the culture medium it is not always clear how this has arisen, whether it is 

through active secretion or as a result of cell lysis. Numerous organisms are capable of 

selective export and localisation of proteins. These processes of protein localisation are 

selective and efficient in that proteins are strictly compartmentalised to a particular 

cellular location (Silhavy et al. 1983) i.e.. protein synthesis takes place on ribosomes in 

the cytoplasm, and the periplasmic proteins, outer membrane proteins and extracellular 

proteins are then transferred from ribosomes and pass across the cytoplasmic 
membrane to a specific location within, or outside, the cell.

A series of experiments was performed to determine whether the proteins present in the 
extracellular medium of A. salnumicida were released via active secretion or as a result 

of general non-specific release due to cell lysis. In order to verify that the proteins in the 

culture filtrate o f A. salmonicida make up a discrete (extra)cellular fraction it was 

necessary to characterise the intracellular fractions and demonstrate that these fracikxis 

are distinct in composition from the extracellular medium of A salmonicida. If a protein 

is truly secreted then the release o f that protein should be efficient, i.e., the bulk of the 

particular protein is released into the medium and that release should occur without 

concomitant release of other proteins which are not normally extracellular.

The Oram-negative cell is comprised of the cytoplasm surrounded by a cell envelope 

(Fig. 1.3). The cell envelope is a complex structure which consists of two membranes.



ihc cytoplasmic membrane and the outer membrane, enclosing the pcptidoglycan layer 

and the periplasmic space. Precise partitioning mechanisms exist which ensure that each 

compartment in the envelope contains its own unique set of polypeptides. The 

cytoplasmic membrane is a typical plasma bilayer containing phospholipids and a large 

number of proteins involved in various cellular functions, including respiration, 

electron transport and membrane biogenesis (Pugsley & Schwartz 1985). The outer 

membrane consists of glyccUipid (lipopolysaccharide ILPS]) with the polysaccharide 

side chains protruding from the cell surface. The general structure of LPS is illustrated 

in Figure 1.3. It consists o f  three regions: the O-polysaccharide. the core 
polysaccharide and a lipid complex (called lipid A). The O-polysaccharide side chain 

structures arc extremely variable and characterise the LPSs' of different Gram-negative 

bacteria, whereas the core component (containing 2-keto-3-deoxyoctulosonic acid 

(KIX)|) does not vary. In addition to LPS, the outer membrane contains approximately 

50 proteins mainly involved in nutrient uptake and cell-wall integrity (Pugsley & 

Schwaru 1985). Some proteins of the outer membrane have specialised functions: one 

is a lipoprotein that covalently attaches to the peptidoglycan layer of the cell wall, while 
others, known as porins, function as diffusion channels for the movement of nutrients 

into the cell.

Between the two membranes lies the periplasmic space, the nature of which is the 

subject of debate both in terms of size (Ferguson 1990; Van Wielink & Duine 1990; 

Graham etal. 1991) and composition (Pugslcy 1986). It was suggested that the 

periplasm was a water-filled compartment containing about 20% of the toul cellular 

water (Stock et ai. 1977). However, more recent evidence from diffusion of 
fluorescently-labelled proteins (Brass et ai. 1986) and frecze-substitution experiments 

(H obotrio/. 1984) suggests the presence of a ‘periplasmic gel* (i.e., murcin in the 

form of a hydrated gel). However, the periplasmic gel is not present in all cases; some 

Gram-negative bacteria such as VihrUt chnierae, do not contain suinable material 

(Graham et at. 1991 ). The cell envelope of A. sainumicida also conuins the additional 

proteinaceous surface layer called the A-layer consisting of a single protein with a 

subunit molecular weight of 49kDa (see Section 1.2.3). The O-specifk polysaccharide



chains of the LPS are thought to protrude through the A-laycr of A. salmonicida.

The subcellular location of a protein is usually operationally defined according to cell 

fractionation criteria (Pugsley & Schwartz 1985). Tb determine the protein composition 

of fractions, and how discrete each fraction is, for example, proteins may be identified 

by their characteristic migration in SDS-polyacrylamidc gels and by biochemical 

examination fex* known characteristics o f  different cell components such as enzymes or 

cell envelope constituents.

Reliable methods of subc'ellular fractionation are required for the analysis of bacterial 

protein localisation (Silhavy et at. 1983). The development o f techniques for separating 

cell cximponents into relatively pure subfractions has greatly assisted studies on protein 

export and localisation. In general, the difference in solubility between cytosolic and 

membrane proteins is the pincipal criterion used when fractionating bacterial 

intracellular proteins, with membrane proteins remaining insoluble after disruption of 

the bacteria. Membrane and soluble fractions are separated by high-speed centrifugation 

of a bacterial lysate. The particulate fraction is composed of the bacnerial cell enveUipc 

containing the cytoplasmic membrane, outer membrane, and cell wall components and 
the supernatant contains cytoplasmic and periplasmic components.

The differentia] release of intracellular marker enzymes and their mobility on SDS- 

polyacrylamide gel electrophoresis are the criteria by which the effectiveness of the 

separation techniques can be determined. H ie principle behind this system is that 

proteins with known enzyme activities and various other cellular components are 

localised in specific compartments of the Oram-negative cell (Tkble 3.1). Since these 

enzymes, along with most other c'ellular components, can he readily assayed they can 

be used to assess the purity of fractions obtained by the various physical fractionation 

methods employed. For example, when attempting to determine the purity of inner and 

outer membrane pre|Mrationt, the distribution of succinate dehydrogenase (SDH), an 

integral cytoplasmic membrane protein (Hedersledi & Rulberg 1981), between the two 

fractions would give an indication of the purity of the preparations.



Table 3.1. Examples of enzymes and olhercell consiiiuems commonly employed as 
cellular markers to assess the effectiveness of cell fractionation techniques

Murker

Catechol oxygenase 
Chloramphenicol ac'eiyltransferasc 
Q-Galactosidase
Glucose-6-phosphate dehydrogenase 
Lactate dehydrogenase 
Glutamate dehydrogenase

Reference

Hirst & Holmgren (1987) 
Ichige era/. (1988)
Andro etal. (1984)
Jensen era/. (1980) 
Hancock & Nikaido (1978) 
Howard & Buckley (1985)

Jensen era/. (1980)
Andro era/. (1984)
Hirst & Holmgren (1987) 
Ichige era/. (1988)
Howard & Buckley (1983)

Miyazaki era/. (1989) 
Thom & Randall (1988) 
llam;iH;k & Nikaido (1978)

Hancock & Nikaido (1978) 
Tht>m& Randall (1988) 
Hancock & Nikaido (1978)



It should be noted that cell fractionation data must be interpreted with caution, because 

although the techniques arc generally adequate for dcHning the normal and pennanent 

components of that fraction, enors can occur when defining the location of abnormal or 

transient components erf* the export pathway, by degradation artd aggregation of 

proteins, and also when working on genetically altered systems (Tommassen 1986).

3.2 Separation of the soluble cytoplasmic and perinlasmic comnartmgni«

Once cells are disrupted, cytoplasmic components cannot he distinguished from 

periplasmic components because both are soluble. Therefore, the separation of these 

two soluble compartments is dependent on a procedure which relics on a controlled 

disruption of the bacterial cell. The outer membrane and cell wall o f the bacterium must 

be perturbed or removed without compromising the integrity o f  the inner membrane. A 

number o f  experiments were carried out in order to assess the effectiveness of a variety 

of treatments which arc known to disrupt partially the outer membranes of Gram­

negative bacteria, including preparing sphaeroplasts and using controlled osmotic 

shock. These methods release peripla.smic components, whereas cytoplasmic 
components remain associated with the sphaeroplasi.

The fac tions obtained by these mcthixls were analysed in <xder to  assess the integrity 

of cytoplasmic and periplasmic marker enzymes. There arc numerous enzymes suitable 

for use as cytoplasmic markers one of which, glutamate dehydrogenase (GDH). was 

used in this study. However, the selection of periplasmic murker enzymes was not as 

straightforward, because of the type of assay required for their detection, i.e., assaying 

for birKling-proteins with radioactively labeled substrate and detecting by fluorography. 

The most commonly used periplasmic marker enzyme is B-lactamase (Dible 3.1), the 

enzyme responsIMe for the hydrolysis of B-lactam antibiotics (Richmond & Sykes 

1973; Bush 1989a). This enzyme can readily be detected using chromogenic substrates 

such as nitfocefln and PADAC |7-(thienyl-2-acetomido)-3-|2W,^-dimethyl- 

aminophenylazo)-pyridinium methyl|'3-cephem-4-carboxylic ac id |. However, in



T^ble 3.2. The effect of various treatments on the differential release o f  glutamate 
dehydrogenase and ribonucléase from A. salnu}nici<ki strain MT004

TraaUnent Conditions Enzyme

Shock Huid Shocked cells

Ref.

U/ml % U/m l %

SphacfxiplaM 20% sucrose
fofmalion ImM EDTA 

lOpg/ml lysoryme
ODH* 0.42 18 1.93 82 a

Otmotic
shuck

0.9% NaCl 
ImM EDTA

ODH 0.34 15 1.92 85 b

Osmotic 20% sucrose GDH 0.02 <1 2.32 >99 c

shock ImM EDTA RNAk ^ 0.63 58 0 .4« 42

Osmottc 20% sucrose GDH 0.07 3 2.22 97 c
stKKk 2mMEDTA RNAse 0.92 74 0.32 26

Os motte 
shock

0.9% NaCI 
Polymisin B

GDH 0.16 7 2.OH 93 d

Chlorororm
esiractiofi

CHCl^ GDH 0.73 34 1.42 66 e

t  GDH. glutamate dehydrogenase. Activity expressed as ^moles NADH 
ox idised/mi nAnl
^RNAse, ribonucleaae. Activity expressed as ^moles nucleotide releasedAnin/ml 
a-f refer to the treatments and conditions used by ; a. Neu and Heppel (1*^64)

b. Hazelbauer and Harayama (1979)
c. Willis era/. (1974)
d. Hirst and Holmgren (19X7)
e. Ames era/. (19X4)



preliminary experiments with A. salfrumicida strain MT(X)4 using nitrocefin as the 

substrate, no D-lactamase activity could be detected in the soluble cellular extracts and 

attempts to induce ^-lactamase activity in liquid culture were unsuccessful. Further 

details of work on ^-lactamase activity in A. salmonicida is shown in the Appendix. 

Ribonucléase (RN Ase) is another enzyme suiuUe for differentiating between 

cytoplasm and periplasm, and it was found to be present at detectable levels in the A . 
saUnorúcida periplasm and so was used as the periplasmic marker enzyme in this study. 

The one disadvantage of RN Ase over B-lactamase is that it is commonly secreted by 
several Gram-negative organisms into the culture filtrate. It is, therefore, unsuitable for 

differentiating the pcriplasmic proteins from extracellular proteins and therefore cannot 

be used as a sensor of cell integrity.

Initially, the EDTA-lysozyme method for preparation of sphaeroplasts was examined 

(Neu & Heppel 1964). However, the preliminary experiments revealed that this method 

resulted in a significant amount of the cytoplasmic marker enzyme, GDH, being 

released into the supernatant fraction (l^ble 3.2). Adjustments in the concentrations of 

EDTA and lysozyme from 0.5-3.()mM and 1.0-10.0 pg/ml, respectively, did not result 

in a significant incTcase in the effectiveness of this pitx:edure when applied to A 

salmitnickUi (data not shown). No combination of these treatments reduced the level of 

GDH release to less than 15%.

The classical method for extracting pcripla.smic proteins from Gram-negative bacteria ia 

the cold osmotic shock method of Neu and Hcppel (1965). In this procedure the 

bacteria are first suspended in a concentrated solution of sucrose in the presence of 
EDTA and then suddenly shifted to a medium of low osmotic strength. A series of 

experiments were carried out using several modifications (Willis et al. 1974;

Hazelbauer A. Harayama 1979; Hirst & Holmgren 1987) of the original cold osmotic 

shock method. The main differences between these methods are the volume of sample, 

the osmotic stabiliser employed, or the type and concentration of membrane perturhant 

used for the selective release of the periplasmic proteins. The membrane perturbants 

investigated were EDTA, polymyxin B and chloroform. The release of periplasmic



proteins by chloroform was based on the method of Ames et ai. (1984). The process by 

which proteins are released by chloroform treatment is not known but it is assumed to 

be unrelated to osmotic shock.

The majority of these procedures were unsuccessful when applied to the periplasmic 

extraction of A. salmonicida, as judged by the release of GDH (T>ible 3.2). The method 

of Hazelbauerand Harayama (1979). which simpliHes the procedure by using smaller 

volumes, was shown to be unsatisfactory since 13% of the total GDH activity was 

released (Tkble 3.2). In this method sucrose was replaced as the osmotic subiliser by 

sodium chloride and the latter may have affected the viability of the A. salnu*nicida cell 

suspension. The method of Hirst and Holmgren (1987) using polymyxin B as the outer 

membrane perturbant also employed sodium chloride as the osmotic stabiliser. The 

effect of combining sucrose and polymyxin B was not investigated, although this may 

have reduced the release of GDH from a reasonable 7% still further. The chloroform 

extraction procedure was found to be much loo harsh a treatment for working with A . 
saifrutnicuia, with 34% of the cytoplasmic murker enzyme being released (l^ble 3.2).

The most reliable peripla.Hmic extraction pnx.'cdure for A, saimonUida was found to be 

a cold osmotic shock methtxl with 0.33M Tris/HCI. pH7.3 wash buffer and ImM 

EDTA as the membrane penurbant (Willis e t ai. 1974). Using this treatment less than 

1% of the total cellular GDH activity was released from the cytoplasm (Tlible 3.2). 

When the periplasmic marker enzyme. RNAse, was assayed it was found that 38% of 

the enzyme activity was released into the supernatant. Increasing the EDTA 

concentration to 2mM increased the amount of RNAse released to greater than 74%, but 

also caused greater disruption of the cytoplasmic membrane as shown by the release of 

3% of the total ODH activity.

The cytoplasmic and periplasmic fractions obiairKd by the procedure of Willis et ai. 
(1974) were analysed by SDS-polyacrylamide gel electmphoresls (Fig.3.1). Miyor 

differences were observed in the protein profiles of the two soluble fractions. Several 

intense bands observed in the cytoplasmic extract (lane 2) in the region of 70* I lOkDa
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F ig u re  3.1. Separation of the Koluble cytoplasmic and periplusmic proteins of <4 . 

salmi>mci<ia strain MT(K>4 by the cold osmotic shock method of Willis et at. (1974). 

Lane 1. total soluble intracellular (cytoplasmic & periplasmic) fraction; lane 2. 

cytoplasmic fraction only; lanes 3 & 4. periplasmic fractions only (obtained from two 

separate preparations), l^nes I & 2 and lanes 3 & 4 were loaded with 2()|ig and l()|ig 

(rf* protein respectively. Lane M. molecular weight standards | bovine serum albumin 

(66kDa), ovalbumin (4.5kDa). glyceraldehyde-3-phosphate dehydmgenase (36kDa), 

carbonic anhydrase (29kDa). trypsinogen (24kDa), trypsin soyabean inhibitor (2()kDa). 

lysozyme (14kDa)|



and proteins lower molecular weights of 70, 63, 45. 36 and 35kDa were clearly not 

visible in the periplasmic fraction. Several proteins that were novel to the periplasm 

were also noted, including those with apparent molecular weights o f 64 .60, 40 and 

32kDa (lane 3). The reproducibility of this procedure is illustrated by comparing lanes 3 

and 4. These periplasmic fractions, extracted in different experiments, are essentially 

the same apart from one noteable exception, that being the presence o f  a 4SkDa band in 

lane 3 and the absence of this protein in lane 4.

The successful differential release of RNAse compared with GDH, in tandem with the 

findings of SDS-polyacrylamide gel electrophoresis, indicated that this was a reliable 

meüuxl for fractionating the two soluble intracellular compartments of A. saimonidda.

3.3 Proteins of the unfracüonaied cell envelope

Figure 3.2 (lane 1) shows an electrophoretic separation of total membrane proteins, 

prepared by sonic treatment and high-speed centrifugation of the resulting membrane 

suspension. Several prominent bands were observed divided between two regions of 

the gel (M, 42-47kDa and 27-32kDa). These proteins will be shown to be components 

of the outer membrane.

3.3.1 Solubility of envelope proteins

The effect of solubilisation temperature of the membranes on the protein profile was 

determined (Fig. 3.2). The electrophoretic pattern obuined with membrane preparations 

heated at 100°C in SDS sample buffer for 3 min is shown in lane 1. Figure 3.2 also 

illustrates the effect of the time of heating: a minimum of 1 min was necessary to obuin 

the pattern Identical to that of lane 1, and no further change in banding was observed by 

prolonging the heating up to 10 min (lanes 2-6). Therefore, samples were routinely 

treated for 3 min at 100°C in all other experiments. If the membranes were incubated at 

37**C for 30min, one of the m i ^  bands (42kDa) was completely absent and two



F igu re  3.2. The effect of solubilisation temperature on the total membrane pmtein 
proftle o f /» salmonUida strain MTIKM. Tbul nKmbrane (cytoplasmic i t  outer 
membranes) samples were incubated in SDS sample buffer at; l()0”C for 3tnin (lanes 1 

& 5), ISsec (lane 2). 3()sec (lane 3), Imin (lane 4). lOrnin (lane 6 ), 37“C for 3()min 

(lane 7). 37”C for 30min. then 7(»"C for 3(lmin (lane *). 37“C for 3<)min. then I(K»"C 
for 3min (lane 9). Approsimately 3()ng of protein was applied to each lane, lume M. 
molecular weight standards (myosin (20SkDa), d-galactosidase ( 1 IfikDa). 
phosphorylase b (97kDa). bovine serum albumin (MkDa). ovalbumin (4.3kDa). 
carbonic anhydrase (29kDa)|



others (4S and 47kDa) were slightly reduced (lane 7). Heating the sample at l(X)"C 

after it had undergone the 3 7 ^  incubation produced a pattern identical to lane 1 (lane 

9). Therefore, the absenc*e of the 42kDa protein was due to insolubility at the lower 

temperature and not in anyway due to protein degradation.

3.3.2 Separation of the cytoplasmic and outer membranes

Separation of the outer and inner cell membranes was accomplished by the differential 

solubilisation of proteins in the ionic detergent, sodium lauryl sarcosinate (Sarkosyl) 

(Filip et al. 1973). This method relies on the Tinding that components of the outer 

membrane are not solubilised by this detergent while, in contrast, components of the 

cytoplasmic membrane are normally solubilised under these conditions.

The fractions obtained by solubilisation in Sarkosyl. were analysed for the inner 

membrane marker enzymes NADH oxidase and succinate dehydrogenase and for 2* 

keto-3'dooxyoctulosonic acid (KDO) a constituent of LPS which is attached to the outer 

membrane. The presence of the vast majority (all in the case of succinate 
dehydrogenase) of the two enzymic inner membrane markers in the fraction soluble in 

Sarkosyl (Tkblc 3.3) demonstrates that a good separation, if not a complete separation, 

o f the two membrane fractions has been achieved. The outer membrane marker KDO 

was found to be exclusively located in the detergent-insoluble fraction. These results 

indicating a high separation of membranes were confirmed by SDS^polyacrylamide gel 

electrophoresis analysis (Fig.3.3). Oel electrophoresis showed that the patterns of 

proteins in the Sarkosyl-insoluble fraction (lane 2) differed completely from the 

banding pattern of the detergent-soluble fraction (lane 1). The marker enzyme results, 

in combination with those of SDS-polyacrylamide gel electrophoresis, indicate that the 

sc^uble and insoluble fractions are relatively pure cytoplasmic and outer membrane 

fractions respectively.

In the inner membrane fraction (Sarkosyl-soluble fraction) two protein bands with 

apparent molecular weights of 73 and 4KkDa were most prominent. However, the outer







membrane fraction (Sarkosyl-insoluble fraction) of A. salrrumicida also contained two 

protein bands which could justifiably be labeled major bands. These were proteins of 

42 arxl 27kDa. These bands were clearly evident in the total cell envelope fraction (Fig. 

3.2, lane 1).

An attempt was made to separate the outer membrane from the other cellular fractions 

using the osmotic shock procedure mentioned previously. The supernatant produced by 

shocking the cells with ice-cold H2O contained fragments of the disrupted outer 

nKmbrane. These membrane fragments were separated from the periplasmic proteins 

by high-speed centrifugation and the protein profile of the membrane pellet is shown in 

lane 3. Several common bunds can be identified between the two outer membrane 

preparations including the principal 42 and 27kDa proteins. However, it is clear that the 

osmotic shock procedure produces several additional bands such as the 48, 44 and 

29kDa proteins which are most probably contaminating cytoplasmic membrane 

components.

The 42kDa outer membrane protein was previously shown to be insoluble at 37"C 

(Fig.3.2, absent in lane 7). Similar results were obtained with the isolated outer 

membrane fraction (Fig.3.4, lane 2). When the outer membrane fraction was incubated 

at 37"C for 30min in the presence of A. satmonicida culture filtrate containing protease 

activity, most proteins were degraded and were no lunger visible on the gel (c.f. lanes 1 

& 3). However, the 42kDa protein (and another minor outer membrane component of 

molecular weight 28.5kDa) were not affected by the protea.se activity.

The appearanc'e of an intense band of molecular weight 24kDa (lanes 3 & 4) and the 

disappearance of the 27kDa outer membrane protein suggests that the 24kDa band is 

probably a breakdown product of the 27kDa protein. This It shown more clearly in lane 

5 where a smaller amount of protease activity was incubated with the outer membrane 

proteins. The 27kDa protein is firstly reduced by approsimately O.SkDa, then another 

2.5kDa fragment is cleaved to produce the 24kDa final product. Lane S also 

demonstrates that in common with the 42 and 28.SkDa proteins, the 45kDa component





is stable to lower amounts of protease. It should be noted that the concentration of 

culture filtrate added to the outer membrane fraction was very low (50*fold lower than 

Fig.3.6, lane 5) and so the only bands visible on the gel were of the outer membrane 

proteins.

3.3.3 Major outer membrane proteins of A. xalmimicida strain»

A comparison of the outer membrane protein compositions of ̂ 4. saimonicida strains 

revealed striking similarities in protein composition with respect to both major and 

minor proteins (Fig. 3.5). The principal outer membrane proteins o f molecular weight

42 and 27kDa were present in each isolate. Minor bunds of molecular weights 47. 45 

and 28.5kDa were also present in the strains analysed. The outer membrane profiles 

from a parent strain and a protease-reduced derivative are shown in lanes 1 and 2. 

respectively. The mutant strain with reduced extracellular protease (caseinase) activity 

was o b u in ^  as a result of continual laboratory sub-culturing. The mutant derivative 

possesses two additional outer membrane proteins with apparent molecular weights of

43 and 35kDa. The other major difference between the strains tested is the presence of a 

major 4VkDa band in the outer membrane profile of strain 184/86 (lane 4). This strain is 

autoagglutinating and is known to possess the 49kDa cell surface protein known as the 

A-protein, whereas the other strains analysed were all A-layer negative. Other strains 

used in this study (MT048 & MT()28) also produced the A-protein (not shown).

3.4 Estracellular proteins »f ̂  Mitmnnicida

The extracellular proteins released by A sainumicida are shown in Figure 3.6, lane 5. 

The intense band of molecular weight 70kDa has been previously identified as a serine 

protease capable of degrading casein (Price t t  cU 1989). A number of other major 

bands were observed with molecular weights of 60. 56, 47, 36, 33 and 24kDa. Several 

other leu  prominent bands were also detected. The results obuined by SDS-poly-







acrylamide gel electrophoresis indicate that at least 15 proteins are present in the 

extracellular medium of A. salmtmicida.

B y comparing the protein profiles of the various fractions by SDS-polyacrylamide gel 

electrophoresis it can be seen that, in general, there arc very few common bands 

between the extracellular medium and the intracellular fractions (Figure 3.6, c.f. lanes 

1 -4  & 5). The proteins present in the extracellular medium are probably unique to that 

fraction. Glutamate dehydrogenase was exclusive to the intracellular extract with no 

activity detectable in the culture medium.

3 .S  D iscussion

A number of previous workers have reported on various enzymes released into the 

extracellular medium of 4  salmonicida including proteases (Sheeran & Smith 1981; 

F yfeeiii/. 1986a; Price ef a/. 1989). various haemolysins (Titball & Munn 1981, 1983, 

1985a; Fyfc et ai. 1987a; Nomura et al. 1988) and phospholipase and amylase activities 

(Campbell et ai. 1990). Proteins arc considered to be secreted if they are found in the 

culture medium and if their presence there is compatible with their function and their 

mode of action (Pugsley 1988). The enzymes mentioned previously fill these 
requirements because of their known toxicity towards the host (haemolysins) and their 

ability to facilitate the digestion of the host tissues (protease, phospholipase and 

amylase) (Campbell rr ti/. 1990).

T he presence of proteins in the culture medium of 4, salmonicida was demonstrated to 

be due to a true secretion mechanism and not as a result of general non-specific release 

due  to cell lysis. This conclusion was reached following a series of cellular 

fractionation experiments in which the extracellular medium was shown to be distinct in 

composition from the cellular fraction by the findings of SDS-polyacrylamide gel 

electrophoresis in conjunction with the distribution of cellular mariicr enzymes. The 

intracellular and extracellular fractions were shown to have very different protein



proTilcs by SDS-polytcrylamide gel electrophocesii. with the extracellular medium 

conuining a very small number of proteins in proportion to the intracellular protein 

composition. The proteins in the exbacellular medium proteins appeared, in the 

majority of cases, to be exclusive to that fraction.

The principal evidence for active secretion in A. saimonicida was the distribution of 

marker eniym es. The marker enzymes were located in fractions corresponrling to the 

compartments where they carry out their cellultu' function. The 7()kDa extracellular 

prrrtease was trsed as a marker enzyme for the external medium, in which the caseinase 

enzyme exhibited a high specific activity. In contrast, the specific activity of the 70kDa 

protease in the soluble intracellular extract was very low, < 1% of that found in the 

culture filtrate. The situation was completely reversed when the specific activity of the 
cytoplasmic marker enzyme, gluumate dehydrogenase, was determined in the soluble 

intracellular araJ extracellular fractions. The specific activity of glutamate 
dehydrogenase in the soluble intracellular extract was reasonably high, while glutamate 

tiehytliogenasc activity was undetectable in the extracellular medium unrler the assay 

conditions employed. Glutamate dehydrogenase can he used as a sensor of cell 

integrity, and the absence of activity in the culture filtrate implies that cell structure has 

not been compromised under the growth conditions used in this study.

Thereftxe. from  the combined results of SDS-polyacrylamide gel electrophoresis and 

the distribution of the glutamate dehydrogenase, along with the presence of enzymes in 

the culture medium being compatible with their function, it can he concluded that 

proteins are truly secreted Into the external milieu by A . salmonicida.

In the last few  years numerous reports have been concerned with the cell envelope of 

A salmtmicida OA*y eta! 19111; Evenberg n o /. 1982; Nak^jima er af. 198.1; Belland A 

Trust 1985; Bemoth 1990) The Interest in the .4 salnutnU ida membrane It due to the 

presence of the tetragonally arrayed 49kl>a A-protein which forms the outemaist layer 

of the cell envelope. The outer membrane of A. salmnnii tda hat been prepared by a 

variety of methods and analysed electrophoretically. Some of the m^jor protein bands



»re characicristic of all ihcsc membrane preparations (e.g. A-laycr protein), whereas 

others vary with membrane preparation and conditions of growth.

SDS-polyacrylamide gel electrophoresis and analysis of cellular markers indicated that 

differential solubilisation with sodium lauryl sarcosinate produced a good separation of 

inner and outer membranes. The results of this study on the outer membrane of A . 
salmi>nivUia are consistent with a number of the previous reports with respect to the 

electrophoretic pattern o f  the major outer membrane proteins. The principal outer 

membrane proteins observed were assigned molecular weights of 49,42 and 27kDa. 

These molecular weights correspond within reasonable limits to those published 

previously (Table 3.4).

Several reports have denx>nstrated that some membrane proteins of other genera have 

different nx>bilities on SDS-polyacrylamide gel electrophoresis, depending on the 

solubilisation procedure used prior to electrophoresis (Ames 1974; Ames et at. 1974; 

Russell 1975; Nakamura & Mizushimu 1976). In the case of A. sainumicUia no actiud 

change in membrane prtMein mobility was observed, but instead one of the major outer 

membrane proteins (42kDu) could only be delected at the higher solubilisation 

temperatures of 70 and 1(K)^. At the lower solubilisation temperature of 37°C the 

42kDa band was absent and this did not appear to be as a result of altered migration on 

the gel. The apparent resistance of the 42kDa protein to proteolytic digestion by 

protease(s) in the A. saUrutnicida culture medium (in contrast to the 27kDa band), 
suggests that it is either structurally resistant or it is in a state that is not accessible to the 

protease(s). The solubility results would tend to support the latter explanation (without 

ruling out the possibility of the former also being true).

The 42kDa outer membrane protein has been mentitwiod in previous studies on the A- 

layer protein (Kay era/. I9K1; N ak iy i^  I9K3), mainly because it appears to be 

the most dimcult umtaminating protein to separate from the A-protein (Hvenberg St 
Uigtenberg 1982; Kay eta l. 1984). Evenberg and Lugienberg (1982) also noted that 

the 42kDa protein was extremely resistant to extraction. The 42kDa protein has been





purified and shown lo share several characteristics with enterobacterial porins (Darveau 

et ai. 1983). Unlike the results of this study, the mobility of the 42kDa protein on SDS- 

polyacrylamide gel electrophoresis was shown to be dependent on the solutMlisadon 

temperature (Darveau ei at. 1983). This discrepancy may be due to the solubilisation 

temperature effect being easier to denKMtstrate w ith a purified preparation of the 42kDa 

protein.

The periplasm of A. salmonicida was separated from the other cellular compartments 

by the cold osmotic shock treainKni of Willis et 974). EDTA perturbs the outer 

membrane of Gram-negative bacteria causing the release of lipopolysaccharides (LPS). 

ions and other outer membrane components (Lcive 1974). Osmotic shexk of the 

perturbed cells with an ice-cold solution of 0.5mM  MgCl2 causes the release of 

periplasmic components, while soluble constituents in the cytoplasm remain cell bound 

due to the cytoplasmic membrane remaining intact, with the Mg}* ions possibly 

stabilising the structure by interacting with negatively charged phospholipids.

Marker enzyme assays revealed a giKxl separation of periplasm and cytoplasm by the 

cold osmotic shock method, with less than 1 % o f  the cytoplasmic marker enzyme, 

glutamate dehydrogenase, released into the shock fluid (periplasm). However, 

approximately 25% of the periplasmic marker enzyme. RNAse. was found to be in the 
shocked cells (cytoplasm). These results suggest that the periplasm of A. salmoniciiia 

has been isolated in a relatively pure state, whereas the cytoplasmic fraction contains a 

small amount of contaminating periplasmic protein.

SDS-polyacrylamide gel electrophoresis of the periplasmic and cytoplasmic extracts 

obtained by cold osmotic shock clearly shows a distinct difference in the protein 

composition of the two fractions. In comparison with the cytoplasm, the protein profile 

of the periplasm is much simpler, with approximately 20-25 proteins detecnaMe by 

SDS-polyacrylamide gel electrophoresis. Apart frx>m the outer membrane, the periplasm 

is thought lo have the smallest subset of cellular proteins (approximately 100 proteins), 

while the cytoplasmic membrane contains up to 300 proteins (Pugsley A  Schwartz 

1983).



In general, the periplasm of Gram-negative bacteria contains two types of proteins: 

hydrolytic enzymes involved in nutrient metabolism (e.g. proteases, nucleases and 

phosphatases) and substrate binding proteins involved in transport (Meppel 1971). 

Although no experiments were carried out on periplasmic binding proteins, the 

periplasmic extract contained a number of bunds in the molecular weight range 25- 

40kDa. characteristic for binding proteins (Heppel 1971; Adams & Oxender 1989), 

which appeared to be absent in the cytoplasmic fraction.

Data obtained on the protein content of the two fractions suggest that the periplasm of 

A. salnu)nicUia comprises approximately 3.5% of the total cellular protein. This is a 

similar value to 4% of cell protein reported for other organisms (Heppel 1971). These 

results suggest that cold osmotic shock of A . salnumicida cells could be a potentially 

convenient and effective fuat step in the purification and study of periplasmic enzymes.

A recent study suggested using the periplasmic protein patterns of organisms as a 

marker system for epidemiological studies (Gargallo-Viola & Lopez 1990). These 

workers employed the chloroform shtK'k methtid of Ames rr  al. (1984) to obtain the 

periplasmic extracts because it was both simple and rapid However, of all the other 

treatments used to separate the periplasm of A. satrrumicida, the chloroform shock 

procedure gave particularly poor results. Also, when this methtxl was applied to 

Vibrio cholerae it caused total release of the cytoplasmic marker enzyme, catechol 

oxygenase (Hirst & Holmgren 1987). It may be that members of the Vibrionaceae 

family require gentler conditions for cell fractionation. These observaUons imply that 

osmotic shock techniques need to be empirically determined for each bacterial species 

under investigation. If this is found to the case, the idea o f a typing system involving 

periplasmic protein profiles may not be so straightforward when put into practice.



4. F u tra r f l l i i la r  gn»vmr« of A. salmoHiclda

4.1 lntrudLK.üon

Both Gram-negative and Gram-positive organisms are known to secrete proteins 

beyond their respective cell membranes (Pugsley & Schwaru 1985; Hirat & Welch 

1988). One source of the current interest in protein secretion by bacteria is the fact that 

many secreted proteins (toxins and degradative eniymes) play an important role in 

bacterial pathogenicity. Several Gram-negative organisms have been studied in relation 

to the pathogenic effects of their secreted enzymes (Andro «  at. 1984; Hirst et al. 1984; 

Howard St Buckley 1985; Dow et at. 1989).

A number of workers have investigated the extracellular proteins of Gram-negative 

bacteria which have haemolytic activity (Mackmann & Holland 1984; Manning er at. 

1984; Lory & Dii 1983) or possess the ability to form holes in membrane bilayers 

(Hirst r ia l  1984; Howard & Buckley 1985). Degradative eniymes have been reponed 
from organisms which are pathogenic to various host types. These organisms include 

human pathogens such as Neisseria nonorrhtieae and Haertuiphilus influenzae which 

are known to secrete a protease specific for human immunoglobulin IgA 1 (Bricker et 
al. 1983; Pohlner et at. 1987) and Vibrio cM erae which secretes a deoxyribonuclease 

(Focareta & Manning 1987). fish pathogens including Aeromonas bydrophila and 

Vibrio anguitlarium which produce proteases, amylases and chitinases (Howard & 

Buckley 1983; Inamura n o /. 1985; Gobius & Pemberton 1988; Roffey & Pemberton 

1990; Farrell & Crosa 1991) and phytopathogens such as Pseudomonas, 
Xanthomonas and Erwinia which produce extracellular pectinases. cellulases. amylases 

and proteases (Collmer & Keen 1986; Kotoujansky 1987; Daniels et a t 1988; Dow et 

al. 1989; Debette 1991; M argesin* Schinner 1991).

In studying protein secretion by A. salnutnicida with a view to determining the 
homogeneity (or otherwise) of the extracellular protein production within the species



and the genus, the most obvious ouraccllular products to study arc those which arc 

readily detectable in the culture filtrate. In the ease of A. salmonicida, the enzymes most 

prominent in the culture medium arc a number of hydrolytic enzymes (Section 4.2, 

liible 4.1). However, in addition to being present at sufficient levels for detection by 

conventional techniques, it would also be desirable to have alternative methods of study 

which would allow a more sensitive and demiled examination of some of these 
extracellular activities. This type of approach would give a better insight into the 

comparative properties o f the extracellular proteins which, in turn, may yield some 

information on the degree of similarity between members of the Aeromonas genus. As 

mentioned previously, degradativc enzymes arc present at high levels in A 

saink>nii uJu, and it is possible to detect these enzymes in situ in substrate-SDS- 

polyacrylamide gels after undergoing electrophoresis.

SDS-polyacrylamidc gel electrophoresis incorporating potential substrates 

copolymerised into the resolving gel has greatly assisted in the study of organisms 

having complex hydrolytic systems. A number of enzyme activities have been 

visualised using this procedure, including proteases, amylases and DNAses (Heusaen 

& Dowdlc I9HÜ; Lacks & Springhom 1980) This method has proved particularly 

successful when applied to the analyses of multiple proteases in parasitic protozoa and 

cellular slime molds (Lockwotxl er a/. 1987; North & Cotter 1991). It is a valuable 

technique for this type o f study because it has several distinct advantages over the 

conventional assay methods. Firstly, it is an extremely sensitive technique enabling 

trace amounts of hydrolytic activity to be detected. For example, in this study samples 

containing protein at levels as low as 5ng. exhibited readily detectable gelatinase activity 

with this procedure, whereas samples being tested in the conventional manner 

contained a minimum o f .5(ig of protein. Secondly, and perhaps more importantly, it 

allows the rapid analyses and preliminary characterisation of individual SDS-stable 

proteases present in unfractionalcd culture filtrates, therefore dispensing with the need 

for often elaborate and time consuming purification procedures. The gelatin-SDS-gel 

method can even be used to demonstrate the substrate specificity of Individual enzymes 

using peptidyi amiftomeihylcoumarins as potential substrates (Robertson el ai. 1990).



Anocher (Miu;tica] advantage of this technique is that it is convenient for handling large 

numbers of samples, and it is easy to make direct comparisons between the activities of 

individual samples. The only slight disadvantages of this method are that it is purely 

qualitative and so accurate determination of protease activity is not possible, and the 

molecular weights obtained are only apparent molecular weights which may not reflect 

the monomeric forms of the enrymes. because the samples are not boiled in SDS before 

electrophoresis. However, in a previous study it was noted that, in contrast to 

membrane proteins, the temperature of solubilisation did not affect the electrophoresis 

pattern of soluble cell proteins (Ames 1974).

Therefore, this highly sensitive electrophoretic technique can be seen to offer several 

advantages in studying certain types of enzymes. With this in mind the extracellular 

enzymes of A. salnkmidda strain MT(X>4. in particular protease and amylase activities, 

were examined in an attempt to determine the complexity of hydrolytic enzyme 
production by this organism. Another reason for using substrate-SDS-poIyacrylamidc 

gel electrophoresis to study protease and amylase activity was to assess the suittbility 

of this technique for the possible comparison of the extracellular hydrolytic enzymes of 

difTcrrm Atrtmutnas .train, and species.

4.2 Extracellular proteins of A. salmnnii uhi strain MTU04

A. salmonUida strain MTIXM was grown at 22“C for 20h in TSB and the culture filtrate 

was obtained by centrifugation. The culture filtrate was tested for a range of typical 

extracellular eniyme activities. A number of products were readily detecuMe in the 

culture medium of A. salrrumicida strain MTIXV*. including protease, amylase, nucleaie 

and haemolysin activities ffiible 4.1). Other enzymes such as -glucosidaie. 
-mannoaidase and alkaline phosphause were present at the lower limits of detection in 

the unfractionated culture filtrate by the methods used.





4.2.1 Extraceilular proteases produced by A. aalniiiniLida strain MIXXM

Protease activity was detected by assaying for casein and hide powder azure 

hydrolysing activity and by SDS-polyacrylamide gel electrophoresis with gelatin 

incorporated into the resolving gel. Preliminary assay results indicated that there was 

considerable protease activity present in the culture nitrate in the form of a caseinase 

enzyme(s).

4.2.1.1 Gelatin-SDS-polvacrvlamide gel electrophoresis 

(i) Protease profiles

A number of proteolytic bunds were detected when gels were incubated for I5h at 30**C 

(Fig.4.1). The culture filtrate, which was concentrated by ammonium sulphate 

precipitation and redissolving in l/5th of the original volume. cx>ntained five 

reproducible proteolytic bands with apparent molecular weights of M, 7S, 70. 66. 44 

and 33kDa (lane 1). The gels were incubated for 13h at .W C  since this was found to 

give sharp, well-defined bands. Incubating the gels for a shorter time in the 

development buffer did not reduce the intensities of the main pnMcasc bands, but the 

minor hands were not easily visualised at the shorter incubation times. However, 

optimum resolution of the principal 7()kDa proteo.se band ocx'crred when both the 

electrophoresis and the incubation times were reduced to a minimum (e.g.< 2h). This 

was because the 7()kDa protease was present in much greater proportions in the culture 

supernatant than the other proteases and so longer incubation times appeared to allow 

diffusion of this enzyme through the gel making the band of digestion lets distinen.

When azocasein replaced gelatin as the gel substrate the protease profile of the culture 

supemaiani was significantly altered (Fig.4.1, lane 2). Instead of five proteolytic bands 

being detected, only a single band of activity was observed. This protease band 

corresponded to the 7()kDa band present in the gelatin gels. No other bands of activity 

were observed even when more concentrated samples were electrophoresed. (N.B.



F Ig u rr 4.1. Pnxeusc »divines prcscni in the culture filtrate (CF) of 4 . salmimicida 

strain MTIXM detected by gelatin- and a/ocasein-SDS-polyacrylamide gel 

electrophoresis. Lanes 1,3-5; gelatin gels of CF (lane I), CF-flmM PM SFdane 3), 

CF-r lOmM I. lO-phenanthroline (lane 4) and heat-treated CF (lane 5). Lane 2; 

aiocasein gel of CF. For protease inhibition studies, samples of CF were pre-incubated 

with the concentration of inhibitor suted for 3()min prior to electrophoresis. 1,10- 

phenanthroline was also included In all subsesjuent development buffers. The heat- 

treated CF was maintained at 56“C for .3()min prior to electrophoresis. Approsimately 

0.2Sfig of protein was applied to each lane. Lane M. molecular weight sundards (for 
full description sec Fig.3.1).



azocasein was preferred to casein as a potential substrate because activity could be 

observed without staining due to the colouration of azocasein).

If an ap|M«ciable differenc'e in the extracellular protein profile of A . satmt>nicida was 

observed with different sample solubilisation temperatures, then it would suggest that 

molecular weight estimation by the gelatin gel method is not very reliable. Protein 

staining with Coomassie blue staining of the extracellular fraction soluUlised at either 

lOÔ Ĉ or room temperature can be seen in Figure 4.2. The soluNlisation temperature 

did not appear to affect the protein profile o f the Coomassie blue stained extracellular 

h'action, in that the resulting banding patterns were almost identical (c.f. lanes 1 and 2), 

although solubilisation of the sample at room temperature resulted in less well defined 

and more diffuse bands than those observed when the sample was solubilised at 

lOO^C. Ho^vever, since there was no qualitative difference between the samples 

prepared at different solubilisation temperatures, the protease bands observed on 
gelatin-SDS-polyacrylamide gels are most probably displaying a good approximation of 

their molecular weights.

The two soluble intracellular fractions of A. salfrumicida strain MTIXM were also 

analysed for proiea.se activity, in order to determine whether similar proteases existed 

inside the cell (Fig.4.3). No distinct proteolytic bands were observed in the cytoplasmic 

fiaction, but protease activity of high molecular weight was detected just entering the 

resolving gel (lane 1). IVvo bands proteolytic activity were observed in the 
periplasmic fraction; however, the molecular weights of these haruis did not correspond 

to those of the extracellular proteases since the periplasmic baruJs migrated less quickly 

on SDS-polyacrylamide gel electrophoresis and were of apparent molecular weights of 

approximately 95 and KXNiDa. much greater than any of the extracellular ac'tivities.







(ii) Inhibàon» and heat stability of pixHcases

The effects of a number of proteolytic inhibitors on the protease ¡Mofile was determined 

by incubating samples with putative inhilMtor compounds at room temperature for 30 

min prior to electrophoresis, and also by incubating the gelatin-SDS-geis with 

development buffer containing the compound of interest in the cases of the reversible 

inhibitors. The results of gelatin-SDS-gel inhibitor studies are shown in Figure 4.1 and 

are summarised in T îble 4.2. All the eatrac'ellular protea.se activities were sensitive to 

either PMSF or l.lO-phenanthrolineon the evidence of gelatin-SDS-polyacrylamide gel 
electrophoresis. The chelating agent l.lO-phenunthroline was employed as a substitute 

for the mtjrc extensively used metalloprotease inhibitor. EDTA. because FDTA caused a 

lightening of the amido black stain which made interpretation of the gels quite difficult. 

However, there was also a disadvantage in using 1.10-phenunthroIine in this method 

since it seemed to form a coating on the surface of the gel which smeared on touching 

(see Section 7.2.3, Fig.7.7).

The extracellular proteases of apparent molecular weights 75, 70 and 44kl>a were 

inhibited by PMSF (lane 3), implying that they were of the serine type, while the 
66kDa protease was partially inhibited by this compound. The 33kDa protea.se was not 

inhibited by PMSF; instead it was found to be sensitive to the chelating agent 1.10- 

phenamhn>line (lane 4) and EDTA (ntM shown), suggesting a requirement fcN* metal 

ions which is indicative o f metalloproteases. The periplasmic proteases were also 

shown to be sensitive to either PMSF or l.lO-phenanthroline (Ftg.4.3). The protease 
of lOOkDa was inhibited completely by l.lO-phenanthroline (lane 4), implying a 

metallo-type pnMea.se activity. The 95kDa pmteasc was partially inhibited by PMSF 

(lane 3).

In general, the extracellular proteases were found to be heat labile, with only the 66kDa 

enzyme displaying signiOcant residual activity after heat treatment at S6"C (Fig.4.1, 

lane 5).





4.2.1.2 F«*rani>lliilarc«seinase production of A xalmonicidn strain MT0Q4

The presence of extracellular caseinase activity in the culture medium was found to be 

associated with growth phase. The production of the extracellular caseinase enzyme in 

relation to growth of A. salmoniiida strain MT(K)4 is shown in Figure 4.4. Caseinase 

activity in the culture supernatant increased significantly in the late-exponential growth 

phase until a numimum activity of 24 units/ml was observed between 18-2()h of 

growth. Caseinase secretion ceased during the sutionary phase of growth (Fig.4.4).

However, although the caseinase activity remained constant during the sutionary 
growth phase, the specific activity of the protease decreased significantly during this 

period after reaching a maximum of 480 units/nig at 15h (Fig.4.5). The decrease in 

specific activity was due to an increase in the amount of protein present in the culture 

filtrate, perhaps as a result o f cell lysis.

4.2.1.3 rharacierisation of A. mlnuinicida extraceUulaf c»s^inasr iwotease

The biuchemical and physical pn>pcriics of the extracellular caseinase enzyme of A 

saimi>nicida strain MT004 were determined using a purified preparation of the proiea.se. 

Details of the purification procedure are given in Section 6.2.

(i) Physicochemical properties

The caseinolytic activity emerged on gel filtration as a single peak (see Section 6.2. Fig. 

6.2) which is in agreement with the results obuined by aziKasein-SDS-polyac*rylamidc 

gel studies which indicated that only the 7()kDa protease was capable of digesting 

azocasein/casein. The caseinase activity emerged at an elution volume, which from the 

behaviour of marker proteins corresponded to a molecular weight of 66()0() ± 60(X). 

Comparison of its electrophoretic mobility on SDS-polyacrylamide gel eloctrophtiresis 

with those of sundard proteins indicated that it had a molecular weight of 7(XXX) ± 

2000 (see Section 6.2, Fig.6.3), IXking the molecular weight data obuined by gel 

nitration and SDS-polyacrylamide gel electrophoresis, it can be concluded that the



F ig u re  4 .4 . Growth-phase associated production of extracellular caseinase activity by 

A. salmitnicida strain MT(M)4
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F ig u re  4.5. The relulionship beiween growth phase of <4. stmin NTIXXM

and specific activity of the extracelluiar caseinase enryme



protea.se displaying caseinolytic activity is monomeric with a molecular weight of 

7()kDa.

The effect of storage on the 7()kDa extracellular caseinase was investigated over a one 

month period. The purified 7()kDa protease was found to be quite unstable on storage 

even at - 2 0 ^  (Fig.4.6). After 10 days of storage only 50% of the caseinase activity 

remained. This was in contrast to the caseinase activity in unfractionated culture filtrate 

in which 50% of the activity still remained after 1 month at -20”C.

(ii) Effect of pH and protease inhibitors

The effect of varying the pH on ca.sein*degrading activity by the 7()kDa protea.se was 

examined by using various buffers (Fig.4.7). The enzyme was active over a broad pH 

range. 6 to 10. without a sharp pH optimum. However, it was nearly inactive at values 

less than pH 5.

The effects of various inhibitors was examined by preincubating the enzyme with the 

test inhiMtor for 30 min ai room temperature and then measuring caseinase activity 

(Table 4.3). Phcnylmethanesulphonyl fluoride (PMSF) at a concentration of l.OmM 

strongly inhibited (>95%) the enzyme, while all the other inhibitors tested had no 

significant (< 10% inhibition) effect.

(iii) Temperature optimum and heat subility

The effect o f assay temperature on the activity of the 7()kDa protea.se was determined 

(Fig.4.8). The activity of the caseinase enzyme increased with temperature until it 

reached a maximum at 4 5 ^ .  Above 45"C, the caseina.se activity decreased with 

increasing temperature until at 60**0 only a little proteolytic activity was detectable. The 

reduction in activity at the higher temperatures was most pmbaMy the result o f thermal 

instability. The aciivaiion energy (E^ of the 7()kDa protease was determined using the 

Arrhenius equation and was calculated to be 37.()kJmor*. *niis is quite reasonable sirice



F ig u r e  4.6. The efTect o f puriftcatiun on the storage s tab ility  of the extracellular 

7()kDa protease of 4. sairrumicuia strain MT(¥)4 when stored at -20**0



F ig u re  4 .7 . O p iim u m  pH  fo r  the h y d ro ly sis  o f  ca se in  by  the p u rifie d  e x ira c e llu la r

70kDa protease of/». salmtmicUla strain MT(K)4. F.sperimenul conditions arc described 

in Section 2.10.1





F ig u re  4 .8 . Optimum temperature for the hydrolysis of casein by the extracellular 

7()kDa protease, and the effect of temperature on the stability of the enzyme. 

Experimental conditions arc described in Section 2.10.1



a reaction whose E ,i»  less than Sl.OkJ mol * is less sensitive to temperature (Price & 

Dwek 1979). and so is consistent with the extracellular location of the protease 

requiring it to be active in more extreme cor>ditions than those inside the cell.

The heat stability of the caseinase protease was determined by pre-incubating the 

enzyme solution at the lest temperature for 3() min and then initiating the reactkxi by 

addition of the casein substrate, The activity o f  the protease was not significantly 

aflected at temperatures up to, and including, 45"C (Fig.4.8). However, at higher 

temperatures the subility of the caseinase enzyme was greatly reduced, to the extent that 

at 60“C there was less than 5% of the activity observed at 45®C.

4.2.2 Extracellular anivlascs produced bv A , xa lmimiLiiki Strain MTIKM

Amylase activity was detected by assaying for starch hydrolysing ac'tivity and by SDS- 

polyacrylamide gel electrophoresis with starch incorporated into the resolving gel at a 

final concentration of 0.17%.

4.2.2.1 Starch-SDS polyacrylamide yel electroohQre&ia

(i) Amylase profile

The amylase profile of A, salrmmivida strain MIXKM culture medium is shown in 

Figure 4.9. A number of amylolyiic bunds were detected when the gels were incubated 

for 5h at 30“C. These conditions for developing starch gels were chosen because 

longer incubation times tended to produce quite diffuse barxls of activity, probably due 

to diffusion of the amylases within the gel. Shorter incubation times on the other hand, 

did not always allow the development of m inor bands of amylase activity. Thin gels 

(O.Hmm thick) were always used since they allowed rapid diffusion of SDS out of the 

gel and development buffer into the gel. thus reducing the time between electrophoresis 

and development.





The culture medium, which was concentrated by ammonium sulphate precipiution and 

redissolving in l/2(Hh of the original volume, contained three amylolytic bands with 

apparent molecular weights of approximately >180. 80 and 63kD (Fig. 4.9a). The 

presence of these bands appeared to be slightly affected by the pH of the incubation 

buffer. At pH 7.0 the bands were at their most intense, while at pH 4.5 the high 

molecular weight amylase was much less intense, and at pH 9.5 the low er molecular 

weight bands were reduced (compare lanes 2.1 & 3 respectively). Depending on the 

concentration of acrylamide used, an additional band running slightly slower than the 

63kDa protein could sometimes be visualised (Fig.4.9b. lane I). This amylase had an 

apparent molecular weight of 65kDa.

It is possible that the presence of starch in the rest>lving gel may affect the migration of 

the amylase enzymes by some sort of enzyme-substrate interaction. The incorporation 

of starch into the polyacrylamide gel was investigated in order to determiiK whether 

amylase mobility was affected, ^^vo gels were poured, with water replacing starch in 

one of the gels, and a sample of extracellular medium was prepared for eleenrophoresis 

and divided into two aliquots with one applied to each gel. The gel with starch 

incorporated into the resolving gel was developed for amylase activity by the suindard 
procedure. The second gel was incubated in development buffer containing 0.5% starch 

which had been prepared by autoclaving at 120 p.s.i. for 20 min. Autoclaving was 

carried out to cause a partial breakdown of the starch which, in turn, would allow 

greater penetration of the stareh into the gel. After 5h incubation, the gel was washed in 

water and then stained with the KI/I2 solution.

The migration of the amylase bands in the two gels were compared and the moNlities 

were found to be identical (not shown), demonstrating that starch incorporation into the 

resolving gel did not cause retention of the extracellular amylase enzymes. Ifowever. it 

should be noted that the method of incubating the gel in a solution of starch was not as 

sensitive as the standard procedure, with the main activities of molecular weights K() 

and 63kDa appearing much less intense and the minor amylase band o f  apparent 

molecular weight 65kDa not detectaNe by this method.



(ü) Inhibitor of amylase activity

A number of bacterial amylases share many common properties, including a 

roquiicmcnt for Ca^* and sensitivity to EDTA (Vihinen & Mantsala 1989). The effect of 

1,10-phenanthroline (used instead of EOTA) on the extracellular amylase activity is 

shown in Figure 4.9b (lane 2). The chelator appears to cause a partial inhibition o f the 

amylase activity, particularly with the amylase o f apparent molecular weight 63kDa.

The 65kDa amylase activity does not appear to display the same sensitivity to 1.10- 

phenanthroline.

4.2.2.2 Extracellular amviase pftxluction of A. salmonicidn strain MTÜ04

As with the extracellular caseina.se activity, amylase production by A. salmonicida strain 

MT(X)4 appeared to be growth phase-associated. Growth and amylase production o f  

strain MT004 is shown in Figure 4.10. Amylase activity appeared in the culture 

medium around the mid-exponential phase of growth. Maximum amylase activity o f  

9.Kmg starch hydrolysed/) was observed in the extracellular medium 16h after 

inoculation.

(i) Effect of pH and inhibitors

The extracellular amylases of A. salmonivida were active over a broad pH range from  

4.5 to 9.5 (Fig. 4.11). There was no apparent sharp peak of activity at any pH value, 

perhaps due to the fact that the amylase activity represented at least three separate 

enzymes with possibly quite different properties. Therefore, although the individual 

enzymes may be active over a narrow pH range their activities could overlap to give the 

impression of activity over a large pH range. In this respect, the pH pmfile displays a 

slight depression at pH 7.0, with twin 'peaks' cither side of this pH value. This m ay 

indicate that the extracellular amylases have different pH optima. These results are 

consistent with the different pH dependencies of the amylases previously displayed by 

starch-SDS-polyacrylamide gel electrophoresis.



Figure 4.10. Orowih-phasc as»ociuied production of extracellular amylase »cUvity

by A. salmtmicida strain MIXXM



F ig u re  4.11. Optimum pH for the hydrolyii» of nurth  by the extr»cellularamyl«K 

•cdviiy of A satmonkida stmin MTIXM. F.xperimenl«! conditioni air described in 

Section 2.10.2





T e m p e ra tu re  (°  C )

FIgu re 4 .12. Optimum lemperature for the hydrolysis of starch by extracellulu’ 

■myiases, and the effect of temperature on the stability of the enzymes. Experimental 

condituxis are described in Section 2.10.2



Dible 4.4 shows the effect o f a number of compounds on the extracellular amylase 

activity. Less than 30% of the amylase activity remained after treatment with lOmM 
solutions o f EDTA and UlO-phenanthroline. However, this conflicted with the results 

obtained by starch-SDS-polyacrylamide gel electrophoresis which indicated that the 

extracellular amylases of A. salmonu ida were relatively resistant to inhibition by 1,10- 

phenanthroline. It may be that the enzymes are inhibited to this degree, but that the 

remaining activity is capable degrading similar amounts of incorporated starch due to 

the length o f incubation (5h). The most effective inhiMtor was Hg0 2  which caused 

complete inhibition of amylase activity at concentrations as low as O.lmM. PMSF had 

no effect on the amylase activity.

(ii) Temperature optimum and heat stability

The profile of the extracellular amylase activity over a wide temperature range is shown 

in Figure 4.12. Maximum activity was observed at 30^C, while at temperatures only 

slightly higher (4() & 4S^C) there was a significant reduction in the extracellular 

amylase activity. Heat stability values were obtained following the same procedure as 
with the caseina.sc enzyme. In comparison with the caseina.se enzyme, the extracellular 

amylases were not as stable to heat treatment. Temperatures greater than W C  caused a 

significant reduction in amylase acnivity, with pre-incubation of the extracellular 

medium at 5(>*C resulting in the complete loss of activity (Fig.4.12).

As with the results on the effect of pH, these results give no information on the 

individual properties of the amylases with respect to temperature. The activity of the 

amylases may be affected differently by temperature; for example, the lower amylase 

activity at may not be as a result of the amylase enzymes being similarly affected 

at this temperature, but that one (or more) of the amylases have lower optimum 

temperature values. Accurate determination of the physical properties of the 

extracellular amylase enzymes will not he possiMe until purified preparations of these 

activities are obtained.



4.3 Piscusaion

The results of this study confinri a number of previous reports on the extracellular 

products of A . satrmmicida. and also add to the literature particularly with respect to the 

extracellular protease production of this organism. In general, the presence of protease, 

nuclease, amylase and haemolysin activities in the culture medium of A. salmonicida 

supported the findings o f previous workers (Campbell et al. I WO; Ellis 1991). 

However, the use of SDS-polyacrylamide gel electrophoresis with potential enryme 

substrates incorporated into the resolving gel. allowed a more detailed characterisation 

of some of the hydrolytic enzymes present in the culture supernaunt of A. saimonicida.

Five proteolytic bands were detected in the culture medium by the gelatin gel technique. 

However, previous studies on the extracellular pttxease activity o f A. sabtutnicida 

have, in the majority of cases, only identified a single proteolytic component (Shieh & 

Maclean 1975; Mellergaard 1983; Tajima et al. 1984; Fyfe et al. 1986a). More recent 

resulu suggested that these strains produced two proteases, differing in molecular 

weight and in substrate specificity (Price el al. 1989). the principal enzyme being a 

serine protease of molecular weight 7()kDa active against casein and gelatin. The 

principal protease observed in this study also possessed an apparent molecular weight 

of 7()kDa. Also in agreement with Price e ia l.O  989) was the observation that this was 

the only protease active against (azolcasein.

The 7()kUa protease was found to be unstable on sttwage even at temperatures as low as 

-20**C. In comparison with the unfractionated culture filtrate where its half-life was 

extended three-fold, the caseinasc enzyme was particularly unstable when stored in the 

purified form. Since the protease retains its subility better in the unpurified form, the 

loss of activity is most probably a result of autolysis rather than a simple dénaturation 

effect. In the purified form the protease will be the only substrate available for itself and 

so will be degraded quicker than when other protein substrates are available, such as In 

the unfractionated culture filtrate.



Price et ai. (1989) detected another minor (less well characterised) protease activity, 

which was active against gelatin but not casein, and was assigned a tentative molecular 
weight o f approximately 2()kDa. Although several minor proteolytic activities detected 

were active against gelatin but not casein in this study, no protease of apparent 
molecular weight 2()kDa was observed. The gelatin-hydrolysing proteases of strain 

MT()()4 were assigned apparent molecular weights of 75. 6 6 . 44 and 33kDa.

The 33kDa protease was demonstrated to be a mctalloenzymc by its sensitivity to the 

chelator. I.IO-phenanthrolinc. Shecran and Smith (1981) rcpt'ricd a second 

extracellular proteolytic activity as.sociated with A. satnumicida. This protease was 

classified as a mctallopriTtcase on the basis of its inhibition by EDTA and was active 

against gelatin, but did not hydrolyse casein. The presence of a metalloprotease was 

also noted by Rockey et ai. (1988). however no indication o f the molecular weights of 

these activities was given. It is possible that the 33kDa enzyme corresponds to both the 

mctalloproteases reported by Shecran and Smith (1981) and Rockey eta i (1988). and 

the low molecular weight protease detected by Price et ai. (1989). The difference in the 

molecular weights may be a consequence of the different methods used for molecular 

weight estimation (i.e. SDS-polyacrylamide gel electrophoresis as opposed to gel 

filtration).

As previously mentioned (Section 4.1), the molecular weight exhibited on a gelatin gel 

is not regaided as a true estimate, and so should be verified by other means (e g. 

purification and molecular weight estimation). However, it should be noted that the 

value of 70kDa obuined for the caseinase eniyme by gelatin-SDS-polyacrylamide gel 

electrophoresis is identical to that obuined by the more conventional methods (T)(jima 

era/. 1984; Fyfeero/. 1986a; Price el a/. 1989; this study. Sections 4.2.1.3 *  6.2). 

and that solubilisation temperature only affected the definition of the protein hands of 

the extracellular medium and not the actual profile. In fact, the temperature of 
solubilisation appears to have no qualiutive effect on soluble protein fraettons (Ames 

1974). This is in direct connast to bacterial membrane proteins which are sensitive to 

solubilisalion temperature (Ames 1974; Ames eial. 1974). In the original SDS-



polyacrylamide »el electnrphoresis studies, lower temperatures of solubilisation, such 

as 37 and 45“C. were standardly employed (Dunker & Rueckert 1969; Weber &

Osborn 1969). and the change to higher solubilisation temperatures appeared to be a 

practical consideration of reducing the time of sample preparation and not because it 

was thought to give more accurate or reliable results.

In addition, previous literature suggests that molecular weights estimated from gelatin- 

SDS-gels are. in the main, consistent with the results of gel nitration, although 
discrepancies have been noted (North & Cotter 1991). In their studies. North & Cotter 

(1991) found that a protease of apparent molecular weight I SkDa on electrophoretic 

analysis behaved as a larger protein on gel filtration or ultrafiltration. However, they 

observed that this enryme was an excxptional case, since all other Dictyostelium 
discoidtum  proteases examined in this way showed no discrepancies with respect to 

molecular weight. It is possible that artefacts can be caused by this method; for example 

a 68kDa protease from Ijtishnuinia mtxicana mexicana was found to appear sometimes 

as a double band of activity, due to iu  mobility being dependent on conditions of 

solubilisation for electrophoresis (Lockwood el al. 1987).

With the exception of the 33kDa metalloeniyme. the extracellular proteases of 4 

satmonicida strain MTIXVt were of the serine type. Of the other proteases, it is possible 

that the 44kDa eniyme is the same as the 43kDa piwtea.se referred to by Oahle (197 la). 

However, until further work is carried out on these minor proteolytic components their 

relationship with proteases described in previous reports cannot be clarified.

On the basis of gelatin-SDS-polyacrylamide gel electrophoresis, the complexity of A 

satmnnicida extracellular prtaease producUon appears to he much greater than previous 

reports suggest (Price era/. 1989; Ellis 1991). In general, this current investigation 

provisionally confirms several findings of previous reports and perhaps clarifies further 

the anomalies of the literature with respect to the exo-acellular pitKeases of A 

salmonicida.



5. K ltr e t  a l  grnw lh c lin d iliiin i o n  A . la lm o n ir ld a  n r o t t in  nrndiiglliMi

S. 1 lntmdm:h(in

The ability of microorganisms to survive, and even proliferate, in ealreme 

environments is widely recognised (Roszak & Colwell 1987; Smith 1990). Microbial 

cells also must frc^jucnily experience changes of environment which they are powerless 

to control. Microorganisms have developed powers of adaptibility and if the external 

environment shifts (e g., alterations in temperature. pH. oxygenation, salt balance, 

nutrient concentration, etc.) then microbial cells can readily and rapidly adapt to these 

changes. This quick accommodation to marked changes in the environment is effected 

by organisms changing themselves, structurally and functionally, i.e.. phenotypic 

alterations. The nutrients and enviromenial factors which are crucial to the growth of 

the organism arc relatively unknown, with the notable exception of iron-limitation 

(Smith 1990). In vitro experiments of iron-limitation revealed the production of 

siderophores and new outer membrane proteins (Neilands 1981. 1982).

Perhaps the most obvious bacterial adaptations tocnvironmcnul changes arc alterations 

in the bacterial cell envelope (Stock et al. 1989). The outer membrane o f a Oram­
negative bacterium is a permeability barrier with at lca.st three different types of proteins 

involved in the selective uptake processes of the cell. One class of proteins, termed 

general diffusion porins, form pores which allow non-specific, passive diffusion of 

hydrophilic solutes with molecular weights of below about 650 daltons (e.g.. amino 

acids, small peptides, mono- and di-saccharides, inorganic salts), a second type of 

porins are channels used for the specific penetration of molecules such as maltose and 

nucleosides, and a third class of outer membrane proteins arc involved in the transpon 

of relatively high molecular weight substances such as vitamin B 12 and irtm-chelator 

complexes (Bums 1983; Benz & Bauer 1988) These outer membrane proteins may be 

of importance when nutrients are limited in the external medium (Slock et al. 1989). 

íksr example, as mentioned above alterations in the outer membrane protein profiles of a



number of bucteriu incuding E. coli (McIntosh & Earhart 1977), Salnutnclla 

lyphimurium (Neilands 1982), Ar/efetie//a species (Williams«»a/. 1984; Sbanderò/. 

1985). and Yersinia species (Camiel el al. 1987) have been found when these 

organisms were grown in a low iron environment. Most research has concentrated on 

irondimitation but some attention has been given to the in vivo effects of carbon, Mg7* 

and PO4’ limitation (Ellwood & Tempest 1972; Ellwood 1974; Brown & Williams 

1985).

The external environment may also influence synthesis and secretion of bacterial 

extracellular proteins. Control of extracellular protein production occurs at the 

transcriptional level; in bacteria, the synthesis of most extracellular proteins is 

influenced by the level of catabolites present in the growth medium. The presence of 

catabolites (e.g., glucose) produces a reduction in the intracellular concentration of 

cyclic adenosine 3 '5 -monophosphate (cAMP) which in turn causes a reduced 

formation of the cAMP-CKP (cAMP receptor protein) which initiates transcription. 

Another type of repression, end-product (feedback) repression, also affects the 

synthesis of extracellular proteins. In this case, intermediates or end-products of the 
enryme reaction inhibit funher enzyme synthesis, a widely reptsned example being the 

repression of extracellular proteases by amino acids.

Since in addition to the effects of nutrients on outer membrane and extracellular 

proteins, physical factors such as temperature. pH and oxygenation can affect bacterial 

protein production, the effect of culture conditions on the production of outer 

membrane and extracellular proteins of A. salmonicida was determined. The response 

of A. salmonicida to the altered culture conditions will reveal whether this organism 

shares similar strategies to cope with environmental changes as with other bacteria, and 

whether regulation of extracellular protein production is controlled by repression-type 

mechanisms.



S.2 Effect of incuhaüon lempeniiun; on protein DrQdui;liQn

The optimum growth temperature of A. subnonicttLi is 22-25°C (Popoff 1984). The 

protein profiles of the soluble intracellular, outer membrane and eatracellular fractions 

of 4 . salmonictda grown at 22"C are shown in Figure 5.1 (lanes 1. 3 & 5 

tespectively). The effect of increasing the incubation temperature to 3 2 ^  on these 

fractions is shown in lanes 2 ,4  and 6  respectively. Over the range 24-36“C the A t,o 

declined by approsimately 25-3()%.

5.2.1 F.stracelliilar nrolein nroduction

The most striking difference produced by incTeasing the growth temperature was the 

effect on the extracellular protein production by A. salmtmicida (Fig.5.1. c.f. lanes 5 & 

6). It is clearly evident that most extracellular proteins (especially the 7()kDa protease) 

were not produced in as great amounts, if at all. at the higher growth temperature. This 

result was confiimed by the very low caseinase activity in the extracellular medium of 

cells incubated at 32"C (0.24unitsAng protein compared with .VK) units/mg pnaein at 

22°C). However, a greater number of bands was present in the extracellular medium at 

32®C, and the protein content was also over 2(X)-fold higher ( l().6mg/ml compared 

with ().()5mg/ml at 22"C). This suggested that these proteins were released as a result 

of cell lysis, and SDS-polyacrylamide gel electrophoresis identified common bands in 

the soluble fraction (c.f. lanes 2 & 6 ). Conclusive proof of cell lysis was obtained by 

the detection of the intracellular maiker enryme, gluumate dehydrogenase, in the 

extracellular medium of A. satmttntcUia incubated at 32®C (2()nmoles nucleotide 

relcased/ml).

Oencrally, all other extracellular enzymes examined appeared to exhibit marked 

similarities to the caielnase enzyme with respect to lu  production being dependent on 

the growth temperature (Rg.5.2). For example, both amylase and DNAse activities
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were significantly reduced at temperatures greater than 2S"C, with virtually no activity 

detectable in the culture medium erf* cells grown at 3 2 ^ .  l l tc  suppressing efTect of an 

increased temperature is not due to the inactivation of these enzymes, since they are 

relatively suble at temperatures in the region of 3(FC (see Section 4.2). The 

suppression of extracellular production could not be relieved by adaptation to elevated 

temperature.

In one case, however, that of RNAse. the extracellular activity of this enzyme appeared 

to increase dramatically with an increase in the incubation temperature (Fig.5.2). At 

32®C. RNAse activity was observed to be over four times greater than at 24” C. 

However, the specific activity of RNAse in the culture medium of cells grown at the 

higher temperature was much lower (4.5 compared with 220 nmoles nucleotide 

released/mg at 24”C), since the amount o f protein present in the culture medium was 

considerably greater at the higher temperature. Again this is most probably due to cell 

lysis occurring at the higher incubation temperature. The increase in RNAse activity in 

the extracellular medium of cells grown at 32®C was probably a conse()uence of cell 

lysis causing the release of periplasmic RNAse activity into the medium.

One interesting observatkxi was made on the effect o f temperature on the extracellular 

protein production of A. salmtmicidii. Cells grown at the higher temperature, secreting 

low. o r rtegligiUe. amounts of extracellular enzymes were, on sub-culturing into fresh 

TSB medium at 2 4 ^ .  found to regain their protein-secreting capacity (Fig.5.3). This 

reveraion is demonstrated clearly with the extracellular cascinase enzyme which, on 

transferring the cells to medium at 2 4 ^ .  is produced at a similar level to that before the 

switch o f temperature to 32**C. The other extracellular proteins were similarly affected, 

with all activities reaching their original levels (not shown).





5.2.2 Intracellular protein production

Increasing the growth temperature of A. salmonicida to 32°C also affected the 

intracellular soluble proteins (Fig. 5.1, c.f. lanes 1 & 2) and the outer membrane 

protein profile (c.f. lanes 3 & 4). Several prominent intracellular soluble proteins 

produced at 2 2 ^  are completely absent from the cells grown at 32**C. The major 

proteins absent from the cells incubated at 32^C have molecular weights of 60,45 and 

35kDa.

The only mitK r̂ difference between the outer membrane proteins produced at the two 

different temperatures is the presence of bands of molecular weight 26.5 and 24kDa 

found in the 32^C outer membrane fraction and their absence at the normal growth 

temperature (lane 4). The 26.5 and 24kDa bands correspond to those mentioned 

previously concerning the protease-susceptibility of the outer membrane proteins (see 

Section 3.3.2, Fig.3.4). The identical breakdown pattern of the 27kDa protein is in 

agreement with the conclusion that cell lysis occurs at 32"C, i.e., the cells lyse, 

disrupting the membranes and so making membrane proteins accessible to attack by the 
trace amount of extracellular protease present, resulting in a similar prc^ile to Section 3. 

Fig.3.4, lane 5.

5.3 Effect of NfLf* ion concentration on extracellular enzvme nroducüon

Ammonium ion (NH4*) concentration in the growth medium of A . salnutnicida was 

altered by the addition of ammonium tartrate to a final concentration of 5()mM. The 

bacterial growth was slightly reduced, but not as dramatically as the extracellular 

caseinase activity (Fig.5.4). The activity of the caseinase protease was reduced 

approximately 5-fold (7 unils/ml compared to ,3() units/ml) when the NH4* ion 

concentration of the medium was inc'rrased. The other extracellular enzymes examined 

did not appear to be as sensitive (< 5% decrease), indicating that ions appear to 

have a specifk effect on extracellular protease production by this organism.





5.4 Effect of iron-limitation on protein production

The efreci of iron-limitation on A. salnumicida strain MT(K)4 was investigated by 

growing the cells in TSB containing ethylcnediamine diU)-hydroxyphenylacetic acid) 

(EDDA) at a final concentration of IOmM. EDDA is a specific chelauxof iron, 

therefore, any alteration in growth or protein production of A. salnumicida observed 

when EDDA is present in the growth medium should be as a direct consequence of 

iron-limitation.

5.4.1 Outer membrane proteins

The effect of iron limitation on the outer membrane proteins of A. salmttnicida is shown 

in Figure 5.5. The outer membrane fraction o f cells grown under normal conditions is 

shown in lane 1, while lane 2 shows the iron-limited outer membrane profile. The 

results demonstrate that under iron limitation, three (four in some SDS-polyacrylamide 

gel electrophoresis runs) outer membrane proteins with apparent molecular weights of 

K9, 79 and 77kDa were induced. All other outer membrane proteins visualised by SDS- 

polyacrylamide gel electrophoresis appear unaltered by growth in a low iron 

environment.

5.4.2 Extracellular enzvme activity

Iron-limitation had little effect on the growth of A. salmonicida, with only a slight 

decrease in the turbidity of the culture, while addition of iron to the culture medium in 

the fcMm of iron chlcvide caused a slight increase in growth (Fig.5.6). The effect of 

iron-limitation and -supplementation on a number of extracellular enzymes of A . 
saimitnicida strain MT(X)4 is also shown in Figure 5.6. Addition of EDDA selectively 

induced caseinase activity, while other extracellular enzyme production was not 

affecned. Caseinasc activity in the culture medium was significanily increased, 

approximately 25% under iron-limiting conditions. The produciion of other 

extracellular enzymes, including haemolysin, amylase and RNAse activities, remained







al levels similar to those displayed under normal growth conditions. Supplementation 

of the medium with iron also affected the level of caseinase activity in the culture filtrate 

o f A. satmonicida. however in this case the activity was reduced by approximately 

20%. As with iron-limitation, the addition of iron to the culture medium did not alter the 

levels of other extracellular enzymes significantly.

S.S Effex.-! of starch and «luc-nse on exnaivlliilar caseinase and amylase activilv

Extracellular caseinasc and amylase production by strain MTIKM was affecied by the 

carbohydrate composition of the growth medium (Fig. 5.7). Addition of glucose into 

the growth medium at a final concentration of 1% resulted in the complete repression o f 

extracellular amylase production and a reduction of caseinase activity by approximately 

75%. Although starch al the same concentration stimulated growth of A. salmnnicida. it 

also caused repression of amylase activity, but to a lesser extent (20%) than glucose, 

while 0 . 1% suuch appeared to both stimulate amylase production and greaUy increase 

growth of A . salnumicUht. However, the presence of 0 .1 % starch did not appear to 

affect the extracellular caseinase activity, but 1% starch reduced the caseinase activity by 

approximately 25%.

5 .6  O isciission

The response of A. sabnonicida to various environmental and nutritional facion 

revealed general similarities between this organism and other bacteria. Incorporating the 

iron chelator EDDA into the culture medium demonstrated the ability of A. salmnnicida 

to survive and proliferate in a low iron environment. This ability o f A. salmnnicida to 

adapt to iron-restricted conditions confirms previous findings which relate survival o f  
this organism to acquisition of iron by two different mechanisms (Hirst er of. 199 1). 

One mechanism was inducible and appeared to Involve production of low molecular 

weight sidetophorcB (Chan A  Trust 198.1; Hirst el al. 1991) and induction of iron-





repres&ible outer membrane proteins (Chart & Trust 1983; Aoki & Holland 1985), 

while the other mechanism required cell contact with Fe^^-transferhn or -lactoferhn 

(Chart & Trust 1983).

In this study, the protein profiles of the outer membrane fraction from cells grown 

under iron-restricted conditions exhibited three iron-repressiMe outer membrane 

proteins; MfS' 77. 79 and 89kDa. These M, values compare reasonably with those 

previously published by Chart & Trust (1983) and Aoki & Holland (1985). which were 

77. 78 and 83kDa and 72. 74 and 93kDa respectively. The variation is most |xt>bably 

due to the electrophoretic analysis of the outer membrane fraction rather than a 

qualitative difference in the iron-repressible outer membrane proteins. The values 

reported in this study were obtained using 7.5% acrylamide in the resolving gel of the 

SDS gels, compared with 11 and 12.5% acrylamide gels used by Aoki & Holland 

(1985) and Chart & Trust (1983) respectively. The reduction in acrylamide 
concentration in the resolving gel allows a better separation higher molecular weight 

proteins, such as the iron-repressible outer membrane proteins, and as a consequence a 

more accurate molecular weight estimation of these proteins should be achieved. The 

production of normally repres.sed outer membrane proteins under conditions of iron- 

limitation by A. salrrumicida is in line with the response of numerous other Gram­

negative bacteria (Neilands 1982). The actual role of the iron-repressible outer 

membrane proteins of A. salnumicida remains unclear, but they may act as receptors for 

the Fe^'^-siderophore complex, or possibly they may directly bind to lactoferrin and 

transferrin as an alternative to the sidcrophore-mediated iron uptake mechanism.

In addition to previous studies on the effect o f low Fe^^ levels on A. sainumicida, it has 

been demonstrated that the extracellular enzyme production of this organism is also 

altered. A reduction in free Fe^* resulted in a decrease in extracellular caseinase activity 

of approximately 25%. while supplementation o f  the growth medium with FeCI) 

resulted in an increase in caseinase activity by approximately 20%. In contrast with A 

saimtfnicida. the extracellular protease activity o f  A. hydrophila was unaffected by



FcCl3. bui protease secretion was si^niricantly reduced by the addition of ions to 

the growth medium (Pansare et at. 1985).

In addition to ions, a number of other ions/compounds were observed to affect the 

production of extracellular caseinase. For example, the addition of NH4* 10ns to the 

culture medium of A. saimonicUia appeared to affect the organism in a similar, but more 

dramatic manner as Fe^^-supplementation. i.e.. the extracellular caseinase activity was 

once again selectively reduced but to a much greater extent (75% compared to 2()%). 

Supplementation of the growth medium with glucose or starch also caused a decrease in 

the production of extracellular caseinase activity, but in these cases the effect was not 

specific since extracellular amylase activity was also suppressed. In fact, it has been 

demonstrated that the presence of glucose completely suppresses all extracellular 

protein production by this organism (Coleman etui. 1987).

A number of other factors have also been shown to affect extracellular protein 

production by A. satnumidda. For example, under anaerobic growth extracellular 

levels of protease were approximately only l()% of that when A. salfmtnicida was 

grown aerobically (Fyfe etal. 1986b). These results, together with previously 

published data, including the effect of pH (Dahle 1971b), complex substances (e g., 

peptone & casein) (Dahle 1971b) and amino acids (Sakai 1985b). on A saUrumicida 

extracelluar caseinase production, indicate that the synthesis this enzyme is subject to 

a multiple control mechanism.

One important aspect of these results which should be noted is the effect of elevated 

culture temperature on suppressing the production of extracellular enzymes by A 

salmonicida. The suppressed extracellular protein pitxiuction by this organism at higher 

growth temperatures has been correlated with a decTeasc in memhrane-associaied 

ribosomes at the higher temperatures (Campbell et ai. 1990). An increase in incubation 

temperature has previously been associated with the loss of ability of typical strains to 

produce the A-layer (Ishiguro ef a/ 1981 ). and the presence o f the A-layer has been



correlated with virulence of this organism (Udey & Fryer 1978; Ishiguro et aí. 1981). 

Since hydrolytic enzyme secretion appears to be affected under the same conditions in 

vitro as the A-layer. it may indicate a similar type of control mechanism operating in 

both situations; in the case of the A-layer. this consists of a partial gene deletion 

affecting the amino terminal region of the A-protein (Belland & Trust 1987). However, 

this is unlikely since there is a mt^or difference between the control o f these virulence 

factors in that, unlike loss of ability to produce the A layer. the effect on protein 

secretion is reversible.

Since iTK)st. if not all. extracellular proteins are affected by an increase in growth 

temperature it is quite likely that extracellular protein synthesis and secretion is under 

the control of a single regulator (called a regulon) which exerts its effect on unlinked 

genetic components of the extracellular proteins (Gottesman 1984; Griffiths 1989). 

Generally, the regulator, which may be an ac tivate  cm* a repressor, recognises a 

particular sequence common to all of the genes in the regulon and assures the 

coordinate expression of the regulon genes in response to a particular stimulus. This 

higher regulatory regulation network, termed global regulation, allows a concerted 

response to specific environmental stimuli including altered levels of nutrients (e.g.. 
phosphate & nitrogen limitation) and aerobic/anaerobic, temperature and osmolarity 

changes, and has been demonstrated in a number of bacterial species (Gottesman 1984; 

Neidhardt e/a/. 1990). In the case of 4. a number of factors may

specifically regulate the individual genes encoding extracellular enzymes (e.g., NH4* 

ions affect protease production; high starch levels reduce amylase production), but 

other stimuli (e.g.. temperature & glucose availability) may operate at a higher 

regulatory level and involve the coordinate regulation of a number of extracellular 

protein opérons.



6. R » l» ln «  » n l lb u d iM  « g a ln « l  . e l f f l e d  « t r a r f l l u l a r  n r o l j l i n

6.1 Iniroduction

Antibodies are probably the most widely used tool in studying protein export and 

secretion. Immunoblotting (Western blotting) and immunoprecipiution are comnxMily 

used immunochemical techniques which have been successfully applied to protein 

export and secretion studies. When these techniques are coupled with SDS- 

polyacrylamide gel electrophoresis and the use of radioisotopes, a number of important 

characteristics of the antigen can be determined readily. These assays can be used to 

determine the presence, quantity, and speciHcity of an antigen, the relative molecular 

weight of the polypeptide chain, its rate of synthesis or degradation, and preserve of 

certain post-translational rrxxlirications.

The availability of antibodies against extracellular proteins is dearly advantageous in the 

comparative study of protein secretion in A. salnutnU ida and related species. In 

addition to their use in identifying antigenically related molecules in the same, and 

between different, bacterial species of Aeromonas, the antihtxJies could he used in 

future studies, for example in determining the route and mechanism of export out of the 
cell.

In considering the preparation erf' an immurK>gen the m«0or decision to be made is how 

pure does the immunogen need to be before starting an immunisation schedule. 

Immunoblotting is the main immunochemical technique employed in this study of 

protein secretion and is used for the purpose of comparing a range of Aeromitnas 

species for cross-reactivity to specific extracellular components. Therefore, antibody 

specificity is obviously of paramcHini importance, and so the immunogen must be 

purified to homogeneity. Raising unispecific antibodies denuinds preliminary work in 

the purification of the proteins under examination. When using protein antigens, if the 

polypeptide of interest can be seen as a unique band on an SDS-polyacrylamidc gel.



then the band from the gel can be used as the purified material against which to raise 

antibodies. Antigens purified this way often induce good antibody responses. Since the 

immunogen is denatured by this route of preparation, the resulting antibodies are 

usually particularly good for techniques that need or benefit from denaturation-specific 

antibodies, irKluding Western blotting.

The antigens chosen for immunochetttical study were the extracellular 70kDa serine 

protease and an extracellular protein of rrarlecular weight 56kDa o f undefined activity. 

The reason for selecting the .SfikDa protein was that previous workers had indicated that 

a m ^or extracellular component of this ttwlecular weight was in fact a haeit»lysin 

(Fyfe er al. W87a). Since significant haetrarlytic activity could be detected in the culture 

filtrate of the principal A satmonU ida strain used in this study (MT(K)4, see Section 

4.2) it was decided to undertake a more detailed examination of this activity. Any 

inhibitory effect o f incorporating polyclonal antibodies raised against the extracellular 
S6kDa protein into the trout erythrocyte microtitre plate assay on the haemolysin activity 

would allow a mote positive correlatitjn between the SbkDa protein and the extracellular 

haemolytic aedvity of A satmonicida. The haemolytic titration assay used in a number 

of previous studies on A. salmnnicida (Titball & Munn 19K1. 1983, 1983a; Hastings & 

Ellis 1985; Lee & Ellis 1990) and in this study only reveals the overall haemolytic 

activity present in the culture filtrate. Possessing an antibody against a specific 

haemolysin may allow a more deutiled study of the extracellular haemolytic activities of 

A. satmnnicida and related species. The presence of haeirxrlytic activity in other 

Aeromtmas species may be examined in lelatuxi to a specific extracellular haemolysin 

of A. salmonicida.

In the Munc way the 7 ()kDa protease was selected for antibody studies to enable the 

differentiation, or otherwise, of this eniyroe from other caseinase activities which may 

be present in the culture supernatants of other Atromonas species. Any antigenic 

similarities obaerved between the culture filtrates of the Arnunonas species may 

indicate a possible relationship in the virulence mechanisms of these organisrm.



6.2 Preparalion o f  immunogens

6.2.1 PimficMion o f th t 7()kDa o n-iu gllular serine prulcaac

The purificaüon steps for the 7()kDa protease are summarised in Thble 6 .1. The 

procedure is based on that described by Fyfe e( at. (1986a) and subsequendy modified 

by Price et at. (1989). An additional 0-65% ammonium sulphate fractionation cut was 

included as the initial step in this purincation procedure. This step was Just as effective 

as lyophilisation for concentrating the culture riltrate, and in addition, whereas there 
was no selectivity in concentrating by lyophilisation, ammonium sulphate fractionation 

had the advantage of removing all the proteins which would only precipitate at 

concentrations of the salt greater than 65%. The caseinase activity was found to be 

exclusive to the 0-65% ammonium sulphate fraction, with no activity detectable in the 

supernatant. The precipiutes were dissolved in lOmM sodium phosphate buffer (pH 

7 .0 ) and after dialysis against the same buffer, the crude protease was obuined. 
Approximately 75% of the total caseinolytic activity was recovered after the ammonium 

sulphate fractionation step.

The subsequent DEAE-Sephadex anion-exchange chromatography suge yielded one 

quite broad caseinolytic peak, which was eluted mainly in the 150 and 2(K)mM portions 

of the sodium phosphate (pH 7.0) solutions (Fig.6 .1 ). Fractions containing most 

activity were pooled, concentrated and applied to the Sephacryl S-.KK) gel filtration 

column. A typical elution profile from the Sephacryl column is shown in Figure 6.2. 

The pooled fractions of caseinolytic activity from the Sephacryl column conuined about 

0 .6mg protein. The specific activity of the preparation (1983 unitsAng) represented a 

6 .6-fold purification over the initial culture supemauint (Tkble 6 .1).

Electrophoresis of the purified extracellular protease on SDS-polyacrylamide gels gave 

a single protein band (Fig.6.3). confimiing the homogeneity of the preparation. 

Comparison of iu  electrophoretic mobility with those of standard proteins indicated that 

it had a molecular weight of 7()kDa. This value for the molecular weight of the
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F igure  6.1. DEAE-Scph«dex «nion-e«change thromatogniphy of exmitellular

produtts of A. salnumidJa Jtmin MTIXM The purificelion of ihe 70kDa protease from 

the culture filtrate is described in Section 6.2. Fractions (4ml) were collected and 
analysed for prtHein by absotbance at 2K0nm (A j.iJ  and caseinolytic activity. Fractions 

2 2 -3 J were pooled for funher purification
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KIgur« 6.2. SephKryl S-.KK) gel nitniiion chronwtography of cxtrecellular products 

of/». mlmimUida stntin MTIKM. The purificstion of the 7()kD« protesse from the 

culture nitrate is described in SecUoo 6.2. Fractions (6ml) were collected and analysed 

for protein by absorbance at 2H()nm (Ai,o) and caseinolytic activity. Fractions 26-32 

were pcx>led end uied u  the purified meterial





caseinsse eniyme is in accord with that reported previously (Fyfe el at. 1986a; Price et 

at. 1989).

As a final purificadoo step the Sephaciyl fraction was subjected to preparative SDS- 

polyacrylamide gel electrophoresis (Fig.6.4). The protease band was excised for 

immunogen preparation. This additional step was performed to reduce even further the 

presence of any low-level contaminants and also eliminate the possibility of high 

molecular weight aggregates in the purified sample.

6.2.2 Purification pf « Vil-na exnaixllulaf Drottip

A 0-60% ammonium sulphate fractionation of culture filtrate was prepared. This 
procedure removed over 30% of the extracellular protein present in the culture medium. 

The pellet prtxluced by precipitating with 60% ammonium sulphate was redissolved in 

distilled HjO. The selectively concentrated sample was then applied to a preparative 

SDS-polyacrylamide gel (Fig.6.5). After electrophoresis, the protein band of interest 

was located in the gel by a light staining with Coomassie blue. The 56kDa protein was 

shown to be relatively abundant and reasonably separated from nearby contaminating 
bands. The desired gel slice containing the S6kDa protein band was carefully excised to 

obtain the pure polypeptide for immunisation purposes.

The final purified preparations of the extracellular 70kUa serine protease and .-S6kDa 

protein are shown in Figure 6.6. These samples were obtained by homogenising 

excised gel and boiling in SDS-conuining sample buffer. Figure 6.6 demonstrates the 

hooKigeneity of the two immunogen preparations used in the immunisation regime.

6.3 rb .n u  ierisgiinn of ihc antisera

Analysis by Western blotting revealed that the antisera raised against the 7()kDa protease 

and the 56kDa protein tsKognised specific proteins In the samples of medium from 
cultures of strain MT004 (Fig.6.7). Antibodies raised against the extracellular protease





F ig u r e  6 .5 . Preparative SDS-polyacrylamide gel electropiwresis of a 0-6()% 

(NH 4)2S0 4  fractionation of \almnnu ida strain MTtXW culture filtrate. The band 

excised is arrowed. Approximately 5(XHig of protein was applied to the gel. Direction 

of migration was from top to bottom (cathode to anode)
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F ig u re  6 .7 . Western blot churacterisation of the polyclonal antisera raised against the 

extracellular ,^6kDa protein and 7()kDa protease. Samples of A. salmonii ida strain 

MT004 culture filtrate were applied (lanes 1 -8) and probed with pre-immune antisemm 

(lanes I& 5). antisera raised against the 7(lkDa protease (lanes 2-4) and the .76kDa 

protein (lanes 6-8). Antibody dilutions used were 1: 250 (lanes 2 & 6). 1: KXX) (lanes 3 

4  7) and 1; .VXX) (lanes 4 4  8) respectively. Approximately lOpg of protein was 

applied in each case



recognised a single protein band with a nxtiecular weight of 70kDa (lanes 2-4); the 

antibodies raised against the 56kDa eatracellular protein also recognised a single band 

(molecular weight, 56kDa; lanes 6-8). These results, in conjunction with the absence of 

banding observed with pre-immune sera (lanes I & 5), suggest that the immunogen 

preparation and the immunisation regime have successfully produced unispectfic 

antibodies to the desired estracellular proteins of A. sabnonicida. The finding that the 

antibody binding can be visualised at high dilutions such as 1:5000 (lanes 4 & K ) 

indicates that the antisera will be o f sufficient quality to allow the use of dilute primary 

antibody which will reduce non-specific binding of immunoglobulin to a minimum.

6.4 1« the 46kna r sinicellular n m irin  a hacmolYSia.'

Anuserum raised against the purified 56kDa extracellular protein was added (1:100 

dilution) to the trout erythrocyte suspension (see Section 2.5.4) in one row of wells in a 

microtitre plate. In another row of wells on the same microutre plate pre-immune 
antiserum was incorporated into the reaction mixture (also I : l(K) dilution) and used as a 

contml. After lOmin pre-incubation at room temperature culture filtrate was added to 

the wells and the reaction mixture was incubated for a further bOmin at 37“C. The 

haemolytic activity was ftxind to be significantly reduced by the addition of the 

anUserum raised against the -56kl>a extracellular protein. Addition of the antiserum 

substantially lowered the haemolytic activity of the culture supernatant of A 
sabKMcuJa from 64 HU in the control to 8 HU, but did not completely inhibit lysis of 

the red Wood cells. The haemolytic activity did not appear to be affected by the presence 

of non-immune serum in the reaction wells. It la most probable that tne reduction in 

haemolytic activity is due to the antibodies forming an immune complex with the 56kIJa 

protein, and so inhibiting its activity. Therefore, this would imply that the -56kDa 

protein is an extracellular haemolysin of A. mlmtmU ida.



6.S Discussion

An important point in raising antibodies against desired antigens ftw the purpose of 

screening organisms for antigenically related componenis is the preparation of highly 

purtried material for use as the immunogen. Injection of pure preparations of 

immunogen produce anhbodies of high specincity which allows for a simple and 

unambiguous interpretation of the screening experiments. On the evideiKe of the 

Western blot analysis (Fig.6.7) it is apparent that the immunogens used in the 
immunisation regimes were of sufficient quantity and purity to ensure a good immune 

response resulting in the production of two unispecific polyclonal antibodies. The 

specificity of these antibodies will ensure that any cross-reactivity observed in the 

culture supemaunts of ri. salmonicitla and related species will allow a confident 

prediction that the cross-reactive comptxKnts are antigenically related to either the 

70kDa protease or the SfikDa haemolysin. In possible future studies on the secretion of 

these extracellular proteins the specificity of the antibodies will be o f particular 

importance for immunoprecipitation experiments using radiolabeled proteins, because 

the sensitivity of this technique would exaggerate any non-specific birtding and, in turn, 

complicate the intetpreution of the autoradiograms by having high non-specific 

background.

The importance of the specificity of the antibodies raised against the 56kDa exDacellular 

protein was made apparent by their use in demonstrating the enzyme activity of this 

protein. The antibodies were denamstrated to inhibit tire lysis of trout erythrocytes in 

the haemolytic mictsrtitre plate assay; since the antibodies were known to be untspecific, 

this enabled a reasonably confident identification of the SfikDa extracellular protein a t a 

haemolysin. The molecular weight detemiined for this protein It in accord with a 

previous repon of a haemolysin enzyme (Fyfe ef al. 1987a). Pre-incubation of the 

assay mix with antibodies against .SfikDa extracellular protein did not, however, result 

in the complete inhibition of trout erythrocyte lyais. The most obvious explanation for 

this observation Is that A salmonii ida secTetes more than one haemolytic enzyme into 

the culture medium. However, It it  alio possible that A salmonicida produces a single



haemolysin but that it is secreted in more than one form, with only  one of these forms 

in a state open to antibody-binding. For example, Ellis (1991) has suggested that all of 

the haemoiysin/GCAT-type enzymes so far reported in the literature (MacIntyre et aJ. 

1979; Titball & Munn 1981, 1983; Fyfe etal. 1987a; Nomura e t ai. 1988; Lee & Ellis 

1989) may only be different purified forms of a GCAT/LPS en tity  (see Section 1.2.2). 

Tlierefore, it may be that this enzyme is pan of the GCAT/LPS entity and. as such, the 

proportion of the enzyme complexed with LPS may be sterically protected from 

andbody binding by the carbohydrate moieties of the LPS. This would result in only 

the soluble free form of the enzyme being inhibited by antibody binding and the 

complexed form retaining its activity, which would correspond w ith the partial 

inhibition of haemolysis observed in the microutre plate assay. However, these results 

alorK are not sufficient to allow a conclusion to be reached; it w ill be necessary to 

achieve at least a partial purification of the haemolytic activity to  determine whether 

more than one haemolysin exists.



7. C oinparalive biochetniütrv of exlracellular protein nroductton  bv  A  . 

salm onicida and  relat«?d anecies

7.1 Intnxjuction

The classification o f the Aeromonas genus is a matter of contention (Colwell e t  ai. 

1986). with the literature containing a number of suggested taxonomic revisions, 

particularly with respect to the motile species (Austin et ai. 1989). There are several 

aspects of a cell that can be used to identify it and to determine its relationship with 

other organisms. Traditionally, morphological and physiological characteristics played 

key roles in bacterial taxonomy. In recent years, genetic relatedness has been introduced 

to the characterisation process through the developnKnt of methods for the 

determination of DNA base ratios and nucleic acid homologies.

Organisms are generally classified on the basis of their morphology, staining 

characteristics, and physiology, but may also be classified on the basis of growth, 

biochemical, and genetic characteristics. The shape of the cel) is one of the first 
characteristics that is used in the identification of bacteria. Most bacteria can he 

characterised as spheres, rods, spirals or branches. The Gram stain divides hacteria into 

two groups based on the type of cell wall they have. The ability to ferment 

carbohydrates is another important aspect of bacterial identification. Many closely 

related organisms can be distinguished by their abilities to ferment various 

carbohydrates and metabolise assorted compounds (e.g., proteins, fats and starch). 

Growth on selective media often help in the identification of an organism.

Some bacteria can be distinguished on the basis of serological reactions. I.e.. using 

antibodies against unique chemical properties the bacterial cell surface. This is the 

basis of the slide agglutination test, in which bacteria clump together if antibodicB 

recognise cell surface antigens. Antibodies raised against purified proteins o f  a bacterial 

species may also be used for serological studies. Closely related proteins will react in a



similar manner with antiserum, and so the extent of cross-reaction between (Moteins 

from different bacterial species will reflect the degree of relaicdness between these 

organisms.

^uious combinations o f  these methods have enabled the idcntificaaoo and 

characterisation of a very large number of bacteria. However, disagreement on the 

relative importance of the individual characteristics led to the development of numerical 

taxonomy by Sneath (1963) which groups organisms by quantifying the similarities 

and differences among them. The relationship is expressed mathematically as the ratio 

of the number of characteristics the organisms share to the loul number of features 

compared; it is expressed as a percentage. A large number of tests must be conducted 

and double-negative tests are usually not included. Therefore, the similarity coefTicicni 

is a calculation of relatedness that does not include double negatives.

Methods based on genetic relatedness of organisms may also used to identify and 

classify organisms. Since the early 196()s evolutionary relationships can often be 

deduced by comparing the base composition of their DNA (Doty 1962). Organisms that 

are closely related have DNAs with very similar sequences of nucleotides. In the base­
pairing of double-stranded DNA. the numbers of adenine (A) and thymine (T). and 

guanine (O) and cytosine (C). are equal. However, the ratio of (G+C) bases to (A*fT) 
bases varies in different bacteria and the ratio is normally expressed as the % (G+C). 

Since the % (G-fC) is very similar for a given species (S5% variation between 

subspecies) and genus (Sl()% variation between species) it has become an important 

measurement in genetic relatedness. Species having similar % (G-tO values may be 

closely related, but caution must be applied since bacteria with similar % (G>C) valuea 

are not necessarily closely related; therefore, this method must he used in conjunction 

with other taxonomic criteria.

The common technique for determining the % (G>C) content of DNA is to determine 

iu  melting temperature (T„) by measuring its absorbancy at 2«)nm at various 

temperatures. The principle behind this method is that DNA with a higher % (O+C)



will exhibit a higher T„. The GC base pairs are held together by three hydrogen bonds, 

whereas AT base pairs are linked by only two hydrogen bonds, so separating them will 

require a higher temperature.

In the early 1970s the development of the DNA:DNA hybridization technique by De 

Ley (1970) allowed the degree of hybridisation between bacterial DNAs and, in turn, 

the evolutionary relationships between organisms to be determined. Organisms that are 

closely related have similar (NxMeins, and so. in turn, the DNA that codes for these 
proteins must also be similar. Consequently, if the complementary DNA strands from 

closely related organisms are allowed to reanneal, there should be a good match and the 

two strands will hybridize with each other. However, the more unrelated organisms 

are, the poorer their DNAs will hydrogen bond and so they will form poor DNA 

hytmds. Thus, the degree of relatedness can be determined by the extent of 

hytmdization.

The development of polynucleotide sequencing techniques (Maxam & Gilbert 1977; 

Sanger et al. 1977) in the mid* 1970s allowed protein sequences to be compared directly 

as a measurement of relaiedness. Nucleotide sequencing of the I6S ribosomal RNAs 
has been the most comnxm approach of this type. The base sequences of rRNAs are 

highly conserved, so they are accurate indicators of evolutionary relatedness. Perhaps 

once the technology involved in sequencing bec'omes more accessible and 

straightforward, the direct comparison methods may be a feasible procedure for 

everyday identification and classification.

Another commonly used identifkation system is that of phage typing. Bacteriophages 

(bacterial viruses) generally have a very narrow host range, that is they infect only very 

closely related bacneria. Thus, the ability of specific bacteriophage to grow on a 

bacterial papulation can be used to identify or type bacteria.

The identification and classification of A. saltrumlcida and the Aertmutnas genus has 

been determined by a combination of these methods, and is discussed in some detail in



Section 1.1.1. However, the following study involves a different type of procedure for 

comparing relatedness of bacteria. Strains of A . salmonicida ssp. saimt>fucuia have 

been found to be extremely homogeneous in their phenotypic and genotypic properties. 

Since members the Aerttmonas genus are known to secrete a number of enzymes 

into the culture medium, it was decided to examine the culture filtrates of these 

organisms to determine whether the high degree of homogeneity noted in other 

properties of A. salnutnicida ssp. salnu>niciiia is also displayed in its extracellular 

enzyme production. Examination of A. salnumicida ssp. salnutrucida strain MT(K)4 

culture filtrate by in situ detection of protease and amylase activities on substrate-SDS- 

gels resulted in a detailed hydrolytic enzyme profile o f this organism. This procedure is 

relatively straightforward and allows the direct comparison of a large number of 

bacterial strains with each gel run. Therefore, this method was used as the basis for 

determining any possible variation of extracellular hydrolytic enzyme production by A . 

saUnonicUia ssp. salmorucida, and also for comparing the hydrolytic secretory products 

of other members of the Aeromonas genus.

In addition to this novel comparative procedure, the relatedness of the extracellular 

7()kDa protease and 56kDa haemolysin of A. saimtmicida ssp. sairnttnicida strain 
MTTXM with other members of this subspecies and Aemmonas species was also 

examined. These techniques may add to the current state of knowledge on the question 

of classification of the Aeromonas genus.

A number of A. salmonivida strains and a selection of other related species were 

investigated with respeci to the secretion o f extracellular proteases. The study of 

extracellular protease production was approached in three different ways; firstly, the 

strains were examined for the production of extracellular caseinase enzyme activity; 

secondly, polyclonal antibodies raised against the purified extracellular caaeinasc (see



Section 6) were used to probe the strains to reveal any cross-reactivity; lastly, culture 

nitrates of all the strains studied were applied to gelatin-SDS-gels and processed in the 

normal way to determine the variation, or otherwise, erf* the caseinase and non-caseinase 

proteolytic enzymes produced by these organisms.

7 .2 .1  E x tracellu lar ca se in ase  en z v m e activity

The strains under investigation were tested for extracellular caseinase activity using the 

standard assay procedure used for/4. salnumicida strain MT004 (described in Section 

2.S.2). The results revealed that not all strains exhibited signiHcani caseinase activity 

(Fig.7.1). Those strains which were caseinase-negative included >4. salmonicida ssp. 

masoui uia, A. media and A. sohria. With A. salnumivida ssp. salrntmicida and 

achrtmtogenes some differentiation in extracellular caseinase production of these strains 

was displayed by this assay procedure. A . sidmonicida ssp. salmonicida strain MT()28 
displayed very little caseinase activity, in contrast to the other strains of this subspecies 

tested which all exhibited high acnivities for the extracellular caseinase enzyme(s). 

Similarly, for the two strains of ssp. achrttmogenes examined MT365 was found to he 

high in caseinase activity, whereas strain MT.43S was caseinase-negative.

The assay procedure also revealed that A. salmtmicida produced less caseinase activity 

as the growth temperature was increased (see Section 5.2.1). At a growth lemperaiure 

of 32*^ A. salmonicida produced only 1()% the amount of protease compared with 

cultures incubated at 24*<T. When the extracellular protein pronies of cultures grown at 

22 and 3 2 ^  were compared by SDS-polyacTylamide gel electrophoresis it could 

clearly be seen that the intense band of Mr 7()kDa present in the culture grown at 22**C 

was greatly reduced in the extracellular medium prepared frt>m cultures grown at 32°C 

(see Section 5, Fig.S. 1). The effect of growth temperature on cascinase production by 

A. hydrophila was examined to determine whether it Mlowed the same pattern as A 

xdmonicida (Fig.5.2). A Hydrophila produced approximately the same caaeinase 

activity as A. salmonicida when grown at 22**C. however unlike that of A .





F igu re  7.2. The cfTeci of gn>wth tempeniiure on the production extr»cclluiar 
caseinase enzymes by A. satmonicitkt and A. hydrophita. Activity was determined 
as described in Section 2.5.2



salnutnicuia the caseina.se activity of A. hydrophila was not significantly altered at the 

higher growth temperatures (Fig. 7.2).

7.2.2 W estern b lo t screen ing  w ith p o ly c lo n a l an tib o d ies  ag a in st thg 70 k D »  prm easg

Western blotting experiments, using rabbit polyclonal antibodies raised against purified 

extracellular 7()kDa protease, would reveal whether the caseinase-producing species 

were all secreting a caseinase enzyme related to the 70kDa protease or if antigenically 

different protea.ses were responsible for the extracellular caseinase activities of these 

organisms. The 7()kDa antiserum was used to screen the strains for any possible cross- 

reactivity (Fig.7.3). The results obtained indicated that of the six A. salmonicida ssp. 

saimonicida strains (lanes 1 -6) probed only MT()2K (lane 6) did not display any sign of 

cross-reactivity. The other 5 strains all gave a positive result with a single band of M, 

7()kDa observed. All other strains screened were negative for cross-reactivity with the 

exception of A. hydrophila (lane 11) which exhibited a single band at a slightly lower 

molecular weight (approx. 6.^kDa).

7.2.3 O elatin-SD S-D Q lvacrvLim ide gel e le c tro p h o re s is

The previous experiments revealed that not all the organisms secreted ca.seina.se-type 

enzymes and that the caseinases that were detected were not all antigenically related. It 

is most probable that the strains that were caseinase-negative would pixxluce other types 

of proteases capable of hydrolysing other protein substrates.

Oelatin-SDS-gel electrophoresis was carried out in order to gain a further insight into 

the number and the propenies of the extracellular proteases produced by these strains 

and also the individual propenies of the caseinolytic enzymes detected by the caseinase 

assay. Oelatin-SDS-gel electrophoresis revealed a large and heterogeneous group of 

extracellular proteases produced by the genus Aeronutnas and related species (Fig.7.4). 

The pattern of protease production amiMigst A . salnutnU ida ssp. salmonkida strains 

was quite consistent with t%vo main bands of activity, the principal protease having an
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Filture 7.4. Celalin-SDS-poIyacrylamide gel electraphorcsis of ihc extracellular 
fiaciions of A. sa im m u ida ssp. salm midJa  strains MIXXM (lane 1), MlXXMrp 
(lane 2), 1102 (lane 3). 184/86 (lane 4), MT048 (lane 5). MT028 (lane 6). A . 
salmimicidti ssp. achromiinenes strains MT.335 (lane 7). MT36.3 (lane 8), A . 
salmtmiciJa ssp. masomUla 2020 (lane SI). A media 2237 (lane 10). 4 
hydropU lanM ) iXane H) . A  sobria 1206.3 (lane 12). Vibrai anguillarium stn in t 
8573 (lane 13). 8387 (lane 14) and Xanihomonas maitophiiia 222b (iane 13). 
Approximately 0.23)ig of protein was applied in each case. Ijine M. molecular 
weight standards (for full description sec Figs.3.1 & 3.2)



apparent M, of 7ükDa and the other 33kDa (lanes 1-S). Strain MT028 had a similar 

band of activity in the 7()kDa region (lane 6). but this strain was shown previously to 

be very low in caseinase activity and did not display any cross-reactivity with the 

antiserum against the 7()kDa protease. This would suggest that the proteases were most 

probably quite different. Strain MTU2K also produced a number of additional proteases 

that were rK>t present in the other ssp. sainutnicUiu culture filtrates. These proteases 

displayed apparent molecular weights of 105. 90. 66. 35 and 34kDa on gelatin-SDS 

polyac*rylamide gels (l^ble 7.1).

Of the other two subspecies of A . salnu>niciJa, namely M'hrttmoftenes and masowida, 

only ssp. <u'hromi>nene!t consistently displayed protease activity on gelatin gels (Fig. 

7.4, lanes 7 & 8). Ssp. (U'hrimutgenes exhibited a small degree of heterogeneity in its 

extracellular protease production. Both ssp. achromogenes strains MT535 and MT365 

secreted four proteases with apparent molecular weights of 110,95. 70 and 6()kDa. 

However, strain MT365 also secreted an additional extracellular protease o f apparent 

molecular weight 34kDa. This protease appears to present in substantial amounts in the 

extracellular medium of MT365 and so suggests that the variation between the two 

strains is not simply due to differenc'es in sample loading. Little extracellular gelatinase 
activity was pixxluced by ssp. masotu uia, with only two very faint high molecular 

weight bands ( 110 & 95kl)a) observed, even when samples high in protein were 

loaded.

Considerable variation in extracellular protease pnxluction was observed in the other 

three Aentmonas species examined, both with each other and with the A. sairrutnicida 

subspecies. A. media and A. sobria both produced proteases of apparent molecular 

weights 110 and 95kDa. These proteases may correspond to those previously 

mentioned being produced by A . stümonivida ssp. achr<mu>genes and masoucida. A . 

media also secTcted three other proteases into the external medium (lane 10); a major 

activity of apparent molecular weight 50kDa and two minor aciivities (45 St 44kl^). 

IVvo other minor activities with apparent molecular weights of 70 and 50kDa were also 

observed in the extracellular samples of A. sobria.



Table 7.1. Extracellular proteu&e activities produced b y V. anffuillarium 
and X. maUophilia isolates, and some characteristics of the enzymes *

Isolate Strains

A. salmonicida

ssp. salmoniciiia MT(X>4, 1102, 
1H4/K6& MiX)4K

l,(kDa) Type Heat stability

80 Serine
70 Serine -
60 Serine -
45 Serine -
33 Metallo -

105 Metallo .
90 Metallo
70 Serine i+i
38 7 -
34 Metallo

110 Serine •f
95 Serine +
70 Metallo -
66 Metallo -
34»> Metallo ■f

IK) '̂

95 '

50 Metallo
45 Metallo •f
44 Metallo ■f

MO Serine .
60 Serine -
49 Serine •
33 Metallo -





A number of proteolytic activities were also demonstrated in the culture filtrate o f A . 

hydrophila strain 9240 (lane II). The major band of activity displayed an apparent 

molecular weight of 90kDa. Other less prominent, but still quite significant, protease 

activities with apparent molecular weights of 60. 49 and 3.^kDa were also observed in 

the culture filtrate of strain 9240.

TWo Vibrio annuillarium (serotype 2) strains, 857S and 8587. and an unrelated 

Xantbornttnas malu^hilia strain were also analysed for extracellular protease activity. 

The two V. anffuillahum strains displayed identical banding patterns with a main 

protease band of apparent molecular weight 60kDa (lanes 13 & 14). X. maltophitia 

produced several significant proteases with apparent molecular weights of > 180, 70. 

46, 45 and 43kDa (lane 15).

Caseina.se assays identified strains with the capacity to hydrolyse casein (see Section 

7.2.1). Figure 7.4 demonstrated the full range of SDS-stable extracellular proteolytic 

activities present in the culture filtrates of the respective strains. To determine which 

activities were the caseinase-type enzymes from the complex protease patterns, gels 

incorporating azocasein were used. The results obtained with aztKasein-SDS-gels 
revealed a much simpler protease pattern (Fig.7.5). implying that only a relatively small 

number of the proteases have the capacity to hydrolyse ca.sein*type substrates. In 

general, the presence of ca.seinase-type enzymes in the culture filtrates of cTnain strains 

(A . sainutnicida ssp. salnutrUcida strains MT004, MT(K)4rp. 1102, 184/86. MT048 & 

achromogenes strain MT365, and A. hydrophila strain 9240). as shown by azocasein- 

SDS-gels, correlates with the findings of the casein assays. The only discrepattcies are 

with strains possessing low caseinase activity, according to assay determinations, 

which did rK>t exhibit activity even when the gels were heavily overloaded. This may be 

a consequence of the casein-type gels appearing less sensitive to protease action. In 

other cases, these two approaches complement each other very well, particularly in the 

case of the ssp. achrornttgenes strains which differ in their ability to produce an 

extracellular caseinasc enzyme. Assaying for casein-hydrolysing activity revealed strain 

MT365 to be caseinase-positive, whereas strain MT535 was caseinase-negative.
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F igure  7.5. Azocuscin-SDS-pulyucrylumide gel electrophoresis of ihc 
eximcellulur fractions o f  A saimcmicida ssp. salmimtida strains MT(X»4 (lane I), 
MTIXMrp (lane 2), 1102 (lane .1). 1H4/K6 (lane 4), MT04X (lane 5). MT028 (lane 
6), A. salmimicida ssp. achmminenes strains MT5.1.5 (lane 7), MT.Vi.5 (lane 8).
<4 salmmiiUta ssp. mumurida 2020 (lane 9), A media 22.17 (lane IO). A 
hydrophila 9240 (lane 11 ). A sobria 1206.5 (lane 12). Vibrai anyuillarium strains 
8575 (lane 13). 8587 (lane iA) and Xanihonumas maliophilia 2225 (lane 15). 
Approximately 0.25pg o f  protein was applied in each case, lame M. molecular 
weight standards (for full description see Figs.3.1 & 3.2)



Gclatin-SDS-gels demonstrated that although most protease bands were common 

between the two strains, MT365 secreted one additional bund of activity (M, 34kDa). 

therefore this activity was most protebly the caseinase enzyme. Subsequent studies 

confirmed this interpretation by the appeararwe of a 34kDa protease band on gels in 

which azocasein replaced gelatin as the gel substrate (Fig.7.5, lane 8).

A series of gelatin gels were run to obtain further information on the biochemical 

properties of the proteases revealed by gelatin-SDS-gel electrophoresis. The sensitivity 

to PMSF and 1,10-phenanthruline and the heat subility of the extracellular pititeases 

were examined (Figs, 7.6, 7.7 & 7.8, respectively). In the majority of cases, the 

results of these treatments were quite straightforward to interpret on the gelatin gels, 

and a summary of these results is given in Tkble 7.1.

Orte of the main points to arise from these results was the difference in properties of 

proteases which appeared very similar on first inspection in Figure 7.4. For example, a 

number of strains including ssp. salnutnicUia and achr<munienes, produced very similar 

looking extracellular 7()kDa proteases. Gelatin-SDS-gel electrophoresis, after specific 

sample treatments, allowed the individual properties of these enzymes to be determined. 

The results denxxistrated that, between the subspecies, these prxneases are most 
probably quite different. The 7()kDa proteases of ssp. achnm%t>genes were shown to be 

metalloproteases by their sensitivity to l.lO-phenanthroline (Fig.7.7, lanes 7 & 8), 

whereas the 7()kDa enymes o f  ssp. salmorüciüa were found to be of the serine-type 

since they were inhibited by PMSF (Fig.7.6, lanes I -5). Meat subilily experiments 

demonstrated a difference between the 7()kDa serine protease of strain MT()28 

compared with the 7()kDa serine-type enzyme of the other typical A salmonivida 

strains. The 7()kDa enzyme from strain MT()28 appeared to be more heat stable (Fig. 

7.8, c.f. lanes 5 & 6) and also did not crosB-reaci with antibody raised against the 

7 Ok Da protease purified from the culture filtrate of strain MT(X)4.

However, one major discrepancy was noted in the results concerning the extracellular 

protease production of the bacteria examined in this study. In the case of X 

malktphitia, the relatively high caseinase activity detected by the standard assay
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F igure  7.6. The effect of FMSF on the extrucellulur proteases of A . 
salmítrüvidtí ssp. salmonicida strains M'HKW (lane 1), MlXXMrp (lane 2), 1102 
(lane 3). 184/86 (lane 4), M1X>48 (lane 5). MT028 (lane 6). salnumivida ssp. 
achromo^tnes strains MT333 (lane 7), M T365 (lane 8), A sairrumicUia ssp. 
masitucidti 2020 (lane 9), A. meiiia 2237 (lune 10), A . hyürophiia 9240 (lane 11), 
A. sobria 1206.S (lane 12), Vihritt annuillarium strains 8575 (lane 13). 8587 (lane 
14) and Xanthonutnas maltophilia 2225 (lane 15). Samples of culture filtrate were 
incubated with ImM PMSF for 30 minutes at room temperature prior to 
electrophoresis on gelatin-SDS-polyacrylumide gels. Approximately 0.25pg of 
protein was applied in each case, (..ane M. molecular weight standards (for full 
description see Figs.3.1 & 3.2)
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F igure 7.7. lì ie  effeci of l.iO-phenanthruline on the CKirucellulur proteases of 
A. sainumiciJii ssp. MlmoniciJa strains M1XXM (lune l), M’IXXMrp (lune 2), 1102 
(lane 3), 184/86 (lune 4), M'HMS (lane 5). MT028 (lune 6). A. sainumidda ssp. 
achntmttftenes strains MT5.35 (lane 7), MT365 (lune H), A . sainufnicida ssp. 
masfHU'ida 2020 (lane 9), A. media 2237 (lune IO), A . hydrophila 9240 (lane 11), 
A. sfthria 12063 (lane 12), Vihrio annuHlarium strains 8373 (lune 13), K3X7 (lane 
\4) Md Xanthtfnupnas malfopHilia 2223 (lane 13). Samples of culture filtrate were 
incubated with lOmM l.lO-phenanthroline for 30 minutes at room temperature 
prior to electrophoresis on gelatin-SDS-polyacTylumide gels. Approximately 
0.2.3pg of protein was applied in each case, l^ n e  M, molecular weight standards 
(for full description see Figs.3 .1 & 3.2)
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KIgure 7.K. Heut stability of the extracellular proteases of A. salmitnicida ssp. 
salnumiciiia strains MT(K)4 (lane 1). MTiKMrp (lane 2). 1102 (lane 3). 1K4/86 
(lane 4). MIXMK (lane 5). MÌX)28 (lane 6). A. salmnnicida ssp. mhronutgenes 
strains MT53S (lane 7). MT363 (lane 8), A satnktmdda ssp. masoucida 2020 
(lane 9), A. media 2237 (lane 10). <4 , hydrt}phHa 9240 (lane 11 ), /4. sobria 12063 
(lane \2),Vihrutanmdliarium  strains 8S7S(tane 13). 8587 (lane 14)and 
Xanthmutnas malutphilia 2225 (lane 15). Samples of culture filtrate were 
incubated at 56“C for 30 minutes prior to electrophoresis on gelatin-SDS- 
polyacrylamide gels. Approximately ().25pg of protein was applied in each case. 
Lane M. molecular weight standards (for full description see Figs.3.1 & 3.2)



procedure (Fig.7.1) conflicts with the absence of protease bands on azocasein-SDS-gel 

electrophoresis (Fig.7.S). The reason for this ambiguity is not known, but the 

difference in substrate was found not to affect the banding pattern since replacement of 

azocasein with casein as the gel substrate did not allow the development o f any protease 

bands (not shown). The most likely explanation for the conflicting results is that the 

enzyme responsible for the casein-hydrolysing activity may be particularly sensitive to 

the denaturing agent SDS. and so will rx>t be able to refold into its correct conformation 

even after the removal of SDS by Triton X-KX).

7.3 Comparative study of extracellular haemolvsin production bv A. snlttutnirULi anH

related spcwica

Haemolysin assays and immunobloiting experiments, using polyclonal antibodies 

raised against the 56kDa extracellular protein (see Section 6). were used to compare the 

haemolytic activities present in the culture filirates of the various Aeromonas species 

examined in this study.

7.3.1 Extracellular hacmolvsin m.tiviiy

Haemolytic activity o f the extracellular medium of the species under study was 

determined by a microtitre double-dilution nwihod (described in Section 2.S.4). The 

results obtained by this assay procedure revealed considerable variation between the 

extracellular haemolytic activities of the aeromonads (Fig.7.9). This variation is 

displayed at both the species and sub-species level. Of the six A. saimimivida ssp. 

Sf^ntmivida strains studied, only one did not produce significant haemolytic activity; 
the exception being the very weakly haemolytic strain. MT()2K. The other ssp. 

stUmnnicida strains all produc'cd similar levels of haemolytic activity in the range of 16 

to 64 HU/ml. considerably greater than MT02K which never produced haemolysin 

activity at levels greater than 4 HU/ml.



I  I  -a i i
I
1  ij if
9 t  ^

t ( ^  < g ) s f ^  W^- y^  r '  £ *

^ ^ # # # C < D < | y < ! ) < ! ) 0 ®

O # 0 0 # # # 0 0 0 0 0  
0  0 # # #  0  0  0  0  0 0 0
0  0  0  0  0 0  0  0  0

-  -  1  3  i  5  ¡15

F igure 7. 9. Huemolyiic activity pre»em in the culture nitmtes of Am>mr>nar 

itraini and other iaoiate». The microtitre plate aiuiy was used to: (a) screen culture 

filtrates of all strains for haemolytic activity, and (b) estimate the relative haemolytic 

activities of the ssp. salmnnicuia isolates. Haemolytic activity was determined as 

described in Section 2.S.4, except in the case of comparing the ssp. saimnnicida 

isolates, in which the culture nitrates were diluted step-wise to the dilutions shown



Of all the other Acronumas spedes screened, only yA. salmonicida ssp. masoucida and 

A hydrophila produced extracellular haemolytic activity at detectable levels. A 

sabnunicida ssp. masom ida and A. hydropUla exhibited haemolytic activities within 

the range of 8 to 16 HU/ml, slightly lower than the amounts produced by A 

salmonicida ssp. salmtmicida strains. A. salmonicida ssp. ai hronutgents. A. media 

and A. sohria were all found to be haemolysin-negative under the assay conditions 

employed in this study.

7.3.2 W estern  b lo t s c n v n in »  w ith  o o lv c lo n a l a n tib o d ie s  a a a insi the 36k D l  h a e tn o lv iin

Antiserum against the 56kDa haemolysin was used to screen Aeronutnas strains for any 

possible cross-reactivity. ITte results obtained indicated that of the six ssp. .salmnnicida 

strains probed only one. MT028. did not display any sign of cross-reactivity 

(Fig.7.10). MT028 was the ‘variant' A salmonicida ssp. salmmicida strain with 

respect to haemolytic activity in that it secreted considerably less haemolysin into the 

culture medium compared with the other strains of the subspecies. All other ssp. 

utlmtimcida strains examined gave a positive cross-reaction when probed with a single 

hand of M, .36kDa present in each case (Fig.7.10. lanes I -5). The other Aeromonas 
strains screened (A salmmU ida ssp. achromonenes & mauiuiida. A media and A 

sohria) were all negative for cross-reactivity with the antiserum against the .36kDa 

haemolysin. with the exception of A hydrophila which reacted in an identical manner 

to that of the A. salmtmicida ssp. salmonicida strains (lane II).

7 .4  O im n a ra liv e  s tu d y  o f  e x trac e llu la r a m v la ie  p ro d u c tio n  by  A. xalm illU ctlla  tl)d  

re la ted  species

The production of extracellular amylases by Aeromtmas species was investigated by 

aiuy ing  for suuch-hydrolysing activity and also by applying samples of the respective 

culture nitrates to siarch-SDS-gels and processing them as described previously (see 

Section 4.2.2).
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K iliu r r  7 .1 0 . Western b lo lo f Iheestn ieellu lar fractions o f  /4 .vti/momi / ii l  ssp . 
saIm m iciJti strains M TtXW (lune 1). MTIXMrp (lune 2), 1102 (lune 3). 184/86 
(lane 4). M T048 (lane 5). M1X128 (lune 6). A sulnum icidu  ssp. tu hromri/ìrne.'i 
strains MT.33.1 (lane 7), MT36.3 (lane 8), A . sa im tm i itia ssp. masoueiJa  2020 
(lane 9). A, mtUia  2237 (lane 10). 4  . hydrophila 92A0  (lane 11), 4 . sobria  
1206.3 (lane 12), Vibrio anguillarium  strains 857.3 (lane 13). 8587 (lane 14) and 
Xatahomonas mallophilia 2225 (lane 15). Sam ples o f  culture ftltnite were 
screened witft polyclonal antiserum (1 : KXK) dilution) unispecific to the .56kDa 
eKtracellulur huemolysin



Culture nitrates of the strains under study were assayed for staieh-hydrolysing activity, 

and most were found to produce considerable extracellular amylase activity (Fi*.7.11). 

However, there was a subsuintial difference in the amount o f amylase activity from 

strain to strain of the A. salmt>nicida ssp. salmonivuia cultures. Strain MT(K)4 produced 

the highest levels of starch-hydrolysing activity (9.6 units/1), with the levels of activity 

in the culture niuates of MT028 and 184/86 less than 50% of the MTIXM value (3.2 &
4.2 units/l, respectively). The other A . salmonicida subspecies also secreted signiricant 

amylase activity into the extracellular medium, with the ssp. mmoucida exhibiting the 

highest speciHc activity of all the isolates examined (10.7 units/l). The remaining 

Aeromonas species also produced extracellular amylase activity, but the levels detected 

were not as high in the cases of 4  media and 4. sohria. Amylase assays of the culture 

nitrates of the V. anguillarium and X maluiphilia strains suggested that these isolates 

only produced extracellular amylase at very low levels or not at all.

7.4.2 Sran-h-SI7.S-pnlvBLTvlamide uel e lec tro p h o resis

A sample of culture nitrate from each isolate was applied to slarch-SDS-gels to gain 

more deuiiled information on the amylase activities detected by the sundard assay 

procedure. The results obtained by this methix) are shown in Figure 7.12a and 

summarised in Thble 7,2. Although the amount of extracellular amylase activity was 

found to vary between the 4. satmonUida ssp. salnumU ida strains (Fig.7.11). no 

qualiutive difference in the amylase banding pattern was observed, with the exception 

of strain MT028 (Fig.7.12a. lanes 1 -6). The mryority of the sap. salmmicida strains 

produced four identical bands of activity with apparent molecular weights of >200, 80, 

65 and 63ltDa (see Section 4.2,2). However, strain MT028 did not appear to produce 

any of these activities; instead it produced two amylases, a minor band which runs just 

behind the 80kUa amylase of the other ssp. satmmicida strains and a major band of 

activity of apparent molecular weight 35kDa. For some reason the 35kDa band did not 

develop on this gel but it can be seen in Figure 7.12b, with the extracellular fraction





F ig u rr  7.12. Stuix h-SDS-pt)lyttcrylumidc gel clccirophorcsis of the extracellular 
fractions of (a) A. salmonicida ssp. saimonu ida strains M1XXW (lane 1),
MTIMMrp (lane 2). 1102 (lane 3). 1K4/H6 (lane 4). MKMK (lane 5). M1X)2K (lane 
6), A. stílmoniciiiü ssp. oiHronutnenes strains MT.335 (lane 7), MT365 (lane K).
A . mlnutrúí'ida ssp. masouiida 2020 (lane 9). A media 2237 (lane 10), A 
hydrophUa 9240 {lane 11 ).-4, .w/>riu 12065 (lane \2), VihrUninfiuiilanum strains 
8575 (lane 13). 8587 (lane 14) and Xanihmutnas maltftphiiia 2225 (lane 15). and 
(b) ssp. sainumU ida strain M1X)2K (lane 1 ) and ssp. masoucida 2020 (lane 2). 
Approximately 1 .Opg of protein was applied in each case. I Jinc M. molecular 
weight standards (for full description see Figs.3.1 & 3.2)





from A . sabrumiciJa ssp. masom iJa along side for reference.

A. salmonicida ssp. achrimogenes produced some minor activities in the molecular 

weigh! range 65 to SOkDa; however, the principal amylase secreted by these strains was 

of apparent molecular weight 35kDa (Fig. 7.12a. lanes 7 & 8). This activity appeared 

to be very similar to the 35kDa amylase detected in the culture filtrate of strain MT02H. 

and also the single amylase produced by A. salmtmicida ssp. masoucida (lane 9). A 

media strain 2237 and A hydrophita strain 9240 each displayed several bands of 

amylase activity on starch-SDS-gels (lanes 10 & 11), with the major activities having 

apparent trarlecular weights of 8()kl3a and 45 and 60kDa for A. media and A 

hydrophila, respectively. Although A. sobria exhibited readily detecuble levels of 

starch-hydrolysing activity by the standard assay procedure no actual band of amylase 
activity was observed on starch-SDS-polyacrylamide gel electrophoresis (lane 12). In 

contrast, multiple amylase banding patterns were displayed by the two V. anguillarium 

strains examined in this study (lanes 13 & 14). even though very litde amylase activity 

(levels < 5% that of A. salmonicida MT(X)4) was detected by the standard procedure 

(Fig.7.11 ). The absence of banding in the A sobria culture filtrate may he explained in 

a similar way to that of the caseinase eniyme of X. maliophilia, i.e., the eniyme(s) is 
irreversibly denatured by SDS. However, the results relating to the extracellular 

amylase activity of V. anguillarium can not be explained in this way. It may be that 

although the u«al level of F. anguiiiarium amylase activity is relatively low, the length 

of gel incubation may be sufficient to allow the developnKnt of the bands.

The effect o f the chelauir. l.lO-phenanthnrIine. on the exuacellular amylase activities is 

shown in Figure 7.13. Most of the enzymes were found to be at least partially sensitive 

to l.lO-phenanthmIine. while a smaller number were either completely inhibited or 

resistant to this compound (Tiible 7.2). The vast miyoriiy of the major amylase activities 

of the A. salmonicida strains were affected to a certain degree (Fig.7.13, lanes 1-9), but 

some of the minor enzymes of ssp. achromogenes retained «xnplete activity (lane 8).

In contrast, the exnacellular amylase enzymes of A media were, with the exception of 

the high molecular weight activity, completely inhibited by 1,10-phenanthroline (lane
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F ig u re  7.13. ThcefTectof l.lO-phenumhrolincon the cxtrucellulur amylases of 
A. salnumicida ssp. salnutnicida strums MIXKM (lane 1), MlXXMrp (lane 2), 1102 
(lane 3), I84/K6 (lane 4). MT04K (lane 3), MT02K (lune 6), A. salnumivitia ssp. 
achromitgenes strains MT333 (lane 7), MT363 (lane 8), A salmimicUia ssp. 
masitucUia 2020 (lane 9), A . media 2237 (lane 10), A . hydntphila 9240 (lane 11 ), 
A. sobria 12065 (lane 12), Vibrioanguillarium strains 8375 (lane 13). 8587 (lane 
14) and Xanth/tmomu maltophilia 2225 (lane 15). Samples of culture filtrate were 
incubated with lOmM l.lO-phenanthroline fur 30 minutes at room temperature 
prior to electrophoresis on sturch-SDS polyacrylumide gels. Approximately 
0.25)ig of protein was applied in each case, t^ne M. molecular weight standards 
(for full description see Figs. 3.1 & 3.2)



10). The most notable effect of l.lO-phenanthroline was observed with the culture 

riltiate of V. anguillarium in which every activity was dramatically affected with only 

the Mr SOkDa eniyme retaining any significant level of activity (lanes 13 & 14).

7.3 Discussion

The homogeneity of d . salmimU ida ssp. salmmii ida previously demonstrated by 

numerical taxonomy (Austin er al. 1989). DNA homology (Belland St Trust 1988; 

McCormick eta l 1990), serological (Paterson eta l 1980; Popoff & Lallier 1984) and 

biochemical (Chan er al. 1984; Popoff & Lallier 1984) studies, as well as the evaluation 

of plasmid profiles (Bast el al. 1988), is. in the most pan. confirmed by the results of 

the SDS-activity gels. Of the six A. salmtmUitIa ssp. salmonicida isolates examined by 

this procedure, all but one (MTO28), displayed qualitatively identical extracellular 

hydrolytic (proteolytic St amylolytic) enzyme production. The overall pattern of 

extrac-ellular enzyme activity was unique to ssp. salmonUUIa strains, however SDS- 

activity gels did indicate that similar prtxease and amylase activities may he present in 

culture filtrates of different species. For example, the high molecular weight double 
band of prxaease activity observed in the extracellular extract of the A . salmonictda ssp, 

achrtmttnenes isolates is also present in the culture filtrates of ssp. masoucUla, A. 

media. A. sohria and A hydrnphila (when samples of lower activity are loaded), and 

possibly a similar M, 3.3kDa amylase appeared to be produced by ssp. masoiu ida. ssp. 

salmnnU ida strain MT028 and the ssp. at hrumogenes isolates. The suggestion of 

enzyme similarity between species of Aeromimas is only tenutive and further 

characterisation (e.g., immunochemical) is necessary to confirm this possibility. In this 

context, it should be noted that on first inspection the 7()kDa proteases of strain MT028 

and ssp. achriimogenes isolates MT335 and MT365 appeared to be very similar to the 

7()kDa enzyme of the A salmtmU ida ssp. salmimicida isolates; however, closer 

examination by inhibitor, heat subility and immunobloiting studies, dismissed this 

idea.



Anugenically similar proteins were detectable in the culture filtrates of five ssp. 

salmoniiUla strains and also in the estracellular medium of A. hydrophila. Polyclonal 

antibodies unispecific for the extracellular 70kDa protease and SbkDa haemolysin of 

strain MT(X)4. cross-reacted with single extracellular components of A hydrophila. 

with M ^' 65kDa and 56kDa respectively. Therefore, it is quite clear that A 

salmonicida isolates share at least two common extracellular antigens with one group of 

motile aeiomonads. Although the phenotypic characteristics of motile and non-motile 

bacteria are quite different (Allen et al. 198.1), the antigenic similarity of these enrymes 

may indicate a degree of telatedness between the two groups of aemmonads, as 

suggested by genotypic studies (Belland & Trust 1988; Allen et at. 1989). Also, 

perhaps the ability of A salmonit ida ssp. sairrumicida to secrete cloned extracellular 

proteins of A hydrophila (Buckley 1989; Wong er of. 1989) is a consequence of the 

similarity of the mechanism of extracellular eniyme production and a similarity in the 

enymes they seceete.

Atypical isolates are considered to be a more heterogeneous group of organisms than 

their typical counterpatls (Belland & Trust 1988),with mean sequence homologies of 

7 7 »  and 9 8 »  respectively. Although the extracellular protease profile of isolate MTJ65 

exhibited caseinase activity, while strain MT5.15 was caseinase-negative, these two A 

salmonit ida isolates displayed several commitn protease (gelatinase) bands. These 

strains also shared a majrrr amylase activity, M, 35kDa, and were both found to be 

haemolysin-negative under the assay conditions used. Thus, there is a relatively high 

degree of honxtgeneily between these two A. salmonit'ida strains, even though they 

were isolated from different fish species (MT53S, carp; MT36.1, salmon).

This is the first demonstration of specific extracellular eniyme activities in the culture 

filtrates of A. satmonicida ssp. mastnu'ida and A. media. Ssp. mastnteida rloes not 

appear to secrete such high levels of protease in comparison to taher members of the 

A. salmonit ida species, but significant amylase activity was detected by the 

conventicmal assay methixl and this activity was demonstrated to be the property of a 

single enzyme, M, 35kDa; this Is similar to the principal A. salmonirida ssp.



achromofientx cniymc. Three bands of proicasc activity were detected in the 

extracellular medium of A . mttiia, the major activity a Mr 5()kDa metallo-type enzyme. 

This organism also produced a number of extracellular amylase activities which, like its 

protease composition, did not appear to resemble enzymes of the other species.

A number of workers have reptxted on the extracellular protease activities A 

kydrophila and A. Sftbria (Thune et al. 1982; Nieto & Ellis 1986; Leung & Stevenson 

1988; Chabot & Thune 1991), but like the situation with A. salmonicida, the exact 

nature of the activity appears confused. The reason for the apparent disagreement in the 

literature concerning the proteolytic activity of these species is that, unlike A . 
salmi>nicuia. there is considerable heterogeneity in extracellular enzyme production 

between strains (Nieto & Ellis 1991). Depending on the strain examined, between one 

and twelve proteases were present in the culture nitrates of these motile aeromonads. 

The dissimilarity in extracellular enzyme production by these motile Aerttnutnas species 

is consistent with the significant phenotypic variation (Allen et al. 1989) of these 

species.

In summary, this comparative study confirms previous findings, based on genotypic 
data, which indicated a certain degree of rclatedness between A. salmonicida and at 

least one group of the motile aeromonads (A. hydr<fphila). Further studies with greater 

numbers and types of motile aeromonads are required before the relationship between 

A. salnutnicida and A. hydrophila can be extended to other members of the motile 

Aeronutnas species. The main conclusion to be drawn from these results and 

previously published data is that A. salnumicida ssp. satmonicida strains display a 

marked homogeneity in all characteristics examined to date. i.e.. strain variation is not 

apparent in either phenotypic or genotypic propenies of A. salmonicida ssp. 

salmitnivida isolates.



8. («enera l d iscussion

8.1 Protein secretion in 4̂ stilmnnicida

Until the last decade the ability of Gram-negative bacteria to actively secrete proteins 

beyond their outer membrane was not widely recognised (Hirst & Welch 1988). In the 

mid 1980s proteins present in the culture medium of these bacteria were only 
considered to be extracellular because their presence there was compatible with their 

function and. therefore, would be beneficial to the bacteria (Pugsley 1988). However, 

recent evidence indicates that numerous Gram-negative bacteria actively secrete proteins 

into the external medium (Hirst & Welch 1988). For example, addition of the uncoupler 

carbonyl cyanide m-chlorophcnyl hydrazone (CCXTP) results in the accumulation of a 

precursor to the normally extracellular hole-forming cytolysin aerolysin (Howard & 

Buckley 1985); CXX^P is thought to inhibit an energy-dependent translocation process 

at the cytoplasmic membrane (Enequist et al. 1981). In the case of A. sainumicida, a 

large number of enzyme activities have been detected in the extracellular medium (Ellis 

1991), but no indication of the process by which these proteins were released has been 

presented.

A number of physical fractionation techniques c*ommonly used with other Gram­

negative bacteria (Pugsley & Schwartz 1985), including cold osmotic shock and 

differential solubilisation of membranes in non-ionic detergent, were applied to A 

salnutnicida artd the fractions were analysed to determine whether proteins present in 

the culture medium were true secTCtion products or were present as a result o f non- 

speciftc release due to cell lysis. The degree of separation of the cellular compartments 

of A. saUnonicida achieved by the various fractionation prtx'edures employed was 

analysed with respect to the protein composition of the ceil by migration of proteins on 

SDS-polyacrylamide gels and the distribution of cellular markers. Cellular frac*tionation 

of A. salnumicida and the subsequent analysis of the fractions indicated that this 

bacterium shared several characteristics with other Oram-negative bacteria.



The similtthties between A. salrrumU ida and other Gram-negative bacteria are best 

illustrated by the following examples; (i) A. satnutnu ida releases proteins into the 

growth medium (Sections 3.2, 3.3 & 3.4) (Pugslcy & Schwartz 198S); (ii) extracellular 

proteins o f  i4. salmonicida arc true secretory products and are not present as the result 

of cell lysis (Sections 3.2. 3.3 & 3.4) (H irst*  Welch 1988; Pugsley 1988); (iii)cell 

fractionation experiments revealed cellular compartmentation and proteins were 

demonstrated to be distributed in distinct subsets within and outside the cell (Sections 

3.2, 3.3 & 3.4) (Pugsley & Schwartz 198. ;̂ Holland e/o/. 1989; von Heijne 1988;

Trun & Silhavy 1989); (iv) the outer membrane contained the smallest complement of 

cellular proteins, with only a few major proteins visible on SDS-polyacrylamide gels 

(Sections 3.3.2 & 3.3.3) (Lugtenberg & Van Alphen 1983; N ikaido* Vaara 1985; 

Pugsley &  Schwartz 1985); (v) one of the major outer nKmbrane proteins. M, 42kDa. 

was found to have distinctive extraction and solubilisation properties, a feature of pore- 

forming proteins called porins (Sections 3.3.1 & 3.3.2) (Benz & Bauer 1988);

(vi) some strains of A. salnumicida produced a cell surface asstx'iated ixxHein.

49kDa (known to form a surface layer external to the outer membrane |Udey & Fryer 

1978; Kuy efu/. 19811) (Section 3.3.3) (Slcytr & Messner 1983; Koval & Murray 

1986): (vi) a number of high molecular weight outer membrane proteins were 

influenced by the level of free Fc'*-preseni in the growth medium (Section 5.4) 

(Neilands 1982; Grifnths 1987).

8.2 Bacteria] extracellular proteins

In addition to these similarities the extracellular proteins of 4  satmonicida have several 

features in common with other secreted proteins of Gram-negative bacteria and 

extracellular proteins in general. The main t ) ^ s  of protein released into the extracellular 

medium by Gram-negative bacteria arc hydrolytic enzymes and toxins (Pugsley 1988). 

A large number of these types of activities have been idcntiriod from a variety of 

bacterial species, including proteases (Plaut 1983; Inamura et al. 1985; Molla et al.
1986; Wandersman étal. 1986; Wandersman 1989), nucleases (Nestle St Robens 1969;



Newland elal. 1985) and haemolysins (Howard & Buckley 1983; Mackman & Holland 

1984; Manning ef al. 1984). Several enzymes with similar activities to those mentioned 

above were detected in the culture medium of A. salmtmuuJa, including proteases, 

amylases, RNAse, DNAse and haemolysin activities {see Section 4,2).

Vfcry little is known about the mechanisms of secretion o f extracellular proteins by A 
salmmU ulü. The small amount of information available suggests that the mechanism of 

secretion used by A salmonicida is consistent with most other secretory systems: (i) 

extracellular enzymes are synthesised on ribosomes associated with the cytoplasmic 

membrane (Randall & Hardy 1977; Campbell el al 1990); (ii) A-protein. the only 

piotein of A. sa tm m u  ida studied in any detail with respect to protein export, is initially 

synthesised with a typical signal peptide of approximate M, 2kl)a (Kay & Trust 1991) 

which is subsequently cleaved to produce the mature cell envelope associated protein of 

M,49kl)a (Belland & Trust 1987). Apart from the A-ptotein, little else is known of the 

secretion mechanisms of individual A. salnutnicida extracellular proteins. However, 

one observation that has been made is that the 70kDa ca.seinase enzyme is required for 

the activation of extracellular haemolysin (Titball et al. 1983), i.e.. haemolysin is 

secreted into the culture medium as an inactive precursor and is then proteolytically 
processed by the 7()kDa pnrtease to produce the mature enzyme. This form of 

extracellular protein productitm has also been demonstrated for the activation of 

extracellular aerolysin prxxluced by A, hydrophila (Howard & Buckley 1983).

Exnacellular proteins arc usually secreted as single polypeptides with relatively low 

molecular weights (Bums 1983). althtrugh a number of exceptions have been identified 

such as cholera toxin of Vihrui cholerae (A subunit & pentapeptide of B subunits), E 

coll haemolysin (M , l07kDa before pttK-essing to the 58kDa active fonn) (Felmlce «  

al. 1983) and Neisseria nonorrhoeae IgA pmtease (M, I69kl)a before a two-step 

proteolytic activaticxt pnx'ess to the 49kIJa mature form) (Wandersman 1989). The 

m^iority of the extracellular proteins secreted by A. salnumlcida appear to be 

monomeric with nxrlecular weights in the range M̂  2()-6<)kDa (Sections 3.4 A  4.2.1). 

However, preliminary studies of extracellular amylase activity using starch-SDS-



polyacrylamide gels revealed enzymes displaying apparent molecular weights greater 

than (lOkDa (Section 4.2.2). and the molecular weight of the purified major extracellular 

protease was determined to be 70kDa by SDS-polyacrylamide gel electrophoresis and 

gel ftluation (Sections 4.2.2 & 6.2). Several bacterial extracellular proteases have been 

identified and the mature form s of the enzymes normally exhibit molecular weights in 

the range M, .M)-60kDa (Wandersman 1989). The reason for the relatively large size of 

the principal 4. saimtmU itia extracellular pmtease is not known but may possibly be 

due to an additional function of the enzyme, as yet unknown. The 70kDa protease was 

implicated in the activation o f  an extracellular haemolysin of A. salmnnicida (Tithall er 

ai. 1985) and in this context, the enzyme which nicks cholera toxin (cholera lectin) 
(Booth eial. 1984) is also a haemagglutinin (Finklestein & Hanne 1982) and therefore 

has more than one function.

Proteases are divided into four classes: serine-, cysteine-, metallo- or aspartic- 
proteases (Webb 1984). Oelatin-SDS-polyacrylamide gel electrophoresis incorporating 

potential protease inhibitors indicated that the extracellular proteases were either of the 

serine- or metallo-type (Section 4.2.1), This is quite consistent with other bacteria 

which produce proteases belonging to three out of the four classes of activity (aspartate 

proteases have never been found in bacteria) (Bond & Butler 1987).

K.3 Comparative biochemistry of extracellular nmtein production in Aeromonm

8.3.1 Tkxonomv of the Aeram onm  acnus

The definitive classification o f  the Aeromnnas genus it still to be achieved: the most 

recent classification of the Aeromonas species in Bergey't Manual of Systematic- 

Bacteriology (Popoff 1984) appears to be too simple a categcaisation. particularly with 

respect to the motile species. The non-motile 4 , salmtinicida species are differentiated 

into thiee subspecies; sap. sainutnU'ldii. ssp. M'hronvtitenes and asp. masttm'ida. 
However, although these subdivisions are generally accepted there are still some areas



of debuie, with the classification of the atypical A. sainumicida subspecies currently 

under discussion (Belland & Trust 1988; Austin et ai. 1989). Substrate*SDS* 

polyacrylamide gel electrophoresis conArmed [M^vious taxonomic fmdings: (I) A . 
saimt>mcUia ssp. salrrutnicida isolates display a high degree of homology (Sections 

7.2.2. 7.3.2 & 7.4.2) (Paterson etal. 1980; Chan era/. 1984; B aste/a/. 1988; Bclland 

& Trust 1988; Austin etal. 1989; McCbrmick et ai. 1990); (ii) ssp. sainufnicida can be 

differentiated from ssp. achromogenes and ssp. masoucUia (Sections 7.2, 7.3 & 7.4) 

(Belland & Trust 1988; Austin et al. 1989); (iii) non-motile A. salmonicida isolates are 

phenoiypically quite distinguishable from the ir motile counterpans (Sections 7.2.2 & 

7.4.2) (Bryant etcU. 1986; Austin etal. 1989). However, it should be noted that 

screening of motile and non-motile Aeronutnas species by Western blotting using rabbit 

polyclonal antiserum raised against selected A. salmonicida extracellular proteins, 

revealed a cenain degree of relutedness between the two divisions, i.e.. A . 

salmonicida and A. hydrophila (Sections 7 .2 .2  & 7.3.2) (Macinnes etal. 1979; Bast 

etal. 1988; Belland & Trust 1988; McCormick etal. 1990).

The motile aeromonad group is divided into three species, namely A . Hydrophila, A . 

sohria and A. caviae, but at least 12 DNA hybridization groups are known to exist 
(Carnahan & Joseph 1991). The over-simplification of the classification of the motile 

group of Aeromonas species may have contributed quite significantly to the idea that 
these species display extreme variation in the ir phenotypic characters. Recently, species 

with different phenotypic characteristics have been identified and a.ssigned to a specific 

hybridization group; for example, 4 . veronii (Hickman-Brenner era/. 1987). A . 

schuhertii (Hickman-Brenner era/. 1988). A. eucrenopHilia (Schubert & Hegazi 1988) 

and4  .>andae< and4. rro/a (Carnahan & Joseph 1991). Perhaps recognition of the 

newly proposed species will result in a clearer picture of the relationships between the 

different hybridization groups, and possibly the phenotypic characteristics will be 

found to be less variable than the current literature would imply. In this context, the 

successful applicatKMi of substrate-SDS-polyocTylamide gel electropho/esis to the study 

of phenotypic variability in A. salmonicida could be extended to the taxonomic 

characterisation of the motile Aeromttnas species.



8.3.2 Substrate SDS-Dolvacrvlamide gel electrophoresis

Although the method of detecting hydrolytic enzyme activity after SDS-polyacrylamide 

gel electrophoresis is not in common laboratory use (as judged by the small number of 

publications referring to this proc'edure), its suitability in the study o f extracellular 

proteins has several advantages; some benefits attributable to the actual technique and 
others due to the inherent properties of the extrac'ellular proteins themselves. The 

methcxlology of the technique offers several advantages: (i) ii allows the examination of 

complex hydrolytic systems without the requirement for purified material; (ii) it has 
high sensitivity enabling the detection of trace am ounts of activity, not easily detectable 

by conventional assay procedures; (iii) the ability to examine multiple samples on each 

electrophoresis run allows rapid analysis and c'omparabiliiy of the samples; (iv) the 

procedure only requires apparatus that is affordable and easily accessible in most 
laboratories.

As mentioned above, the properties of the extracellular enzymes (see Section 1.1.4) 

under examination also contribute in their own detection and characterisation: (i) 

extracellular fxotcins are recognised as being lelatively stable even when subjected to 
extreme environments; (ii) in ctxitrasi with their intruc'cllular counterparts, extracellular 

enzymes usually have a low specificity towards substrates, e g., most extracellular 

(NOteases are likely to act as scavengers with the ability to degrade a wide variety of 

different potential nutrient sources, whereas intrac*ellulur proteases normally have 

specific metabolic functions such as degradatitxi of abruirmal proteins (Waxman & 

Goldberg 1986) and modification of regulatory enzym es (Maurizi 1987). The fact that 

the mi^jority of extracellular proteins are single polypeptides is probably quite 

significant in the success of this procedure, since a morKimeric protein will be more 

likely to refold into the correct conformation to regain activity after the removal of the 

denaturing agent SDS. The low substrate sp^ificity o f  most secreted enzymes ensures 

that activity will be detectable by the hydrolysis of substrates such as gelatin and starch. 

Therefore, it can be seen that this technique has several distinct advantages over 

conventional techniques in the study of cenain gioupa o f extracellular proteins.



g.4 Hnw riiffgrgnl is A salmnnicidu in comparison wilh its motile counienurts 7 

8.4.1 Psvchrophile versus mesophilcs

The rale of growth of a bacterium is linear oply over a limited temperature range for 

growth, since the growth rate falls abruptly at both the upper and the lower limits of the 

temperature range (Stanier er of . 1977). The effect of temperature on  the bacterial 

growth rate can be illustrated in the fomi of an Arrhenius plot (Fig.8.1). The linear 

portion of the plot extends over the normal range of growth temperature. In the low and 

high temperature ranges, the plot becomes vertical at the minimum and maximum 

temperatures for grttwth, respectively. The tempeniiure at which growth rate is maximal 

is called the optimum temperature for growth. Although the numerical values of these 

cardinal temperatures (minimum, optimum and maximum), and the range of 

temperature over which growth is possible, vary widely among bacteria the general 

form of the Arrhenius plot of growth rates is typical for all bacteria studied (Neidhardt 

état. 1990).

On the basis of the temperature range of growth, bacteria are divided into three broad 

groups: thermophiles, which grow at elevated temperatures (above 50“C); mesophiles. 

which grow best in the middle temperature range (20 to 4.^"C); psychrophiles, which 

can grow at low temperatures (,5"C or below) (Stanier et at. 1977; Cano & Colome 

1986; Neidhardt et at. 1990). The optimum temperatures for grow th of A. satmnnicida 

and the motile species are 22 to 25“C and 28“ C, respectively (Popoff 1984). Although 

the optimum growth temperature of A. satmtmicida is in the mesophile temperature 

range. A. satmimicida is classified as a psychrophile because o f  i t i  ability to grow at 

S"C; all other aeromonads are mesophiles although some are capable of growth at 5“C 

(Popoff 1984).

The factori that determine the temperature limiu for growth have been revealed by two 

types of investigations; comparisons of the propetlies of organisms with widely



F igure 8.1. General form of an Arrhenius plot of bucterìal growth. The 

cardinal temperatures (maximum, optimum & minimum for growth) and the 

growth temperature ranges (high, normal & low) are shown. (A fter Neidhardt 

€tal. 1V9())



different temperature ranges; and analyses of the properties of temperaiure-sensitive (M) 

mutants. The ts mutants, termed heut-sensilve (hs), that have a decreased maximum 

température o f  growth do not have an altered minimum temperature of growth. Cold- 

sensitive (cj) mutants in which the minimum temperature of growth is increased do not 

have altered maximum temperature of growth.

The primary structure of a protein determines both its heal stability and its functional 

activity, be it catalytic or structural. It seems that mutations in the primary structure of a 

protein more readily affect the heat stability property of the protein compared to  its 

fuiK'tional property (Langridge 1968); the thermal stability o f the protein is usually 

decreased. It follows that bacteria evolving in the absence of the challenge of elevated 

temperature would contain very few thermostable proteins. Indeed. Koffler & Gale 

(1937) found that bacteria that ore incapable of growing at high temperatures contain 

very few thermostable proteins. The overall thermal stabiliiy of soluble cell proteins 

was estimated by measuring the rates at which the protein in a cell-free extract became 

insoluble as a  result of heat dénaturation at different temperatures. Most cytoplasmic 

proteins were precipitated by an K min heat treatment of 6(rC . whereas only a very 

small percentage of the proteins from representative themKfphiles were precipitated 
under the same conditions. Studies on the kinetics of themtal dénaturation of enzymes 

and protein-containing structures (e.g.. flagella & ribosomes) have shown that many 

proteins of thermophilic bacteria are considerably more heai-stahle than their 

homologues from mesophilic bacteria (Stanier et ai. 1977). Therefore, it is apparent that 

thermophiles have adapted to their thermal environment through mutational alterations 

to the primary structures of nx>st (if not all) of their cellular proteins.

The chemical basis for loss of funciion at high temperature is self-evident: those 

chemical bonds that maintain the proper secondary and tertiary structure of proteins 

become weakened at elevated temperatures, resulting in dénaturation and loss o f  

function. However, loss of fururtion at lower temperatures is mt>re difficult to explain 

because most chemical bonds are strengthened as temperature decreases; but 

hydrophobic bonds weaken at low temperature. The selective pressures for the ability



to grow at low temperatures is quite different from that for growth at high temperature, 

in that challenge of low temperature does not seem essential for the ability of the 

(x-ganism to grow at lower temperatures (Ingraham 1973). Studies with cs mutants 

have demonstrated that two major classes o( proteins are affected by low temperatures; 

allosteric (xoteins (O’Donovan & Ingraham 1965; Tkketa & Pogell 1965; O'Donovan & 

Neuhard 1970) artd proteins involved in the self-assembly of ribosomes CDu etal.
1968; Guthrie et al. 1969). Cold-sensitive mutants of both the regulatory and assembly 

type probably share the same biochemical basis; a change in the primary siruciure plus 

the weakening of hydrophobic bonds causes the protein to have a slightly altered 

conformation at low temperatures (Ingraham 1973). Therefore, proteins such as 

allosteric and ribosomal proteins which are likely to be significantly affected by 

conformational changes will be particularly sensitive to cold inactivation. In turn, it is 

not suprising that cold-sensitive mutants are usually affected by mutations in the 

structural genes which code for these proteins (Stanier et at. 1977).

In the case of the Aeronutnas species, the classification of A. salnuniicida as a 

psychrophile and the motile Aeronutnas species as mesophiles is consistent with the 

selection pressure of higher temperature. A . salmonU ida is a specific pathogen of fish 

and as such will never, in its natural environment, be open to high thermal challenge, 

wherea.s motile aert>mt>nads are known to have a broad range of hosts (frogs, fish & 

mammals (including humans|) (Freij 1984; Khardori & Fainstein 1988; Cahill 1990) so 

the likelihcKxl of high themial challenge is greatly increased. The fm>bable result of the 

difference in host range of these organisms is that mutations in the structural genes of 

A. salmonivida proteins resulting in the production of less heat-stable proteins are 

unlikely to be c'ounterselected and. as a consequence, the upper limit of temperature for 

growth of this bacterium will be lower in comparison with its motile counterparts,

The production of less heat-suble proteins by psychrophylic bacteria appears to be 

borne out by the observation that although both A sainumicida and <4. hydrophiia 

produce antigenically similar eatrac'ellular proteins (see Section 7.2.2 St 7.3.2), the 

proteases of the meiophilic species. A. hydrophiia and A. sfthria, were observed to be



slighüy more resistant to heat treatment than their A. salmonicUiü counterparts (Section 

7.2.3. Fig.7.8). Other workers have also observed that some strains of A. hydrophita 

and A. sobria produce heat-stable extracellular proteases, paniculaiiy heat-stable 

metalloprotcase enzymes (Nieto & Ellis 1986, 1991; Chabot & Thune 1991).

However, the mctalloprotease secreted by <4. satnutnicida ssp. salnuinicida is clearly 

inactivated by heat treatment. However, it should be noted that one strain of A . 
sainutnicida ssp. achromonenes produced a heat-stable extracellular protease, and that 

this enzyme it  also of the metallo-type (Section 7.2.3, Figs.7.7 & 7.8). Perhaps the 

heat-stability of a number of the métalloprotéases produc'ed by motile A<romi>nas 

species is a characteristic of this enzyme type within these species, and may be 

correlated with the observation that the metalloproteases are. in general, of a smaller 

size than their serine priMease counterparts.

The nxxiel for temperature control of bacterial growth does not. however, explain the 

effect of a temperature only slightly higher than the optimal temperature suppressing the 

production of the extracellular proteins ofv4. salrrumicida (Section 3.2.1). One possible 

explanation of this phenonKnon may be that elevated temperature causes a 

conformational change in a ribosomal protein affecting the formation of polysomes, but 
this is contradictory to the observed effect of ribosomul self-assembly being sensitive to 

low temperatures. The association of the polysomes with the cytoplasmic membrane 

may be affected by a change in the c'omposition o f  the membrane at the higher 

temperature, however this would also affect the export of outer nKmbrarte proteins, but 

this does not occur (Section 5.2.2). Perhaps the secretory apparatus of A. salnumicida 

is sensitive to the higher growth temperature, but even this Nvould rK>t fully explain the 

situation since some intracellular proteins also appear to be affected (Section 5.2.2).

As suggested in Section 5.6. the most probable explanation for this phenomenon is that 

temperature acts as an environmental stimulus, triggering a scries of signals via a 

regulau>r which controls gene expression at a higher level than individual opérons. In 

this case, the regulon, as it has been termed (Neidhardt et al. I9SK)), may coordinately 

regulate the expression of the genes encoding most, if not all, of the extracellular 

enzymes with temperature the over-riding control factor, while other environmental



factors are still capable of regulating gene expression at the lower operon level.

8.4.2 Obligate pathogen versus free living organisms

Among the many factors constraining growth (e.g., temperature. pH, etc.) nutrient 

availabiliy is the one most likely to limit overall cell proliferation (Ibmpesi et ai. 1983). 

The ability to grow and multiply is essential to the survival of microorganisms and is 

linked to the efficiency with which they obtain nutrients. In most natural environments, 

rire-living bacteria live in a state of chronic siurvalion because nutrients are limiting and 

competition for them is great (Smith 1990). Therefore, the environment will influence 

the physiological and biochemical characteristics required by an organism fcM* growth in 

its particular habitat.

A. salmonicUia is a strict parasite under natural conditions unable to survive in surface 

waters, whereas all other Aerorrutnas species are free-living organisms found in water 

and sewage (Popoff 1984; Popoff & Veron 1984). In the case of the Aeromonas 

species it would appear that the strictly parasiiic nature of A salnumicida resulting in a 

life within the host, will confer a great advantage over the other aeromonads. The 
availability of nutrients to A. salmttnU ida will be significantly greater than to the free 

living Aeromonas species because potential nutrients will be present in very low 

concentrations in the environment. Sinc'e there is such adifferenc'e in habitat between 

the two bacterial gn>ups it is likely that they have evolved distinctive characteristics 

which enable them to adapt to their particular environment.

No matter what the natural environment of a microorganism is. the metabolic challenge 

facing the bacterial cell is how it can transport substrates from its growth medium into 

its cytosol. Transport systems are located in the cytopla.smic membrane, but to enter the 

cell nutrients must also cross the other layers of the cell envelope. Most essential 

nutrients are able to diffuse through the outer membrane by passing through holes in 

the membrane formed by porins. Some of the porins form channels specific for certain 

substrates such as sugars and nucleosides, and these channels pass their substrate much



faster than the general diffusion pores (Nikaido & Vaara 1985; Benz & Bauer 1988). 

Nutrients diffuse across the outer membrane as long as the concentration of unbound 

nutrient in the periplasm is lower than that in the external medium, l b  establish a 

concentration gradient. Gram-negative bacteria maintain very low concentrations of 

nutrients within their periplasm, by producing binding proteins that sequester certain 

nutrients and actively pumping these and other nutrients across the cytoplasmic 

membrane into the cytosol (Ames 1986).

Since free living microorganisms exist in environments with very low concentrations of 

nutrients, it may be that they will have evolved diffeieni or more efTicient transport 

systems. For example. A. sainumidda is known to produce a single porin-type protein 

o f Mf 42kDa. and this porin forms a general diffusion channel (Darveau et ai. 1983); 

however, it may be that the motile Aeromonas species produce more than one type of 

porin or only a single porin but with a much higher copy number. Both these situations 

would allow a greater uptake of nutrients into the peripla.sm of the bacteria. Other 

bacteria are known to produce multiple species of porin in a single strain (Nikaido & 

Vaara 1985) so it is quite possible that nuMile aeromonads could pitxjuce more than one 

porin-type protein.

In this context, the differenc'e in the outer membrane composition of A. salmonicida and 

A. hydrophiia should be noted. In contrast with the relatively simple protein profile of 

the A. lo/mrmirúiü outer membrane (Kay eru/. 1981; Hvenberg era/. 1982; this study, 

section 3.3), the protein compositions of outer membranes isolated from a number of 

A. hydrophiia strains are much more complex (Aoki & Holland 1985). There are 

several proteins present in the molecular weight range of 3()-5()kDa normally associated 

with porins (Benz & Bauer 1988). In fact, while studying the surface array protein of 

A. hydrophiia, Dooley and Trust (1988) demonstrated the presence of two 

peptidoglycan-associated proteins displaying molecular weights of 48 and 50kDa; 

however, no data was presented on any porin-iype properties of the proteins. In 

addition to possessing more than one porin species, prtxlucing channels specifk for 

selective substrates would also confer an advantage for nutrient uptake since the rate of



diffusion of ihc substates is much greater with specific porins. Most general diffusion 

porins have molecular weights in the range 32-43kDa, whereas specific porins 

usually have slightly higher molecular weights in the range M, 44-48kDa (Benz &

Bauer 1988). The molecular weights of 48 and 50kDa for the A hydrophila porins may 

indicate that at least one of these species is a substrate-specific porin.

One of the most obvious differences between A. salmonicida and the other Aeronutnas 

species is that A. salmonicida is non-motile, while all the others are motile by a single 

polar flagellum (Popoff 1984). Motility is related to taxis and these properties are 

important in the natural environment, either to seek favourable locations with a better 
supply of nutrients or to avoid unfavourable conditions like the presence of toxic agents 

(Rowbury ei al. 1983). However. A. salnutnicida docs not require flagella since the 

concentration of nutrients in the imnKdiatc vicinity reduces the need to move and seek a 

better nutrient supply. A. salmtmicidtt has a smaller genome size than the A .
Hydrophiia group (Bclland & Trust 1988), which may be a result of its strictly parasitic 

nature making the requirement for genes coding for motility properues redundant. The 

loss of a large number of genes involved in flagella structure and function and the 

chemotactic response to stimuli, should contribute significantly to the approximate 25% 

reduction in the genome size of A. salrrutnicida.

Although there are sckoc differences in the factors affecting transport and tactic 

responses between the Atn>rru>nas groups, the production of extracellular enzymes fc«’ 

hydrolysis of potential substrates to sizes that allow uptake through the cell envelope, 

appears to be quite similar. Perhaps the free-living bacteria wtxild be expected to 

produce greater numbers of extracellular enzymes to maximise the types of substrates 

utilisable by the cell. However, all Aentmonas species secrete a wide range of 
hydrolytic enzymes (Sections 4 & 7) (Pi»poff 1984; Austin et al. 1989). with a number 

of different enzymes of each type of activity present in the culture filtrates.



8.S Future dircciions

8.5.1 Secretion paihwavtsl of extracellular proteins of A ialrntnirida

Extracellular proteins arc known to be secreted by a number of different mechanisms 

(see Section 1.2). but with the exception of the A-protcin little is known of the secretion 

pathways utilised by A. saimonicida. However, the availability of polyckMial antibodies 

to specific extracellular protease and hacnxilysin enzymes of A. saJnu>nicuia should 

allow the secretion n)echunism(s) of these proteins to be studied in greater detail. The 

main questions to be answered on the secretion of the extracellular proteins are; how 

rapidly are the secreted proteins exported from the cell; are they synthesised as 

precursor proteins; and if they are, when during the export process arc the proteins 

processed to their mature form ? The use of these antibodies, in conjunction with 
radiolabcling experiments and SDS-polyacrylamidc gel electrophoresis, will provide a 

very sensitive approach for determining the export pathway of the extracellular proteins 

of A. salmiinicUiii.

For example, to determine the structure of the initially synthesised form of a protein, it 
is necessary to prevent any possible pnKCssing reactions fmm occurring. Since a large 

number of exptmed proteins are protcolytically cleaved during translocation across the 

cytoplasmic membrane (Hirst & Welch 1988), it is essential to inhibit this step of the 

export pathway if a precursor fomi is to be identified. Addition of the energy- 

uncoupler, eXX^P (see Section 8.1), results in the accumulation of normally exported 

proteins in the cytosol and spanning the inner membrane (Howard & Buckley 1985). 

Therefore, although the half-life of a precursor is very short (Pugsley A  Schwartz 

1985), immunoprécipitation of ^*S-mcthionirte pulse-labeled cultures of A 

saimitnicida containing an energy-uncoupling agent such as CCXTP may allow the 

detection «rf possible precursor forms of the 7()kDa protease or 56kDa haemolysin 

within the cell.



g.s.2 rnniTihuiion lo vinilence and paihoggngsis by specific extracellular cniYmes

Since A. sainumicida it the causalive agent of funinculosis. an economically important 

disease in the ftsh farming industry (Trust 19g6), a considerable amount of work has 

involved the attempted elucidation of the virulence determinants o f this pathogen, with 

research concentrated on the extracellular products of the bacterium (Ellis 1991 ) and its 

surface layer protein (Olivier 1990). In the case of the extracellular products, a number 

of activities have been implicated in the disease process, including protease and various 

haemolysin, phospholipase and GCAT activities (Ellis 1991 ; Section 1.3). Although the 

tecent work of Lee and Ellis (1990) suggests that a GCATA-PS complex is the most 

important extracellular virulence factor, there is still considerable evidence that other 

enzymes also contribute to the pathogenicity of the disease, particularly the 70kDa 

protease (Fyfe etal. 19gg; l.ee & Ellis 1989). However, the significance of the 

extracellular products of A. salmmicida in virulence and pathogenesis is still not 

known.

The major problem in ihc study of A . sülfttonicidû virulence has been the expenmenial 

approach taken; most research has involved isolating strains of A. salmtmicida differing 
in their ability lo cause disease and correlating the degree of virulence with the levels of 

individual extracellular activities produc-ed by the different isolates (Hacketl el al. 1984; 

Ellis era/. 1988; Ellis 1991). However, this fails to lake account o f possible synergistic 

interactions between virulence factors, and also assumes that inability to produce (or 

prxxluction of low levels oO a particular enzyme in vitro also applies in vivo, which is 

not necessarily the case. One way of critically assessing the role of a putative virulence 

factor 1s lo compare the virulence o f specifically dencieni mutants with that of the parent 

(Trust 1986). Chemical muugens may be used to produce deficient muuints. for 

example protease-deficient mutants, but ibere may also be an effect on other 

extracellular activities, as in the case of the pleitsropic secretory mutants of A 

hydrophila (Howard & Buckley 1983).

Muugenesis with transposons provides a belter approach lo obtaining isogenic mutanu



for virulence studies. Par example. Tn5 mutagenesis has been used to generate cell- 

surface mutants of A. sairrutniciikt (Belland & Trust 198S) and protease-deficient 

mutants o f A. hydrophila (Leung & Stevenson 1988); in future, studies of the 7()kDa 

protease may provide more definitive information on its role in the disease process. 

However, one difficulty encountered in selecting protease-deficient mutants of A . 

hydrophila was that this bacterium, like A. salmonicida, produces more than one 

extracellular protease (Nieto & Ellis 1986, 1991; Chabot & Thune 1991). In their 

study, Leung St, Stevenson (1988) circumvented this problem by using a parent strain 

of i4. hydrophiia known to produce only a single extracellular protease. In studying the 

7()kDa protease of A. sainumicida, the similar problem of multiple extracellular protease 

production may be overcome since this enzyme is the only protease in the culture filtrate 

capable of hydrolysing casein (Section 4.2.1). Therefore, transposon-induced 7()kDa 

protease-negative mutants of A. salmonu ida may be selected on the basis of their 

inability to degrade casein. ITie inability of the selected mutants to produce the 7()kDa 

protease may be confimied by screening the culture filtrates of these mutants with the 

unispecific antibodies raised against this enzyme (see Section 6).

This type of approach may prove more successful in providing a better understanding 
of the role of the extracellular 7()kDa protease, and other extracellular components, in 

the virulence of A. salmonicida and the pathogenicity of the disease it causes. Further 

studies using the transposon-generaied mutants may involve the genetic characterisation 

of the mutations, which would provide information on the genes encoding the virulence 

factors of this economically important fish pathogen.



APPENDIX

ß 'lac tam ase  activity of Xanthom onas maltophUia s t r a in  2225

A .l Introduction

In the course of an expehmeni to induce U-luctamase activity in A. salmtmidäa strain 

MTIXM. an organism having high activity was isolated. The (i-lactamase of this 

organism was characterised; however, subsequently, the organism was found to lack 

some of the characteristics of A. salmomcida and was identified as Xanthi>monas 

maiutphilia. The studies relating to this are desc ribed in the appendix.

A. 2 Materials and methods 

A.2.1 Materials

AntibicMics including ccphaloridinc. ccphalothin. cefoxitin, cloxacillin. benzylpenicillin 

and ampicillin were all purchased from Sigma Chemical Co., Pcx>le. Niiroccfin was 

obtained from Oxoid Ltd,, Basingstoke. Oxytetracycline, potassium sulphonamide. 

florfenicol. oxolinic acid and clavulanic acid were kindly provided by Dr. Val Inglis. 

Institute of Ac)uacultuie, University of Stirling.

A .2.2  Antibiotic susceptibilities

Minimum inhibitory conc'entrations (MICs*) were determined by a doubling dilution 

method. DouMing dilutions were prepared in a microtitre plate: 50|il per well from 80 

to 0.(X).V8 per antibiotic control, with all antibiotics prepared immediately

before use. 50^1 inoculum of bacteria in the log phase was added to give 1 x 1(^ 

colony forming units per well and cultures were incubated for 2 days at 22*^.



A.2.3 Detection of B-lactamasc activity in polvacrvlamidc £Ch.

Detection erf 0*lactamase activity <>i situ was achieved by a modified method of Sanders 

et al. (1986). After electrophoresis of Q-lactamase-containing sample on either 

denaturing (SDS) or non-denaturing polyacrylamide gels, the gels (after removing SDS 

from denaturing gels as described previously in Section 2.6) were overlayed with 3% 

molten agarose containing lS()^g nitrocefin per ml. Once the agar hardened. B- 

lactamase activity appeared as a pink band in a yellow background.

A.2.4 Determination of B-lactamase activity

The standard assay for B-lactamase activity was based on the methtid of Nicas Sc 
Hancock (1983). 0.1 ml of enzyme sample was added to 0.9ml of a 50mM solution of 

the chromogenic B-laciam nitrocefin in 0.1M sodium phosphate buffer. pH7.0. The rate 

of conversion of nitrocefin to nitroccfoic acid at 30**0 was measureded by monitoring 

the change in absorbance ai 54()nm over time.

A.2.3 rharacterixaiion of B-lactamase activity

(i) Substrate specificity

The structures of the main B-lactam compounds used in this study arc given in Figure 

A. 1. The activity of B-lactamase towards five different substrates was tested to 

determine the substrate specificity of the enzyme. Activity towards nitrocefin (486nm). 

cephaloridine (2SSnm). cephalothin (26Snm). benzylpenicillin (230nm) and ampicillin 

(24()nm) was assayed spectrophotometrically at the wavelengths of maximum 

absorption. U. 1 ml of enzyme sample was added to 0.9ml of substrate and the change in 

absorbance was followed over lime ai 30‘*C. The K „ and values were obuined 

using at least six different concentrations for each substrate.





(ii) Effect of inhibitors

The inhibitor profile of the B-luctamase enzyme was detemuned using 5()mM nitrocefin 

as substrate (see above). The effect of U-lactam compounds (clavulanic acid, cefoxitin 

& cloxacilUn) were tested without pre-incubation of inhibitor and enzyme, whereas 

non-B-lactam compounds (EDTA, HgCl2 & p-aminophcnylmcrcurk acid (p-APMA)) 

were incubated for 10 min at 30^C and then the enzyme-inhibitor mixture was assayed 

fcH- activity against nitrocefm.

A.3 Results

A.3.1 Isolation of ampicillin-resistuni colonies from an A. salmunkida culture on TSA

Strains of different genera vary greatly in the amount of B-luctamose that they produce 

when growing in the absence of antibiotic. Preliminary experiments were carried out on 

the B-lactamase activity of A. salnumidda strain M1XX>4 to assess its potential for use as 

a periplasmic marker enzyme. It was found that M1'(X)4 did not exhibit any detectable 

Q-lactamase activity when grown in liquid culture with TSB. However, the background 
level of B-lactamase can he increased either by induction, or by selection of bacteria that 

have undergone a spontaneous mutation of the wild type to a stably derepressed state.

An attempt was nrade to induc'e Q-lactamase production in liquid culture by the addition 

of the penicillin derivative. 6-aminopcnicillanic acid (6-APA), to the growth medium. 

Figure A.2 shows the effect of 6-APA on MIIKM gmwth. MT(X)4 displayed rca.sonable 

growth at concentrations of 6-APA up to KKIpgml*. however no observable induction 

of B-lactama.se activity was detected even at this high concentration of inducer.

Since induction of B-lactamase activity was unsuccessful in liquid medium, an attempt 

was made to iM>late mutants with a high level of antibiotic resistance on agar medium. 

This methtxi Is relatively straightforward as long as mutants exist within a sensitive 

population. A. salmimicida MT004 (1 xlO” cells) was surface inoculated onto TSA 

with an^icillin incorporated at a concentration of 4 pgml**, well above the minimum



F igure  A .2. Effect of 6'aminopenici))tinic acid on the growth of A. satm/micida 
strain MTtXM



inhibitory concentration of the strain (ü.3^gmr* ampicillin, see 'Ubie A.2), therefore 

inhibiting the growth of sensitive bacteria. Ampicillin-resistant colonies were isolated at 

a level o f S*10colony forming units (CFU) per 1 x 10" cells. Colonies were identified 

as ß-lactamase positive by observing colour change after the addition of a drop of 

nitrocefin solution.

A.3.2 Identification of ampicillin-resistant isolate

The procedure described in Section A.3.1 for the isolation of drug-resistant organisms 

does not yield any information about the organisms beyond their ability to grow at 

elevated drug levels. To ensure that a resistant strain isolated from a sensitive 

population is a mutant rather than a contaminant, microbiological tests that are used to 

identify the bioiype of the parental strain need to be performed.

Since Aeromttnas species identification was rejected due to lack of ability to ferment 

glucose ('Hible A.l), the ampicillin-resistant colonies isolated in this study were 

identified (National Collectitxt of Industrial and Murine Bacteria) not as a mutant but as 

a contaminant. 'n>e contaminanl was considered to be Xantfutmonas malutphilia, a 

Gram-negative bacterium of the PscudonK>naduceae family. The biochemical and 

morphological characteristics of the ampicillin-resisiani isolate are surrunarised in 

Ikble A .l.

A. 3.3 Antibiotic susceptihilities of A. salmonicidii and X m nlio D h ilia  strains

The two A. salmonicida strains examined displayed similar susceptibilities (within one 

dilution) to most of the antilMotics tested, with the noteable exception of potassium 

sulphonamide, with which MT(X)4 showed significanily reduced susceptibility (lU4e 

A.2). X. maliophiUa strain 2225 demonstrated lower susceptibilities to all antibiotics 

tested. All strains tested were most susceptible to oxolinic acid.



l> ib lc  A . l .  Biochemiciil und physiologicui propenies o f  um picillin-resistant isolate 2225

Oram stain V
MutiJiiy -
Growth at 37<*C •4

4I«C
Brown diffusabic pigmcm + (37“0
Oxidase (f)
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0 ^ ' lest 0
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fi-galactosidasc ■ 4
Citraie utilization 4-
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Acid from glucose
Acid from maltose (♦)
Urease
Hydrolysis of acsculin 4
Hydrolysis of gelatin 4
Hydrolysis of casein 4
Hydrolysis of starch
Hydrolysis of Tween KO 4
Production of DNAse 4
Alkilisation of Simmons citrate 4
Alkilisation of niakNiute
Alkilisation of tartrate
Hgg yolk agar opacity
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Malate 4
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Adipate -
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Phenylacctate

V, indiuiica a variublo ruiictkin 
(4), indicaici •  weak pualiivc





A.3.4 IMacuunase activity of X  m a lio D h iU a  strain 2225

When A. salmonicida strain MT004 and X. maltophilia strain 2225 were tested for B- 

lactamase activity, only X. maltophilia strain 2225 displayed detectable B*lactamase 

activity in sonic extracts (Table A.2). Production of B-lactamase activity occurred in this 

isolate without the addition of inducers into the growth medium. No B-laciamase was 

fourtd in sonic extracts of A. salmonicida strain MTXXW even in the presence of inducer

Tb detect the number of different B-luctamasc enzymes produced by X maltophilia 

strain 2225. B-lactamasc activity was detected in situ on non-denaturing polyacrylamide 

gels by overlaying the gel with molten agar containing 15(Htg of nitrocefin per ml. Once 

the agar hardened. B-laciamusc activity was visualised as a pink band in a yellow 

background and so allowed the number of distinct B-lactamase activities to be 

determined. A periplasmic extract o f X. maltophilia strain 2225 produced a single band 

of B-lactamasc activity after approximately 10 minutes with no olhc*’ bands appearing 

even after 1 hour of staining, suggesting that cither only one B-lactamase was produced 

by this strain or that any other type o f IMactamasc produced was not capable of 

hydrolysing nitrocerin.

An attempt was made to determine the nxilecular weight of the X. maltophilia B- 

lactamase by using the same in situ technique as described previously, except 

overlaying an SDS-polyacrylamide gel after removing the SDS by incubating with 

2.5% Triton X -100. However, no activity was detected on the SDS-polyacrylomide gel 

by this procedure, most probably due to  irreversible denaturation of the B-lactamase by 

SDS. In an effon to circumvent this problem, a preparative non-denaturing 

polyacrylamide gel was run and the bund of activity excised and homogenised in x2 

SDS sample buffer and clectrophorescd again on an SDS mini gel system. Coomassie 

blue staining of the gel for protein revealed a series of bands in a molecular weight 

range of 25-lOOkDa. with the principal band having a molecular weight of 

approximately 55kDa (not shown).



A.3.5 Enzvmologicttl propernes of X mitltonhilia B lactamaite

A B-lactamase can be fully characterised and classified only by combining information 

derived from a number of parameters, including kinetic analyses, specificity and 

inhibition of enzyme activity.

(1) Substrate specificity

The activity of the S*lactamase with five different substrates and the values for the 

substrates were determined in order to characterise the enzyme (Tkble A.3). The K„ 

and maximal velocity values were obtained using at least six different

concentrations for each substrate. The enzyme was found to be relatively non-specific, 

degrading both penicillins and cephalosporins, but it was slightly more active against 

benzylpenicillin and ampicillin than with cephaloridine o r cephalothin.

(2) Inhibition studies

Inhibitory characteristics can be just as important as substrate activity profiles in 

distinguishing between B-lactamases. Inhibitors of B-lactomase activity can be divided 

into two types; (i) inhibitors with B-lactam structure and (ii) non-B-lactam inhibitory 

compounds.

(i) Q-lactam inhibitors

I30 values (50% inhibition) were determined for compounds that were resistant to 

hydrolysis by the enzyme (Tkble A.4). The enzyme was inhibited strongly by cefoxitin, 

but the most effective inhibitory activity was clavulanic acid with an I50 value of 

0.16^M. Cloxacillin was not inhibitory at lOpM.

(ii) non-B-lactam inhibitors

Tkble A.5 demonstrates the effects of various non-B-lactam inhibitors on the 

B-lactamase activity. The enzyme activity against nitrocefin was completely inhibited by 

treatment with H gC j «nd partially by p-aminophenylmcrcuric aceute. EDTA showed 

no inhibitory effect.







Table A.5. Effccis of various inhibitors on X. muiiophilia 2225 B-luctumasc activity*

Inhibitor

Em'A
pA P fA A ^
HgCli

Concn (mM)

l.U 
0.5 
0.5

lnhibition(%)

0 
88 

1(X)

• The enzyme extract was prcincubulctl in 0 .1M phoxphuie buffer (pH 

7.0) for 10 min Ml 30®C with each inhibitor at the imlicuied 
ccxtccnualion. and the remaining activity wu* assayed with 

M)pM niuocefin us the subsuute 

^ />-APMA, p-aminuphenytmcrcuric acetate.



A.4 Discussion

The physicochemical and enzymological pn>penies of ^lactamase from X. malutphilia 

strain 2225 were examined. The X. maltophiUa enzyme was shown to be a broad- 
spcctnim B-lactamase. hydrolysing both penicillins and cephalosporins but with a slight 

preference for the former.

The acuviiy of X. maitophilia Q-lactama.se was strongly inhibited by clavulanic acid, 

cefoxitin and p-aminophenylmcauric ac'etatc. but not by EDTA. HgCl2 and p* 

aminophenylmcrcuric acetate inhibitory activity indicates the presence of a catalylically 

important cysteine residue.

Previous répons on the Q-lactamase activity of X. maitophilia suggest that most strains 

produce two distinct Q-laciam hydrolysing enzymes (Saino etal. 1982. 1984). Another 

example of a Gram-negative organism known to express two distinct Q-lacumase 

enzymes is Yersinia entertKolitica (Comclis & Abraham 1975). Both X. maitophilia 

and Y . entenKolitica were shown to produce one enzyme with strong cephalosporinase 

activity (L-2 and B. respectively) and a second enzyme (L -1 and A. respectively) that 

hydrolyses a variety of penicillins.

However, strain 2225. the X. maitophilia isolate examined in this study produced only 

a single Q-laciamasc enzyme as denwnsirutcd by activity staining on polyacrylamide 

gels. It is possible that a second enzyme is indeed present but that it is not very active 

against nitroccfin, the substrate used in the gel overlay technique. This is unlikely, 
however, since even if niiroccfin was only hydrolysed slowly its high molar absorptitm 

coefficient would still allow for the detection of very low levels of activity. The fact that 

both Q-lactamases of X. maitophilia have previously been shown to hydrolyse 

nitrocefin (Saino et at. 1984; laconis & Sanders 1990) is further evidence for the 

presence of only one enzyme in this strain.

Attempts to determine the molecular weight of the enzyme by clectrophoresing the



band containing activity were inconclusive because of the number of bands obtained on 

SDS-poIyacrylamide gel electrophoresis. The most prominent Coomassie blue stained 

band was of approximate M, S5kDa. which is greater than other I5-lactamases reported 

so far except for the L-1 (118kDa) and L-2 (56kDa) enzymes of X. maltophilia (Saino 

eta l. 1984).

The substrate profile o f the Q-luctamase enzyme produced by X. maitophilia strain 2225 

does not correspond exactly to either of the previously identified lactamases (L-1 and 

L*2) of this organism. It is most similar to the L-2 enzyme in that it displays a broad 

substrate range (Saino era/. 1984). hydrolysing both penicillins and cephalosporins, 

whereas the L*1 enzyme is unable to hydrolyse cephalosporins other than nitrocefin 

(laconis & Sanders 1990).

The effects of inhibitory lactam compounds and various other low molecular weight 

inhibitors are also nx>re consistent with the properties of the L-2 Q-lactamase. in that the 

enzyme from strain 2225 was inhibited by clavulanic acid, cefoxitin andp- 

amirtophenylmervuric acetate, but not by EDTA. In this respect, strain 2225 enzyme 

acta like a typical cephalosporinase (Richmond & Sykes 1973; Sykes & Matthews 

1976; Bush 1989c).

With respect to broad substrate specificity and sensitivity to inhibitors, the enzyme from 

X. maitophiOa strain 2225 has general similarities to the group 2 B-lactamases described 

by Bush (1989b. c). Further kinetic data, forcarbenicillin and cloxacillin in particular, 

would allow for a more positive and accurate characterisation and classification of the 

B-lactamase from X. maitophilia strain 2225.
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