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Bwkho&na cepcciu strain Pc7 1 Sj produces two proteases, PSCP (Psa&monas 

cepmiia protease) and a 40 kDa protease. Both PSCP and the 40 Wla protease had a pH 

optimum of 6 for activity, a tempenature optimum of 50°C and a pI of 5.2. The 40 kDa 

protease was categorized as a zinc metailoprotease due to inhtiitioa by metal cheiators and 

restoration of acfivity by zinc. The 40 kDa protease could degrade coiiagen, fibronectin, 

immmo@obulins a d  trderrin. Primers were designeci to intemal peptides fiom the 

digesteci 40 kDa protease and were used to screen B. cepacia Pc715j genomic digests by 

Southem hybndizaton No specific binding was obsewed. The primers did not ampiify 

products by PCR which correspondeci to the 40 kDa protease amino acid sequence fkom the 

Pc715j genome. A cosmid (pCP19) gene bank of Pc715j was wnstmcted and screened in 

Escherichia c d  stFain HB IO 1, Psaihmonas uemginom strain PA1 03- 1 1 and B. cepciu 

strain 22-1 2. The inserts were unstable in PA1 03 - 1 1 and did not yield a protease-positive 

cosmid in 22-12 or HB101. 
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1.0 INTRODUCTION 

1.1 Wkk0lii;eria cep& - Gtnerai Introduction and Physiology 

Bwkho&riu (fomdy Pseuhrnotrc~s) cepdu is a gram-negative bacillus that 

was initially recognized in the 1950's as a plant pathogen responsible for soft rot in 

onions (Burkholder, 1950). Since then it has gaineci prominence in medical 

microbiology as an opportunistic pathogen in cystic &rosis patients, a cause of 

documentai cases of septicemia, an organisrn possessing muitiresistance to antibiotics 

@des et al. 1984, Rosenstein and HaU 1980), and a nutritionally versatile organism 

(Goldmann and E3inger 1986). As additional research sheds light on the pathology of 

B. c e w a ,  its importance in causing infèction and the search for therapeutic 

mechanisms becornes paramount. 

B. c e w u  is a non spore-forming aerobic b d u s  which is motüe, catalase and 

oxidase positive and capable of producing some non-fluorescent pigments; it grows 

optunally at 3O3S0C. N a m  habitats of this organism include soil, vegetation and 

water (Holmes, 1986). B. cepcia is a highly metabolically versatile organism that can 

proliferate in distilleci water, in disinfèctants and antiseptics, and can use penicillin G, 

herbicides and industrial waste as carbon sources (Goldmann and Klinger 1986). In 

contrast, approhtely 45% of B. cepacia isolates from cystic fibrosis (CF) and 

bronchiectasis patients exhibit auxotrophy for amino acids such as cysteine, 

methionine, histidine, phenylalanine and tyrosine in cornparison to prototrophic 

environmental and non-CF clinid isolates (Barth et al. 1995). 



B. cepacia's metabolic venatil&y and d t i p l e  antiibiotic resîstance may stem 

p d y  fmom its cornplex genetic rnakeup. The B. c e w u  6.5-7 Mb genome consSts of 

three replicorn and a cryptic plasmid (Cheng et al. 1994). B. cepacia strains also 

contain a large nurnber of insertion SeQuences which can be involved in genomic 

rearrangemeni, insemonal gene inactivaton and recdment of foreign genes (Tyler et 

al. 1996). In Tyler's study, a unique combination insertion sequence element (IS402- 

IS536) was associateci dusRrely with an epidemic clone of B. cepacia CF isolates 

exhiïiting enhanced tra~~~missbility and virulence. This apparent variation in the 

pathogenic potential of B. cepacia cIllucai CF isolates may indicate a link between the 

genomic complexity of B. cepacia and its Wuleme, adapniility, versafility and recent 

cLinical appearance. 

Notable is the ment investigation in agridtural microbiology of B. c e m a  

as a bioremediation agent in degrading herbicides, in industrial microbiology for 

degrading industrial waste, and for its ability to produce antifùngal and antibacterial 

agents (Shields and Reagùi 1992, Fndiander et al. 1993). The issue of environmental 

release of B. cepcia for @cultural and industrial purposes versus the possible social 

trausmission of this organism demonstrates the m e n t  concern over the pathogenic 

potentid of B. cepciu partidarly in pulmonary infecfions in CF patients. 

1 3  B. cep& - Opportunistic pathogen 

Unt2 the early 1980 '~~ B. cepcia was primarily recognized as a plant pathogen 

(Bmkholder, 1950). Then Ides et al. (1984) documenteci the increasing prevalence of 



B. qpcza infecfion in CF patients and an increased morbidity and mortaiity over non- 

colomzed CF patients. Cystic fibrosis results fiom a mutation of the cystic fibrosis 

transmembrane conductance reguhor (CFTR) gene responsible for CAMP-dependent 

chloride ion transport resulting physi010gicafiy in an imbahce of fluid and ion 

movement across epiîhelia, thickened  LICOUS and blocked exocrine ducts in the lung, 

panmeas and intestine (DaGdson et al. 1995). Three primary clinical courses of 

infecfion were identified in Isles' study: a chronic asymptomatic colonization; a 

progressive deterioration similar to moa major CF pathogens such as P. aenigzhosa 

ckacterized by fever, weight loss, increasing humoral response, episodes of acute 

pulmonary exacerbation and UicreaSicLg lung disease; and the unique 'cepacia 

syndrome' observed in -20% of colonized patients @les et al. 1984). This syndrome 

was characterized by a necrotking pneumonia, fever, bbaaeremia and leukocytosis 

resulting in a rapid and ofken frital clinical deterioration; often in previously mildly 

affecteci patients. One of the fint documenteci cases ofB. cepacia infecfion in 1980 

d e s c n i  the additional complication of septicemia, ernphasinng the differenw in the 

'cepacia syndrome' and bacteremia in mmparison to a more localized infection by P. 

aettlpnosa (Rosenstein and Hall 1980). In a post-mortern study of B. cepcia- 

iafected CF patients, lung paihoiogy of the patient population experienciag the cepacia 

syndrome exhibited a more extensive necrotking pneumonia, abscess formation and 

lymphocytic ~ t r a î i o n  with a subset exhiiiting septicemia (Tomashefski et al. 1988). 

These features were not observed in the patient group experiencing the more typical 

slower deterioration obsewed with most major CF pathogens. A study by the Center 



for Disuise Control in conjunction with the Rainbow Babies and CMdren's Hospital in 

Clevelend, Ohio noted that B. c e p i u  i n f i o n  was associatecl wiîh increasuig age, 

co10nized s%hgs, prior hospitabation and the severity of the underlying h g  disease; 

four cases with an accompaaying bacîeremia proved to be f;ilal (Tablan et al. 1987). 

The question of whether B. wpacù colonization in CF patients is simply a 

marker of severe lung disease or a contrïbuting cause ofthe lung disease has begun to 

be addressed using animai models in a CF background. The developrnent of a 

transgenic CF mouse containhg a 'leaky' cffr insertional mutant has proven to be a 

better cornparison to human CF disease than the n d  cflr mutant mice due to the Iow- 

level expression of dd-type cffr in human CF patients, dowing direct examination of 

the effkcts of different CF pathogens in this animal mode1 (Davidson et al. 1995). 

Controfled exposure of these CF mice with asymptomatic uninfected lmgs to B. 

cepacia resulteci in severe bronchopneumonia and mucous retention, siniilar to the 

rapidly fihhatïng pneunonia experienced by human CF patients (Davidson et al. 

1995). 

Thus the role of B. cepciu as an opportunistic pathogen and as more than a 

marker of infection in CF patients seems certain Of clinid concern then are the 

aforementioned unique 'cepack syndrome', and aiso the mdtiresistance of B. cepaciu 

to antibiotics and the possiile person-to-person transmission of certain epidemic 

clones by social contact. In vitro susceptibility of clinid CF B. c e w u  isolates to 

antibiotics is ofken contradicted by resistaace during treatment and litîie to no 

reduction in bacterial numbers in sputum samples. Roseastein's 1980 stuciy d e s m i  



the in vivo resistance ofB. cepacia to most aminogiycosides despite demonstrated in 

vitro susceptibw hethoprim-sulfkmethoxazole (TMP-SMZ) was the successfiil 

course of treatment for the patient Typical documented resistance includes 

polymyxins and aminogiycosides, ticarcillin and nrSt and second generation 

celphalosporins. Many strains are now resistant to TMP-Sm; ni vin0 suscepaibility to 

third generation cephalosporins (such as cef'tazidirne), imipenem, aztreonam and 

ciprofloxacin have beai explored as new aiternatives for treafment (Goldmw et al. 

1986). CeftaPdirne, however, dthough improving chical conditions in some patients 

and greatly reducing concurrent P. aetyginosz infkctions, resuIted in iittie decrease in 

the density of B. cepciu in sputum (Goldmann and Klinger 1986). Thus, clinical 

treatment of B. cepw'a infection continues to pose a challenge today. 

The possibility of transmission between CF patients by social contact has 

continueci to be both a cause of conceni and of controversy in attempting to iden@ 

sources of social, nosocornial and sibling acquisition to cl* the epidemiology of this 

opportunist. Lipuma et al. in 1990 documented the person-to-person transmission and 

subsequent spread of a clinical stmin through one CF centre. A bi@y transmissible 

epidemic saalli was identifid in 1993 by Govan et al. as being spread through social 

contact within and between regional CF centres. However, a study by Steinbach et al. 

in 1994 of CF lung transplant patients daected non-related low transmissible strains, 

with infecteci CF patients harboring the same straia before and after lung transplants. 

This and other studies have in fict led to the rejection of B. cepcia-infected CF 

patients as transplant candidates (Sun et al. 1995), and has also question& the theory 



ofhighiy mnsmissible epidemic strains. A study of fifieen isolates nom a Toronto CF 

centre indicated clonal relatedness both withïn themselves and dso to the reIated 

epidemic isolates descriied in Govan's 1993 study, indicating that these isolates arose 

fiom a single clonally relateà lineage, and intercontinental spread ocamed between 

Edinburgh and Toronto. Common to aii these isolates was the expression of the cable 

(cbl) adhesion püi; the identicai sequence for the cblA gene between these isolates, and 

the significantiy higher adherence of these isolates to mucin and to cflr mutant h a y  

epithelial cds (Govan et ol. 1993, Sun et ol. 1995). The unrelated B. cepacia CF 

isolates were CU- and l a s  adherent, with the one unrelated chlA' strajn exhiiiting 

marked sequence polymorphism fiom the epidemic cbU' sequence (Sun et al. 1993). 

This clonaf group termed ET12 may have first been doarmented in the Ides study 

(1984), and demonstrated the identification of a dominant niotype corresponding to 

ET12 among sixteen British and Irish CF centres (Pitt et al., 1996). It should be 

emphasized that the epidemic nature of this clone reférs to its enhaaced 

transmissibility, and not to an enhanced vintlence by this strain over infixtions with 

other B. cep& strains. The resistance profiies of isolates within the ET12 group are 

markedly variable, possibly due to inseriion sequence migration within the strain. 

1.3 B u r k h o ~ u  cepack - Viniknce factors 

An increased interest in the Wulence potentid of B. cepacia has led to growth 

in research on this organism's potential virulence fàctors. Included among these are 

virulence fàctors involved in colonization, adherence and invasion, iron-chelating 



siderophores, extraceiiuiar vinilence &ors, celi nirface antigens, m o r s  involved in 

immune system e-on and fistors contributhg to the multiresistance of B. cepacia to 

antriiotics. 

Adherence and colonkation of respiratory mucosal airfaces is essential in the 

establishment of infection for B. cepacia. A 1990 study by Saiman et al. demonstrated 

polar pili and flagella in electron micrographs of B. c e p u  cells. Adherence to 

respiratory cells by B. c e ~ ~ c i a  was enhanced by the presence of P. aeluginosa 

exoproducts; the reverse was not true. This is interesting in iight of the -80% rate of 

CO- or pre-colonization of B. cepcia infècted CF patients with P. oemginom. In this 

study, outer membrane proteins were hypothesized as mediating adherence (Saiman et 

al. 1990). B. cepacia hbriae (pili) were subsequently found to be similar to P. 

aemgfnosa fimbriae, behg composed of a 16 kDa nmbrial subunit; and fimbriated 

strains exhïbiting 20 to 40 times more adherence to tissue cuiture cells over non- 

fimbriated B. cepacia strains (Kuehn et al. 1992). CF cluiical isolates predorninantiy 

fkom patients with more advanced h g  disease preferentaüy adhered to mucin; the 

much receptors were cabhydrate in nature, and exogenous mucin muid inhicbit 

binding of B. c e p i u  piliated isolates to buccal epithelial cds (Sajan et al. 1992). 

Examination of piliateci isolates demonstrateci mu& bound sparsely dong the length 

of the pifi; a 22 kDa mucin binding component on the pili Suface was subsequently 

identifid (Sajan and Forstner, 1992). Piliated isolates a h  bound to a 55 kDa 

receptor on buccal epitheIial cells (BEC'S) via this 22 kDa protein; nonpüiated isolates 



bound to the BEC's via a separate &esion system which was glycolipid in nature and 

did not involve mu& (Sajan and Forstner, 1993). 

Two cornpanion p a p a  descnie the distinct ciasses of pili expressed by 

various B. ce-u isolates. A group of clonally related CF isolates originating nom 

an epidemic in a Toronto CF Cester were examineci, as wen as other B. cepacia CF 

and non-CF cIinical and environmental isolates (See d o n  1.2 for discussion of this 

epidemic clone called ET 12) (Sajan et ol. 1995). The clonally related isolates 

expressed a dense, fine, mesh-like pili (Msh), in addition to a thiclg large cable-type 

pili (Cbl) (Goldstein et al. 1995). The gene for a 17 kDa major subunit protein 

composing the cbl pili was cloned. This gene was ody detected in the c l o d y  related 

isolates, and the 22 kDa adhesin was found dong the length of the Cbl pili. A group 

ofunrelated CF isolates expressed the Wh pili and a filamentous-type (Fii) pili. Non- 

CF cfinical isolates expressed spinetype (Spn) pi& and environmentai isolates 

expressed the Msh piiÏ and a fifth morphologicai group of spike-type (Spk) pili. 

Riiboîyping analysis demonstrated that aiI isolates studied were distinct from one 

another with the exception of the clonaliy related group (Gddstein et al. 1995). The 

higher afhity bhding of nonpiliatecl isolates to BEC's was to a galactose containhg 

giycolipids, located in a major receptor on two different human respiratory epithelial 

c e U  lines (Sylvester et al. 1996). 

A recent paper documented the ab- of B. cepacia to invade a human 

epithetiai carcinoma ceii line (A549 celis) @unis et al. 1996a). EIectron rnicroscopy 

demonstrated one or more organisms within vacuoles; and thickeniag of the epithelial 



ce11 membrane at the initial point of contact foîiowed by apparent endocytosis by 

microviUi. KUed organbms did not enter celis and intracellular replication was 

demonstrated. Cytochalasin D was found to inhiiit invasion; thus implicating possible 

utilization of host ceil microfiiaments for invasion (Burns et ai. 1996a). Invasion could 

explaîn the bacterernia and persistehce associated with a B. cepacia infection due to 

evasion of host definse; protection fkom antiiiotics and systernic spread (Burns et al. 

1 996a). 

To establish and maintain i a f i o n ,  nutritional recpirements must be met. The 

iron-limited environment of the respiratory tract is a host defience due to the presence 

of iron-sequestering moledes, thus infecting organisms must overcome this defence 

using their own virulence fkctors. Iron-chelating siderophores are essential in this 

hction Sokol(1986) showed that roughly haif of the CF isolates studied produced 

the siderophore pyocheliq which correlated with severity and fàtality of the infection, 

with the patients infected with non-pyochelin produchg isolates exhibitkg mainly a 

mild or moderate infecfion Pyocheiin was also found to stimulate the g r 0 6  of B. 

cepaciu in vitro in the presence of transferrin (Sokol, 1986). A second siderophore, 

cepab- was descn'bed by Meyer et ol. (1989). Cepabactin added exogenously 

could stimulate B. cepacù growth and promote iron-uptake in an iron-poor medium 

(Meyer et ai. 1989). Salicyclic acid (formerly azurecheiin) was identifieci by Sokol et 

2 (992)  This siderophore increased B. c e w a  growth in an iron-poor medium and 

couid possibly wmpete with transferrin for non (Sokol et al. 1992). The ornibactins 

were recentIy describeci by Meyer et al. (1995) as siderophores being produced in 



greater amoutrfs than pyocheh and cepabactin, and were shown to facilitate iron 

uptake. 

Potential extracciiular virulence £&ors produced by B. cepacia include 

protease (see section 1.6), hemolysin and lipase. A stuciy of 48 B. c e p i a  CF strains 

showed that 42 produced protease, 33 produced lipase and one produced hemolysiq 

no exffaceliuiar cytotoxic products were detected (Ma& et al. 1984). A similar 

survey of 120 clinid isolates of B. cepacia showed ttiat most produced protease, 

lecithinase and lipase while ody 5 produced hemolysin (Nakazawa et al. 1987). A 

h d y s i n  characterized by Nakazawa et PC. (1987) ws heat-labile with a pH optimum 

of 5.5, and its activity could be inhicbited by sterols. Vasil et al. (1988) cloned at least 

two genes nom B. c e m u  in E. coli required for a hemolytic and a phospholipase C 

activity 

Lipase activity was observed beginnhg in log phase and continuhg weIl into 

stationary phase with the pH optimum being in the alkaluie range ( ' o n  et al. 1988). 

Purifieci lipase was not cytotoxic and did not affect intravenously injecteci mice (Lonon 

et al. 1988). This lipase was found to decrease phagocytosis by alveolar macrophages 

visualized in electron micrographs by a rounding of phagocytes in contrast to the usuai 

spreading shape with pseudopodia and other projections (Straus et UL 1992). The 

structural gene @A had a typicai N-terminai signai sequeme. and a doWLlSfream gene 

limA was found necessary for &cient lipase expression (Jorgensen et al. 199 1). 

Renaturation of the urea-denatured lipase was only possible in the presence of the 

ZimA gene product (Hobson et al. 1993). L U  did not effect the activity of 



intracefluiar prelipase and did aot prefierentialty associate with prelipase over mature 

lipase; thus suggesting a potential role as a moleailar chaperone due to the absence of 

a preference for the signal peptide Wobson et al. 1995). L i  seems to be a 

trammembrane protein located on the h e r  membrane and may thus be involveci in the 

conformational activation and transiocation of lipase into the peripIasm, foiiowed by 

export via the general semetory pathway (Hobson et al. 1995). 

Chatacteristic of B. c e m a  infêction in CF patients is an intense, potentiaüy 

damaging host immune response. Ceil surface antigens such as iipopolysaccharide 

(LPS) present on the outer membrane ofgram negative bacteria such as B. cep& 

may contribute to such an endotoxic &ect. Colonized CF patients produced a higher 

titre humoral IgG response to core (rough) LPS fiom B. cepacia than did non- 

wlonized CF patients or hdthy blood donors. These antiioâies were not cross- 

reactive with core LPS fiom P. f tu gin osa though serum to whole organisms is cross- 

reactive (Nelson et al. 1993). B. cepaciu LPS fkom CF strains was four to fwe tirnes 

more endotoxic and induceci nine times as much TNFa (tumor necrosis factor alpha) 

fiom human mononuclear leukocyîes when compared to P. M T U ~ ~ ~ O S L I  LPS f'rom CF 

strains (Shaw et al. 1995). TNF-a is instrumental in responding to LPS and in 

initiating and ampLifying the host immune response thus possibly accounting for the 

destructive pulmonary Uiflammatory response in B. cepcia infecteci CF patients. B. 

cepcciu infecfion is chslracterized by a huge influx of neutrophits. 1nterleuki.n-8 (IL-8) 

is produced by these activated neutrophiIs to signai more neutmphils, release 

neutrophil elastase and aid adhesion. B. cepciu cells fiom a CF patient stimuiated 



high leveis of L 8  production fkom lung epitheliai celis. Purifieci LPS fiom B. cepocia 

elicited high IL8  production fiom peripheral blood monocytes though not fiom lung 

epithelial ceiis, periiaps signifiant in associami cases of bacteremia (Palfreyman et al. 

1996). 

This massive neutrophil influx fais to eradicate the infecting B. cepucia isolate; 

examination of patients with chronic granuiamatous disease (CGD) is important in 

elucidating the evasion of B. cepaciu of this host defince. CGD-derived neutrophüs 

(PMNs or polymorphonuclear leukocytes) camiot generate oxygen radiais to Idl 

catalasepositive bacîeria such as B. cepacia or P. aerqinosa. However, oniy B. 

cepacia is a signincant pathogen in patients with CGD (Speert et al. 1994). These 

CGD-derived neutrophils couid kiil P. aemgihom but not B. c e p i a .  Chidant 

scavengers fiom no@ neutrophils also d i i t e d  this effect. Thus, the ofken pre- 

existent P. uemginosa infection in the lung and the scavenging of oxygen radicals by 

alginate produced by muwid P. ueruginosa may predispose the patient to infection 

with B. cepaci~, which is subsequently resistant to nonsxidative krlling by neutrophils 

(Speert et al. 1994). B. cepacia CF isolates were also al1 found to produce catalase, 

statistidy signifïcant fiom the 86% of control isolates (non-CF or environmental) 

producing d a s e  (Gessner et al. 1990). 

The muitiresistance of B. cepaciu to antibiotics is due to thee major 

mechanisms: decreased membrane pemdi ty ,  f3-lactamase production and active 

efflux. B. cepciu is highly resistant to most f3-lactams and aminoglycosides, and CF 

isolates are more resistant to ceAazidime than non-CF isolates. Seiecting for a 



cefbÏdime-cesistant mutarit ofB. cepaclu r d t e d  in a 40-fold increase in expression 

of the p-lactamase (AronofFet al. 1988). The cloneci 8-lactamase gene dong with a 

nanscfiptional Wator was i d d e d  (Proaica et al. 1993). Membrane permeability 

was equd to the dtiresistant P. aer~gz'nosa~ Isolateci porim were also comparable in 

their s d  site (Parr et al. 1987). The 81 kDa pain cornplex (OpcPO) was composed 

of a 36 kDa (OpcP1) and a 27 kDa protein (OpcP2). A ciprofloxacin-resistant mutant 

expresseâ greatly decreased leveis of the 27 kDa protein as compareci to the parent, 

and this protein was completely absent in two resistant CF isolates correlating with 

decreased membraue permeability (AronoEet al. 1988, Tsujimoto et al. 1997). 

Expression of b-lactamases in these isolates was comparable (Aronoff et al. 1988). B. 

cepacia infections in CF patients are often treated with chloramphenicol, trimethoprirn 

and ciproflowcin (Burns et al. 1998). A DNA fragment isolatecl nom a CF strain 

resistant to these three agents encoded a gene homologous to oprM fiom P. 

aemginosa, an outer membrane protein component encoded on a multiple antibiotic 

efflux operon. An upstrearn sequence fiom the oppM homolog exhibited similm to 

the m d  gene ofP. aertl@asa, dso part of this operon (Burns et al. 1996b). Thus 

B. cepcia may employ an mtiibiotic e fhx pump as one of its mechanisms of 

antibiotic resistance. 

1.4 Bacterial Metdioproteases 

The four fbdies of bacterial extraceliuiar proteases are grouped according to 

the cataiytic residue at the active site: the serine proteases, the aspartic proteases, the 



cysteine proteases and the metdoproteases. In the CF lung, bacterial exiracellular 

proteases may act on biologically important substraîes such as basement membrane 

proteins and immune dector m o l d e s ,  be involved in effecting extensive host 

idkmmîory and immune response and aid in the establishment of infectioa Bacterial 

metailoproteases have beem shidied in other non-CF pathogens for their vinilence 

potentiai and have thus been targeted as possible therapeutic targets. 

Bacterial metalloproteases are grouped within the superfdy of zinc 

metalloproteases; the bacterial zinc metauoendoproteinases contain one catalytic zinc 

atom and several structurai calcium atoms (Vaiîee et al. 1990). Of the six enyme 

classes estabbhed by the Intemationai Union of Biochemi~ay, zinc is essential in the 

hction of at least one enzyme in four of the groups and hydroiases contain the largest 

group of zinc entymes (VaUee et al. 1990). The zinc metaüoendoproteinases 

(hereafkr referred to as metalloprotease) exkt within this hydrolase class. 

Membership in this group requires the WEXXH motifcontaining the first two zinc- 

binding ligands, the two histidine residues (Jiang et al. 1992). The tetrahedral Mc- 

binding site contains a water molea.de as the fourth ligand, the third ligand subdivides 

the metalloproteases into two large families, the therrnolysins, and the metzincinS. The 

metzincins are comprised of the asracias, the addysins,  the matrkb and the 

serralysins. The bacterial metalloproteases belong either to the themolysin or the 

serralysin class or have not yet been classified. 

The themolysin class contains the additionai NEXSD conseasus sequence; 

where the glutamate residue is the third zinc ligand around -20 residues fiom the 



HEXXH mota The serraiysin c h  has an extendeci zinc-binding consensus sequence; 

HEXBHXBGXEa (Z=P in the Serralysins) containing aii three zinc ligands where the 

third zinc ligand is proposed to be the third histidine residue; with a conserveci 

methionine tum SeQuence common to the metzincins cornprishg an SBMS-Y sequence 

in the serralysins (Bode et al. 1993). Thus the thermolysins and the serraiysins are 

distinguished for the purposes of classification by the position and identity of the thïrd 

Pnc ligand; and the metzincins are M e r  subdivided according to the identity of the 

'Z' residue in the consensus sequence, and by the sequence of the conserveci 

methionine tum (Bode et (11. 1993). Functional and structural diifierences will be 

discussed below. 

1.4.1 Thermolysins 

The bacterial metailoproteases in the themolysin famiy are zinc-contahhg, 

calcium-stabilized neutral metaUoendopeptidases. The signature member of this group 

is thermdysin fiom Baci2Iu.s fhennoproteo~cus. The thermolysins possess a typicai 

N-terminal sigoal sequence for secretion by the sec-dependent generai SecTetory 

pathway; and a propeptide that is removeci fkom the mature protease (IIase and 

FinkeIstein, 1993). Significant members of this M y  include PSCP âom 

BwKhoIderfa cepcia (see section 1.6), elastase f?om Pseudomoms aemgrhosa (see 

section 1.5.1 ), the metalloprotease fiom Logonelh pnetnnophilà, the HAIprotease 

f?om Vbrio cholerue and a mucinase âom Helicobac~erpyIori~ 

The LegioneIkzpnemophi& metalloprotease exhibits hemolytic and cytotoxic 

activity. It is produced in vivo and can elicit pulnionacy necrosis. It may interfiere with 



the host cellular immune response by claving T ce11 CD4 receptors and by inactivahg 

IG2 and TNFa which are reqyired for T ceii p r o M i o n  (Mintz et al. 1993, James 

et al. 1997). This 38 kDa protease can also degrade collagen, geiatin and casein. Pure 

protease causes lesions similar to that caused by the whole organism in guïuea pig 

hg, and protease negaiive mutants srhibitecl menuated virulence such that 

macrophage activation was aiiowed to limit the extent of an acute, necrotking 

mfkummory response (Moffit et al. 1994b). The virulence ofthis organism is 

signif~cantiy attenuated under iron-lllnited conditions dong with a signincant decrease 

in metalloprotease activity. Examination of organisms under these conditions could 

not detect any siderophore production. Addition of exogenous human holotransfeRin 

to a steady-state, iron-limited chemostat culture stimulated growth by a doubhg of 

cuiture density in 30 hom. The metalloprotease was shown to be digesting the 

transferrin and thus possibly providing an iron source for L pnamtophikz under iron- 

iimited conditions (James et al. 1 997). 

The Vibro cholerae hemagglutinin/protease (HWprotease) can cleave mucin, 

fibronectin, lactoferrin, elastin, casein, and can nick and thus activate the A subunit of 

the cholera enterotoxin and CT-related enterotoxins (Hase and Finke1stei.q 1990). 

Wprotease can also compete with whole V .  cholerae orgmïsms for adherence to 

intestinal ceUs ('Hase and Finkelstein, 1990). The cloneci gene for Wprotease 

contaïned a putative N-terminal signal sequence, was homologous to P. aemginosa 

elastase, and was synthesized as a large preairsor before processing to the mature 

form. A protease negative mutant did not exhibit attenuated M e n c e  in an infant 



rabbit model, however, the mutant main couid not detach fiom dtured human 

intestmal epithelial c d s  &er initial stdhesion (Fiieistein et al. 1992). PuriGd 

HNprotease could compete with the whole organisni for attachment to human 

intestinal epithelial ce&; thus the protease is a detachase which aüows organisrn to 

fiee themsehfes fiom the intestinal epithelium (FiinkeIstein et al. 1992). Both the L. 

pneumophih metalloprotease and V: cholerue Wprotease containecl the three zinc- 

binding ligands the N-terminai signal sequence and the propeptide indicating 

membership in this f d y .  

Helicobactet pylori is a câusative agent of gastritis, peptic dcer and gastnc 

carcinoma. H. pylon' is able to digest the proteaive gasmc mucin Iayer in vitro, aiso 

demo~l~trated by examination of biopsy specimens. A secreted zinc metaiioprotease 

gene cloned fkom this organïsm exhiiited hi& similady to the K cholerae 

Wprotease gene and may belong to the thermolysin f b d y  of bacterial 

metalloproteases (Smith et al. 1 994). 

1.4.2 Serraïysiiis 

The Sefialysin M y  of bacterial metalloproteases is characterized by a more 

allraline pH optimum, the absence o f  a typicai N-tennulaI signal sequence and a 

repeated consensus sequence at the C-terminus. This conseasus sequence is 

recognized by unique secretory proteins belon& to the ABC transporter f d y  

(Hase and Fielstein, 1993). The ABC protein transiouitors are comprised of an 

outer membrane protein and two inner membrane proteins, one of wbich contains a 

consensus sequence for binding ATP (Bniimann et al. 1993). SignifÏcant members of 



this family include alkaline protease fiom P. ueniginom (see sedon 1 .S. 1). the 

metalioproteases from &nafiü mcecenr and Envina chysmfhemi, and 

metalloproteases tiom Proteas mrrabilis and ~wkhoIden'~pseudO?na~ki (Hase and 

Fmkelstein, 1993). 

EMrRRa chrysanfheemi, a plant pathogen, produces four highly homologous 

metaüoproteases (Prt A-D). It also has a protease *bitor gene and three SecTetory 

genes encoding the ABC transporter (sinet and Wandenman, 1995). The htSM 

metalloprotease of Sematz'a murcecens, an organism under investigation for 

biotechnologicai processes, is highîy homologous to the E'. chysantheemi 

metalloproteases, and encodes its own ABC transporter at a site distant to theprtSM 

structural gene (Letoffe et al. 1993). 

The ZapA metailoprotease of Proteus mhbiIis contains the extendeci M c -  

binding site consensus sequence, the conserveci methionine tum and the consensus C- 

terminal sequences chatacteristic of serralysinS. P. mirahilis is involved in 

complicated urinary tract ioféctions, and ZapA as a Wulence factor can cleave 

imrnunogiobuluis in vitro, as weii as cleaving casein (Wassif et al. 1995). 

Bwkho&ria pseuhmcrllei is the causative agent of melioidosis, a disease 

whose annS&ons include pneumonia and s e p t i d a .  The metalloprotease it 

produces is probably a serraîysin due to its more alkahe pH optimum, site and 

substrate variabiiity in this class, and the high EDTA concentration (chelates metals 

such as zinc and calcium required for metailoprotease fiuiction) required for inhibition 

in contrast to the thermolysins. This zinc metalloprotease can cleave complement 



component C3, ali of the major immtmogiobulins, traderria, hemoglobin, wiiagen 

type Wïï and elasth  exto ton et al. 1994). 

1.4.3 Other Bacterid MetaNoprotuses 

Bacterial metalloproteases that do not appear to belong to either the 

themolysin or sedysin group by homology include the anthrax toxh lethal fàctor, 

the boaiünim and tetanus t o m  the immtinogiobulin Al protease ftom Sbeptoc0ccu.s 

pnemoniae and the metalloprotease toxh fkom Bacteroi'&sfragiZis. 

The importance o f  inadvation of IgA in the colonkation of mucosal surfaces 

of the respiratory tract is exempijfied by the numerous pathogenic bacteria such as 

Sfrep. pnamtoniae, producing IgAl (a subciass of IgA) proteases. This IgAl 

protease is a zinc metalloprotease possessing the zinc-binding active site consensus 

sapence and is predomhady tell-associated rather than extrace11ular (Wani et al. 

1996). 

The anthrax toxin lethal factor fiom BaciZIUs anhaci's also contains the zinc- 

binduig site sequence thus identifying it as a zinc metalloprotease. The lethal fitctor 

(LF) was not inhibitexi by phosphoramidon, an inKibitor of certain bacterial 

metailoproteases, but was inhibiteci by aminopeptidases. An actual substrate for LF 

has not yet been identifieci m p e l  et al. 1994). 

BacfetoiciirsfiagiIis is au anaerobe known for causing abâominal abscess, 

bloodstream infeaion and diarrhea A toxh produced was found to be a M c  

metalioprotease and was possibly synthesized as a precursor possessing a propeptide. 

This toxh can hydrolyze monomeric or G adin (Franco et al. 1997). 



The tetanus and botuiinun neurotoxins are zinc metalloproteases due to the 

presence of the zinc-binding active site consensus sequence. The substrate specifïcity 

is howwer exceedingiy narrow comprising components of the neuroexocytosis 

apparatus such as synaptobrevin, syntaxh or a syxiaptosomeassociated protein 

(Yamasaki et al. 1994). This activity r d t s  in the inhriition of acetylcholine release 

by the botuliaal neurotoxins and the inhiiition of neurotransmitter release by tetanus 

toxin. Phosphoramidon, EDTA and 1,lO-phenanthroline (preferentially chelates zinc 

cations) &&eIy inhiited the activity of these neurotoxhs in preventing 

neurotransmitter release (Schiavo et al. 1994). 

1.5 PseuctOlt~lnas aerugimsa - Pathogenesis and Vinilence factors 

P. aemgr- is a major CF pathogen with over 80% of CF patients eventuaiiy 

becoimng infécted (reviewed in Koch and Hoiby 1993). Extensive colonization of the 

respiratory tract, vinilence factors and the resulting i n n w o q  response conmbute 

to pathogenesis (Wang et 02. 1996). By the late teenage years, most CF patients are 

chronidy colonized with mucoid P. aemgzhw, with an extremely s d  chance of 

eradication (Fitzsimmons 1993). 

Major virulence tactors of P. aeruginosa include exotoxin A, exoenqme S, 

hemo1ysidphosphoiipase C, elastase, allcaline protease and alginate (Vasil et al. 

1986a). Adhesion of P. aemginoso to the apical membrane of CF epithelial ceiis is 

mediateci by pili and thought to occur preferentidy to epithelial cds expressing the 

CFTR mutation via modification of receptors compared to nomial epitheiial cds 



(Saiman and PM- 1993). ûverproduction of alginate d t s  in the mucoid 

phenotype in P. aeruginmz *ch is obsaved primarily in CF isolates (%Y??) 

compared to less than 2.5% occurrence in other clinid strains (Vasil et al. 1986a). 

The trarisition f?om an initial infection to a chronic presence usually coincides with 

conversion to the muwid phenotype (rw. in Koch and Hoiby 1993). Effects on 

vinilence ascri'bed to alginate include a physicai bankr to phagocytosis and 

opsonkation, a possible imrnunomodulatory fùnction and a possible role in bionlm 

phenornena such as adhesion and antiiiotic resistance (Pederson 1992). The mucoid 

phenotype may be related to a stress-response system in P. a m n o s a  in that a 

dereguiated sigma Wor simiiar to heat-shock sigma factors in other gram-negative 

bacteria results in the overproduction of alginate (Martin et al. 1994). 

P. aem@osa produces two toxins, exotoxin A and exocmgme S. Exotoxin A 

is an iahiiitor of protein synthesis, exhibits necrotizing actMty in exposed tissues 

r d t i n g  in lesions similar to those in clinicai infions, and is involveci in parenchymal 

invasion and dense &a-alveolar mononuclear ceii infiltrations in chronic lung 

infections (Poliock 1984). Exoenyme S expression is correlated with the ability of P. 

aemp'nosa to spread fkom epithelid colonkation sites to the bloodstream of infecteci 

patients (Hovey and Frank 1995). Loss of either toxh results ina loss of the ability to 

cause local lung damage and Igiewski 1985). 

1.5.1 P. aerugt0msa Proteases - Chicai significance and Molecular 

Background 



P. oerughzosa produces at least three proteases: elastese, allraline protease and 

LasA AUraline protease, a zinc-dependent metalioprotease, can inhibit the activity of 

human gamma-interfèron, and can degrade the Clq and C3 proteins of senim 

cornplement (Gwu, et al. 1990, Baumann et al. 1993). Expression of alkaline 

protease was correlateci with declining clùucai status in CF patients X i e d  with P. 

amgituÀsa, and the protease could degrade purifieci and tissue-associateci basernent 

membrane lambin, found in d vascular tissues (Heck et al. 1986% Je-Bandee et 

al. 1995). The structurai gene (qr) was cloned on an 8.8 kb fkagment and expressed 

and secreted protease in E. coli Mutations in the general secretory pathway of P. 

a e t u ~ ~  did not affect secretion of akaliae protease ( h o  et al. 199 1). 

Homology of the structurai gene to the E chrysanfherni metalloprotease was 

demonstrateci, and supplying the E. chrymhmi ABC traasporter secretion genes in 

bans aüowed secretion o f  mature, active alkaline protease in E. coli f?om a 2.7 kb 

subclone containing the cpn structurai gene only. Subsequently, the genes encodlig 

the ABC transporter for akaline protease in P. uemginom were identifieci adjacent to 

the structural gene and were shown to have homology to the E. chysantherni 

secretion genes (Duong et al. 1992). Alkaline protease has a pH optimum of 7.9 and 

an isoelectric point of 4 (Moribam, 1963). Characterization of the aikaiine protease 

gene ratealeci the absence of the conventional N-terminal signal sequence, the 

consensus repeats at the C-terminus, secretion via its own independent ABC 

transporter and the extendeci active site consensus sequence present in members of the 

serralysin fiunily of zinc metalloproteases (see Section 1.4 and 1 A.2). 



The elastolytic phenotype ofP. aeruginos~ was initially thought to be due to 

the activity of elastase (M gene product) alone. A second protease, Las4 that 

could degrade elastin was ident5ed by complementation ofa mutant &bithg 

Aiminshed elastolytic activity and less lung damage in the rat chronic lung infection 

mode1 than the parent strain (Toder et al. 1991). Elastin degradation is clinically 

sîgdicaat as it is a major component of wnnective tissue, blood vessels and Iung 

tissue (Gusth et ai. 1996). Activity against elastin was demonstrateci in an elastase- 

negaîÏve mutant supplied with copies of the lavl gene in trm thus demomtrating its 

elastase activÏty independent of the LasB protease. The two proteases do, however, 

act synergisticaily against elastin (Gustin et al. 1996). The Z d  sequence contains a 

typical N-terminal signal SeQuence and a propeptide and predicts a 41 kDa protein 

though the mature form is 22 kDa in ske (Gustin et al. 1996). The LasA protease was 

later shown to possess staphy101ytic actMty in that t rapidly lysed S.hyIococcus 

cnaa. ceus by cleaving pentagiycine cross-links in the cell wall peptidogiycan thus 

placing t in a new fsmily of bacterial proteases called beta-lytic endopeptidases 

(Gustin et cri. 1996). Activity of LasA by a staphyloiytic assay was subsequently f m d  

to be inhibiteci by 1.10-pheaanthrohe, high concentrations of  EDTq ZnClz, but not 

by serine protease inhibitors (Kessler et al. 1997). The DNA sequence was found to 

be 69% identid to a metalloprotease fiom Aeromom lydkophih, thus, LasA is a 

putative zinodependent metalloprotease (JCessler et al. 1997). 

A protease with elastase activity was purifieci and characîerized by Wretlind 

and Wadstrom in 1977. The pI of this protease, elastase (W gene product; Bever 



and Igiewski, 1988) was 6.6 and the pH optimum was 8.0 in phosphate bufFer and 6.5 

in Trislmateate buffer. Elastase has since been examineci for its potentiai as a vinrlence 

factor in P. aemghoszz infections in CF patients. Elastase has been found to degrade a 

number of potentially reievant substrates in &?O: human cdagen type I, IIi and IV; 

complement components and complement-derived peptides, alpha-1-proteinase 

mhibitor, I A  IgG, secretory I g 4  airway lysozyme and puTifieci or tissue-associated 

basement membrane laminin (Heck et al. 1986% Heck et al. 1986b, Heck et al. 1990). 

Proteolytic destruction in the h g  tissue of CF patients infecteci with P. aetllginosc~ 

was also demonstrated. Histologie aramination oflung tissue fiom CF patients post- 

mortem demonstratecl fiagmented elastic fibers in branchial-based inflarnmatory 

Iesions, ulcers and abscesses @ruce et al. 1985). The degradation oftype RI 

cobgen, an interstitial co11agen found in the Iung and type IV coilagen, a basement 

membrane collagen found in ai i  VasCula tissues as wen as tissue-associated basement 

membrane laminin signines the role of elastase in destruction of the extraceUuiar 

matrk in respiratory infection. Elastase was dso able to increase the penneability of 

alveoiar epithelial ceh by altering the epitheiid tight junctiom between celts (Azghani 

et al. 1990). 

Meeting the nutritonal requirements of the pathogen in question as mentioaed 

before in section 1.3 is essentid in the establishment and maintenance of infection. 

Mechanisrns of iron acquisition by P. aemgi'nosu help to circumvent the iron-limiteci 

environment of the respiraîory tract. Transferrin and lactoferrin are iron-sequestering 

molecules present in airway secretions; anci these molecules have been shown to be 



degraded by elastase in vibo. 

iron from the products of this 

P. aetughosu siderophores can more eady scavenge 

degradation, and these new iron chelates can catdyze 

the formation of the bighly cytotoxïc hydroxyi fiee radid  nom the oxidants produceci 

by the high levek of neutrophils present in the CF 1mg during iafbtion (33ritigan et al. 

1993). In vivo cleavage of transferrin and lactofémn in the CF lung is attrib~table to 

both P. aemgznosu elastase and neutrophü-elastase; and transferrin may additionally 

function as an antioxidant in sequesterîng the potentialiy cataiytic iron chelates that caa 

mediate sdensive oxidative damage to the lung tissue (Britigan et al. 1993, Miller et 

al. 1996). Augmentation of this c d  injury can dso occur by the induction of 

production of superoxide and hydrogen peroxide by the P. aencgf'now product 

pyocyanï~ thus acting with iron iiiefated fiom elastase-mediated cieavage of 

t r a n s f i  to produce this hydroxyl fiee radical (Miiier et QZ- 1996). Interaction of 

bacterial elastase and neutrophil elastase in causing this &ect is demonstrated by P. 

aemginosa elastase's abïility to activate three types of human matrix 

metailoproteinases thus directiy and indirecfly mediahg damage to the extraceUuk 

ma& (Okamoto et al. 1997). 

The P. aemgznosn elastase structurai gene, M w a s  cloneci by Schad et al. in 

1987. The DNA sequence containeci a putative N-terminai si& sequence followed 

by a putative propeptide and the mature protease; expression of this fkagment led to 

production of a 50 kDa and 54 kDa protein (Bever and IgIewski 1988). The zinc- 

binding active site consensus sequence was identified in the sequence, as weii as a 

calcium-binding site for stabiiity of the enzyme, thus planng elastase in the themolysin 



famiy of zinc metailoproteases (Fulaishima et al. 1989). The native structure of 

elastase was solved by Thayer et al. in 1991 and found to be similar to the structures 

of other zinc metailoproteases in the themolysin M y .  Processing of elastase 

involves removd of the signal peptide fkom the 54 kDa preproelastase and transport of 

the 50 kDa proelastase in to the periplasm, cleavage ofthe 18 kDa propeptide in the 

perïplasm followed by a nonavalent interaction between the propeptide and the 33 

kDa mature protease, followed by srport ofthe 33 kDa mature protease into the 

e~fraceliular milieu via the generai secretoxy pathway (Galloway 1991, Kessler et al. 

1992). Sitedirected mutagenesis of two of the zinc-binding ligands abolished 

proteolytic and elastolytic activity- Mutation of the third zinc-binding ligand interferai 

with proelastase processiag and subsequent secretion of the mature protease 

(Kawamoto et al. 1993, McIver et al. 1993). The propeptide was found to bind to 

and inhibit the activity of perïplasmic elastase (actMty was comparable to mature 

elastase in its fiee fom) and mature elastase (Kessler and S e  1994). Deletion of 

the propeptide r d t e d  in an inactive elastase in E. coli and prevention of secretion in 

P. aem@osasa Supplying the propeptide on a separate plasnid restored activity in E. 

coli and activity and extracetlula. secretion in P. aemginostl (Mdver et al. 1995). 

Thus, the propeptide is a putative chaperone in fàdïtating extrace1lula.r secretion of 

the mature elastase (McIver et al. 1995). 



An extracelluiar protegse was pUnned and characterized fiom B. cepacla strain 

Pc715j (a clinid CF strain) by McKevitt et ol. in 1989. This protease, PSCP, was 34 

kDa in ske by gel filitration and actiVity could be inhiWied by EDTA and 1,10- 

phenanfhroline. ActMty was reg&& by the addition of 2n2', ~ a *  and to a fesser 

extent ~ g ~ ,  thus putatively categorizing t as a zinc metalloprotease. Its pH optimum 

was 6 and tempeniture optimum was 4S°C. PSCP was shown to degrade human 

whgen types I, IV and V in vitro but CF strains Wed to exhiiit e1asîolytic activity 

by plate assays (McKevitt et al. 1984, McKevitt et al. 1989). Polyclonal serum to 

PSCP cross-reacted with P. aemgimosa elastase and anti-elastase polydonal serum 

cross-reacted with PSCP (McKevitt et al. 1989). Intratracheal injection of purineci 

PSCP into rat lungs resulted in bronchopneumonia (McKevitt et al. 1989). 

In 1994, Kooi et al. identifiecl a second less active 40 kDa protease in B. 

cepacia strain Pc715j supematants. MonocIod antibodies (MAbYs) were r a i d  

against PSCP (36-6-6 and 36-64) and to the 40 kDa protease (G-1 1). The PSCP and 

40 kDa MAbs cross-reacted on imniunoblots with PSCP, the 40 kDa protease, 

elastase, allraline proteare, V: cholerae Wprotease and more weakly with B. 

pSetcdOmaZIei metalloprotease (Kooi et al. 1994). The PSCP MAb 36-6-8 couid 

neutralize the activity of PSCP, elastase, K cholerae Wprotease and the B. 

p~e~(di,mcrZZei protease, but not aikaiine protease. The 40 kDa protease MAb G-l 1 

only neutralized PSCP activity, neutdation of 40 kDa protease activity was not 

perfomed due to its low specinc d v i t y  (Kooi et al. 1994). Further characterization 

of the PSCP monoclonal antiiodies 3 6-64 and 3 66-8 demonstrated recognition on 



irnmunoblots CI addition to those previously descriied) of themolysin, the S. 

marcescens metalloprotease, LasA f?om P. aenrginoa and the Aeromonas &&ophila 

metalloprotease. Anthrax lethal fêctor produced a weak reaction (Kooi and Sokol 

1996). Neutmhtion by 36-6-6 or 36-6-8 occurred with elastase and K choierue 

HA/protease but not with allraluie protease or the S. murcescens mdoprotease. 

Thus MAb 36-66 and 36-68 appear capable of distinguïshing between the serraiysin 

and thennoIysin M y  of metalloprotease by their neutraiization abilities (Kooi and 

Sokol1996). To i d e  the specïfic epitopes on elastase being recognhed by these 

monoclonai antibodies elastase was digested with N-chlorosuccinimide, which cleaves 

d e r  tryptophan residues, into nine peptide fragments. A 13 -9 kDa peptide recognized 

by both PSCP MAbs was subjected to epitope mapping studies in wbich a series of 

sixîy 9-mer peptides were syntiiesized spamillig thïs peptide. The MAbs 3 6 6 6  and 

36-68 bound moa strongiy to two of the 9-mer peptides, 15 and 42. The first peptide 

(15) overlapped the active site of elastase: wiHGFTEQNSGu9; where the second 

histidine in the HEXXH motif is His-341. The second peptide (42), 

s&YNDQPSRD403 is between the third zinc-binding ligand and a proton donor at the 

active site (Kooi et al. 1997). Polyclonai antisera to peptides 15 and 42 recognized 

(on immunoblots) and neutralized themolysin, l? cholerae HNprotease, elastase and 

PSCP; but w t  alkalùie protease or the S. nurrcesc  mdoprotease thus 

distinguishing h e e n  the thermolysi. and serralysin fàndy of  bacterial zinc 

metalloproteases (Kooi et al. 1997). 



Abe and Nakazawa in 1996 used a transposon mutagenesis protowl foflowed 

by cornpiemenfation with a gene bank to generate B. c e m u  protease-negatke 

mutants and to subsequendy complement the mutateci gene (Abe et al. 1996). 

Fourteen such mu- were generateâ, 13 were both protease and lipase-negative. Of 

these, one retained 5% proteolytic activity, and one retained 5% lipase acthity 

(Nakazawa and Abe 1996). One mutant was protease negative and lipase positive. 

Complementation of this mutant yielded a homolog of &bB of E. coli and P. 

aerugmosa (Abe and Nakazawa 1996). DsbB is a disulfide bond-forming protein 

involveci in proceshg anci folding of protein precursors via d i f i d e  bond formation 

in the periplasm before export across the outer membrane by the general seaetory 

pathway. The B. cepcia drbB mutant only produced the 40 kDa protease but not 

PSCP in culture supematants and was imniotile. Mutants of dsbB in E. coli were 

immotüe due to the inability to form diSulfide bonds in the P-ring protein offlagellar 

basal bodies (Abe and Nakazawa 1996). Motility and PSCP production in the B. 

cepacu mutant was restored by the addition of Lcystine or by complernentation with 

the B. cepacia &bB DNA âagment (Abe and Nakazawa 1996). 

Complementation of the lipase negative and 5% protease positive mutant 

yielded a DNA hgment homologous to an h e r  membrane protein of the gened 

secretory pathway present in P. aeruginosa (;rcpS); upstream of this firagmemt was a 

sequence homologous to a cytoplasmic ATP-binding protein of the general secretory 

pathway fiom P. aelugmosz, q R R  Thus PSCP and lipase appear to be secreted by 



the general secretory pathway and the drbB gene product is required for processing 

and secretion of PSCP in B. cepacia (Nakazawa and Abe 1996). 

1.7 Hypothesis and Objectives 

The hypothesis of this project is that the 40 kDa protease is a preausor of 

PSCP. Mternatively the 40 kDa protease may share common epitopes with PSCP but 

be coded for by a separate protease gene. The constitutive high-level expression of 

the 40 kDa protease may si- it as an important Wulence fàctor in B. cepcia 

infecfion of the respiratory tract in CF patients. The purposes of this project were to 

determine the reiatiomhip of the 40 kDa protease to PSCP, and to determine the 

properties of the 40 kDa protease- In clinicat main Pc715j, both PSCP and the 40 

kDa protease are produced with the 40 kDa protease being the predominant 

e~ffaceliular protein throughout the growth cycle. 

Three objectives were defineci to fulnll the purposes of this project. The 

objectives of this study were to purify the 40 kDa protease, chemidy digest it and 

perform N-terminal sequencing on intemal peptides to obtain amino acid sequences to 

design degenerate probes. These probes were to be used to attempt to clone the gene 

for the 40 kDa protease. AdditionalIy, the structure and bc t ion  of the 40 kDa 

protease was to be determineci via physicai c h a r a c t e o u ,  substrate specificity, 

homology studies and expression studies. 



2.0 MA- AND METHODS 

2.1 Bacteriai Sti.ains and Phsrnids 

Bacterial strains used in this study are describeci in Table 1 and were stored in 

lû% (w/v) skim rnik Laboratories, Detroit, MI) at -70°C. Piasmids used in 

this study are describeci in Table 2; plasmid DNA was stored at -20°C. 

2.2 Gmwth Mdia and Culture Conditions 

Growth of Escherichin c& Pseudomonas aeruginosa and BwkhoIaderia 

cepcia for genetic manipdations was pdormed in Luria (L-B) broth, or on Luria 

agar WB) plates (Gibco B K ,  Life Technologies, Gaithersburg, MD). 

Sîrains to be cultureci were mahtained on solid media: E coli on GB; P. 

urnpnom and B. c e w a  on G B  or M-9 (1 g L  m C i ,  6 glL Na2HP04, 3 g/L 

KH2P04 5 glL NaCi, 0.5% giucose (w/v), 0.1 g/mL MgSOc 15 g/L agar) (Pugsley 

and Reeves, 1976). 

For protease purification (2.4) and for TCA precipitation of extraceiiuiar 

proteins (2.8), B. c e m u  strab were grown in peptone-tryptone soy broth (PTSB) 

liquïd media (Difco Laboratories, Detroit, Mi) (5% Bacto-Peptone(w/v), 0.25% 

-tic soy brodi (wlv)). 

For detection and analysis of protease expression, strains were plated on skim 

milk/brain heart infusion (SJWBHI) agar (Sokol et al. 1979). 



For ~ u c t i o n  (2.20), E wZi strain HB 101 was grown in TM broth (1% 

Bacto-Tryptone (DEo Laboratories, Detroit, MI) (w/v), 05% NaCl (w/v), 02% 

maltose (w/v)). 

When appropriate, anfiiiotics were added at the foilowing concentrations to 

solid and iiquid media: E. coli - ampicüün 50-100 c lg /d ,  tetracycline 15-30 pg/mL, 

kanamycin 30-50 &nL; P. aerzigiPzosu strain PA1034 1 - tetracycline LOO pg/mL; 

B. cepacia strain Pc22-12 - tetracycline, 100-200 CrglmL. 

2.3 Enzymes and Chernid 

Restriction endonucleases, DNA and protein molecular weight markers, Taq 

polymerase, agame, Tris @ydroxymethyl)Aminomethane, acrylamide, glycine and 

urea were purchased fiom Giico-BRL, LXe Technologies, Gaithersburg, MD. 

Lysozyme, RNaseA, EDTA (ettrylmediaamine tetraacetic aci4 disodium sait), X-gal 

(5-Bromo4chioro-3 -indolyl-B-D-galactoside), salmon sperm D m  giutathione, 

maleic acid, Tricine, bovine senim albumin @SA), hide powder m e ,  elastin Congo 

red, ethidium bromide, Coomassie Brilliant Blue R-250, holotraasferrin, 

apotransferrin, iactoferrin @on-saturateci and irondepleted forms), IgG, IgM, I g 4  

secretory I g 4  iibronectin fiom bovine plasma, PMSF @henyhethyIlsulfony~uo~de) 

and DTT (dithiothreitol) were purchased fiom Sigma Chernical Co., St. Louis, MO. 

DEAE-ion exchange resh, Sephadex G-75,2'deoxyaucleoside-5' triphosphates, 

PhastGel IEF 3-9, Broad pl Caliibration Kit and the OligoIabeliiug Kit were purchased 

from Pharmacia Biotech, Uppsala, Sweden The DuPont NEP S'-End Labelling 



System and GeneSgeen Plus nylon membranes were purchased f?om NEN Research 

Products Dupont,  ost ton, MA The GENECLEAN II kit was pwchased fiom Bio 

10 1 hc., La Jolla, CA T4 DNA ligase was purchased fkom Promega Tris- 

hydrochloride was purchased from Terochem Laboratories, Edmonton, AB. ATP[y- 

32 -Pl and 3,4-DCL (3,4-dichloroisoco&) were obtained fiom ICN 

Pharmaceutids Inc., Costa Mesa, C A  SDS (sodium dodecyi sultate) and the Bio- 

Rad Protein Assay were purchased fiom Bio-Rad Laboratories, Herdes, C A  The 

Pierce BCA Protein Assay was purchased nom Pierce, Rockftord, IL. Polyethylene 

glywt (PEG 8000), cesium chloride, sodium thiogIycoUate and maltose were 

purchased fiom Fisher Scientific Company, Fair Lawn, NJ. NCS (N- 

chlorosuccinimide) was purchased fiom Aldrich Chernical Company Inc., Miiwaukee, 

WI. The Gigapack II packaghg extract was purchased fiom Stratagene Cloning 

Systems, La Jolla, C A  The TA Clonhg Kit was purchased fiom the InvÏtrogen 

Corporation, San Diego, CA The Prim Ready R e d o n  DyeDeoxy Terminator 

Cycle Sequencing Kit was obtained âom Applied Biosystems, Perkin Eher, Norwallg 

CT, 

2.4 Pmtease Purifkation fmm Burkhofderia cep& strriin Pc715j 

PSCP and the 40 kDa protease were purified f?om strain Pc715j using the 

protease purification protocol from McKevitt et al. (1989). A 10 mL starter dture of 

strain Pcîl5j in PTSB media was used to inoculate 4 L of PTSB which was then 

grown ovemïght at 32OC for a miniaium of 20 hours. Preparations were kept at O°C- 



4OC for aU subsequent steps. The cuitures were centrifùged for 20 min at 10 000 x g; 

supernatants were then precipitated by slowly adding ammonium sultàte to 60% 

saturation, and stirred overnight. The precipitate was recovered by centrifiiging for 20 

min at 10 O00 x g pellets were then resuspended in 15 mL of 50 mM Tris pH 8.0 4OC 

and dialysed overnight (12000-14000 MW cutoff) against 4 L of 10 m .  Tris pH 8.0 

4°C. The dialysaie was assayed for proteoiytic d v i t y  by the hide powder anire assay 

(2.9.1) and was then stored at -80°C. 

The 40 kDa protease was purifieci by a 0-1 M NaCl gradient on a DEAE- 

Sephacel ion-exchange column (Pharmacia). The resin was equiliïrated in 50 m M  Tris 

buffer (pH 8.0) at 4OC in a 2.6 x 40 cm column at 4°C. The dialysate (15 mL) was 

applied to the c o l m  Elution with the equiliiratiug bunér yielded PSCP in the first 

150 mL; 100 mL was then washed through and discarded. A 0-1 M NaCl gradient 

was applied to the coiumn, and fkctions (90 x 5 mL) were collecteci. The fhctions 

were read for absorbame at 280 nrn and then electrophoresed on an SDS-PAGE gel 

(2.6). Fractions containing the 40 kDa protease were pooled, diafyzed against 4 L of 

10 mM Tris pH 8.0 4"C, lyophilled, resuspended in deionized water and stored at - 

70°C. 

The 40 kDa protease was fiuther p d e d  âom PSCP and other wntaminating 

proteins using a Sephadex G-75 gel fltration column (Pharmacia). The resin was 

equilrïrated in 10 mM Tris pH 8.0 4OC bd%er in a 1.6 x 40 cm c0Iumn. The 40 kDa 

protease sample was loaded ont0 the column; 25 mL was tben washed through with 

the equiIibrating buffer. Fractions (90 x 0.5 mL) were collectecl, read for absorbance 



at 280 nm and electrophoresed by SDS-PAGE gel electrophoresk (2.6). Fractions 

containhg the 40 kDa protease were pooled and stored cit -70°C. The amount of 40 

kDa protease in these samples was quantifid by the Pierce BCA Protein Assay. 

2-5 NCS(Ndorosuccinimide) digestion of the strriin Pc715j proteases (Lischwe 

and Ogs, 1982) 

Chernical digestion of the Pc715j 40 kDa protease was pdormed using NCS 

(Aldrich). The digestion reaction (35 40 kDa protease, 7.5 M urea, 45% acetic acid 

(v/v), 100 pL deionized water, final volume of 1 mL) had 75 pl removed as a non- 

digesteci control; then 125 pL of fresh 0.1 1 M NCS was added for a final 

concentration of 0.0 14 M NCS. This reaction was incubated a -  37°C for 60 min and 

then stopped by adduig 500 pL o f d d  200h trichloroacetic acid (v/v) (TCA) plus 10 

pg BSA and precipitated at -20°C for one hom. Mer centrifiiging at 15 000 x g for 

30 min at 4OC, pellets were washed twice with 1: 1 ethan01:ether. Pellets were then 

air-dried and resuspended in 40 a 1 0  mM Tris pH 8.0 4OC. Sample b&er (recipe: 

2.7) was added to the digested protease and samples were electrophoresed on a 

Triche SDS-PAGE gel (2.6.1). Digestion of the 40 kDa protease yielded a 21,24 and 

28 kDa hgment. 

2-6 Sodium Dodecyl SuMate Poiyacrglamide Gd Eleetrophonsis (SDSPAGE) 

The discontinuous system of L a e d  (1970) with a 5% stacking gel and a 

7.5%, 12.5% or 15% resolvhg gel was used to electrophorese protein samples. 



Samples were boiled for 5 min in a 1X sample M e r  (0.25 M Tris-HCS pH 6.8, 

iO.O?/. (w/v) SDS, 50.W (v/v) glycerol, and 5.0% (wlv) 2-mercaptoethanoi, pH with 

10.0 N NaOH to 6.8). Electrophoresis was d e d  out at 25 mA constant current 

until samples reached the resolving gel, when the ment was increased to 35 mA 

Gels were fïrst hed  (20% methand (wlv), lû?? trichioroacetic acid (w/v)); stained 

with Coornassie Blue stain (0.25% Coomasie Brilliant Blue R-250 (Sigma) (w/v), 

Z5.00/0 methan01 (vlv), 10.00/o acetic acid (vlv)), and then destained (1 0.W methan01 

(v/v), 10.W acetic acid (v/v)). 

2.6.1 Triche SDS-PAGE 

The Tricine SDS-PAGE system (Schagger and Von Jagow, 1987) was used 

for better resolution of the peptides obtained fiom NCS digestion of the 40 kDa 

protease. The anode b u f k  (0.2 M Tris, pH to 8.9 with HCl), the cathode buffer (0.1 

M Tris, 0.1 M Tricine, 0.1 % SDS (w/v), pH 8.25) and 30% acrylamide (w/v) (30:0.6 

acry1arnide:bis-acxylamide (w/v) ) were fiitered to remove impurities when 

electroblotting gels onto PVDF membranes (2.7) for amino-terminal amino acid 

~~ql~encing. Gels were poured using one gel bufEer (3.0 M Tris base, 0.3 % SDS 

(w/v), pH to 8.45 with HCI) for all three cornpoaents(lS.@?%# bottom resolve gel, 

10.0% middle resolve gel, 5.W stacking gel). For electroblotting onto a PVDF 

membrane for Edman degradation (2.7), the Tricine SDS-PAGE gel was 

electrophoresed prior to loadbg for two hours at 3 mA constant m e n t  with 25 plkl 

glutathione in the cathode buffèr in the upper reservoir. Sample buffer was as for the 

SDS-PAGE protocol(2.6) but excluded 2-mercaptoethanol; samples were not boiled 



but instead heated to 37OC for 5 min and then eelectrophoresed on the Tricine SDS- 

PAGE gel (2.6.1) at 15 rnA for 20 hours with O. 1 mM thioglycoiiate fi& cathode 

buffer in the upper rese~oir.  

2-6-2 IsoeIecfric focusing 0 using Pharmaâa PhastSystem 

Isoelectric fonismg was performed with the Pharmacia PhastSystem using 

PIiastGeI IEF 3-9 preformed gels and the Pharmacia Broad PI Calibration Kit. The 

prefomed gels were prefocused for 75 volthours (Vh). Samples were focused on the 

preformed gels accordhg to the mantif8ehirer's instructions. Samples were loaded in 

duplicate at the cathode and the anode end of the geL The 40 kDa protease (-150 ng) 

and the pI markers (-8 ng of each pI marker) were focused on the gel for 500 Vh, 

PSCP (-300 ng) required 600 Vh to corne to its PI. Gels were then siiver stauied in 

the PhastSystem development chamber according to the rnanufàcturer's instructions 

2.7 Blotting SDSPAGE onto PVDF (poIyvinylidene difhoride, Bio-Rad) 

membranes for Edmm degradation 

Tricine SDS-PAGE gels (2.6.1) were electrob10tted onto Bio-Rad TransBlot 

T d e c  PVDF membranes (Bio-Rad Laboratories, Herdesy CA) for amino-terminal 

amino acid sequencing (Edman degradation). The PVDF membrane was equiliïrated 

in methm01 and then in 0.5X Towbin b s e r  (250 mM Tris-Base, 1.92 M glyciney 

&te 20X and add 10.OO/o methanol (vlv)) (Towbin, 1979) and electroblotted at 1 mA 

constant current for 2 hours (Hoder Scientific Instruments, TE Series Transphor 

Electrophoresis Unit, San Francisco, CA). The PVDF blot was stained with PVDF 



CBB R-250 membrane s t a h  (0.025% Coomassie B-t Blue R-250 (wlv), 4O0.O0?% 

methanol (v/v)) for 5 min, then destained for 15 min wiîh 50.00/0 methano1 (dv) and 

rinsed with d&O. The blot was dned and bands corresponding to the 40 kDa 

protease peptide f i q m e n f ~  were ait out and sent to the protein ~e~uencing M t y .  

2-7-1 Primer design from N-terminai amino acid sequences 

The amino-termirial amiw acid Sequences obtained by Edman degradation of 

the 21 and 28 kDa peptide fragments fiom the 40 kDa protease were utilized as a basis 

for designhg a DNA primer in the reverse cornp1ementarity fiom each fkagment. 

These primers were used to screen the Pc715j genome for the structural gene for the 

40 kDa protease (2.14,2.15). The PUGENE (PROBE) pro- was utiiized to 

search for the least redundant region in the amino acid sequences for designing a DNA 

primer. This was combined with selecting for the most probabIe codon for redundant 

amino acids by utilking the Pserrdomonas codon usags table (Wada et al. 1992). The 

Pseuthmonas codon usage table is based on ail o f  the PSet(LiOrnonas y p .  genes (259) 

in the GenBank Genetic Sequence Data Bank at the time of publication before the 

trader of the group II PseuClj3rnonas species to the Burkhollien'a genus (Wada et ai. 

1992, Yabuuchi et al. 1992). This dowed the primer with the probable closest 

simüsuity to the actual DNA sequence of the 40 kDa protease structural gene to be 

designed. 

2.8 Trichloroacetic acid (TCA) pncipitation of extmceiiulu proteins from 

cepack salins 



TCA preciphtion ofthe erdraceIIdar supeniatants of putative protease- 

negative B. cepcia strains was performed to concentrate the extraceiiular protein for 

the purpose of determinhg whether the strains were producing mature, extraduiar 

PSCP or 40 kDa protease. PossiiIe protease-negative strains could then be utilited as 

hosts in screening the Pc715j cosmid gene bank for protease expression (2.20). 

Strains to be tested were inocuIated f?om M-9 plates to 10 mL PTSB starter ailtures, 

inaibated overnight at 37OC, subdtured the next day to 30 mL PTSB cuitures and 

grown to a .  optical density of  1.4 at 600 nm to look for production of the B. cepcia 

PSCP and 40 kDa exiracellular proteases. Cultures were centRfUged to remove cds 

and an aliquot of the exf~aceiiular supernatant was tested for protease activity by the 

bide powder azure assay (2.9.1). The proteins in the remainder of the supernatant 

were precipitated by adding 1 mL of 1Wh TCA to 14 mLs of supernatait and 

incubated for a minimum of one hour at 4OC. The precipitated supematant was 

centrifbged and the penet (containhg the precipitated extraceilular p r o t h )  was 

resuspended in 0.4 d of 10 mM Tris b e e r  pH 8.0 37OC. The protein content in the 

sarnple was quantitateci by the Bio-Rad Protein Assay, then analyzed by SDS-PAGE 

gel eIectrophoresis (2.6). 

2.9 Assays for protease aetMty 

2.9.1 Hide powder invt assay 

The hide powder azure assay (Sigma) was used to assay for proteolytic a-ty 

of the 36 and 40 kDa proteases. Protease was added to 20 mg of bide powder azure 



in a fmal volume of 1.5 mL. The assays were then incubatecl with shaking for 3 hrs at 

37OC. Mer at 15 000 x g for 5 minutes, 1 mL of the supernatant was 

removed and the absorbante at 595 nm determineci. All assays were pdomed in. 

triplkate. A negative control was included comaimng buffer and hide powder azure 

only. For the 40 kDa protease, one unit of enzyme activity was d&ed as thai amount 

which yielded an increase in absorbame ofO.5 As, Unas for 3 hours at 37OC at pH 6; 

for PSCP, one unit of enzyme actMty was that which yielded an increase in 

absorbame of 1.0 AS% d s  for 2 hours under the conditions describeci for the 40 kDa 

protease. 

To d e t e d e  the optimum pH for activity of one unit of the 40 kDa protease 

and PSCP, assays were performed for 3 hours in Tris-xnaieate bufFer at 37OC at pH 

5.2,6,7,8 and 8.6; and in giycineNaOH buffer at pH 8.6,9, 10 and 10.6. To 

determine the optimum temperature for a- of one unit of the 40 kDa protease and 

PSCP, assays were performed at pH 6 for 3 hours in Tris-date buffer at 32,37,45, 

50 and 55°C. Subsequently, hide powder anire assays d e s m i  below for the 40 kDa 

protease were performed in Tris-maleate buf5er at pH 6 at 47OC for 3 hours. 

In some expeiiments, 1 unit ofthe 40 kDa protease was preincubated for 30 

min at 4OC in Tris-rnaieate buffer pH 6 with 0.1, 1 or 10 mM EDTA (chelates divalent 

cations; inhibits metdoproteases), 1, l O-phenanthroline (preferentially chelates zinc 

divalent cations; inhibits zinc metalloproteases), DTT ( i i ï i t s  cysteine proteases), 

PMSF (&.bits serine proteases) and 3,4-DCL (iiibits serine proteases) pnor to the 

hide powder azure assays. 



In addition, one unit of the 40 H a  protease was preincubated for 30 min at 

4°C with O. 1 mM EDTA and various divalent cations: 1 9 1  O0 and 1 O00 pM ZnC12; 

0.1, 1 and 10 mMCaCh, 0.1, 1 and 10 mMfiCIZ, 0.1 and 1 m M M g a  and 0.1 and 

1 mM F&13 prior to performing the hide powder azure assay. 

2.9.2 Neatraiization psspys 

One uait of the 40 D a  protease was preincubated for 30 min at 4°C with the 

monoclonal a n t i i y  366-8 (Kooi et al., 1994) at 11250 dilution; coniroIs were 

included without antibody containing control ascitic Ouid. Similar experiments were 

pdormed wiîh polyclonal sera to peptide 15 and peptide 42 f?om elastase (Kooi et 

a2. 1996) also at 1/250 dilution; controls were included without antisera using rabbit 

serum The hide powder azure assay was subsequenîly perforrned on these 

preparations. 

2.9.3 Eiastin Congo Red assay 

The 40 kDa protease was tested for elastase actMty using the elastin congo 

red (KR) assay (Bjom et al. 1979). Five units of the protease were incubated with 

10 mg of ECR in 1 mC of 0.1 M Tris-maleate bufEer pH 7.0 containhg 1 mM CaC12 

for 3 hours at 47OC; the blank contaiaed buffer and substrate only, and elastase (10 

pg) was included as a positive controi. The reaction was terminated by adding 0.5 mL 

of sodium phosphate buffer pH 6.0, centrifugeci and the absorbante at 495 m 

determined on 1 mC of the supernatant. 

2.9.4 Substrate studies 



The 40 kDa protease (3 pg) was incubated with 10 pg of various substrates for 

48 hours (24 hours for nbronectb and coiiagen Vm) at 47OC in Tris-rnaieate b e e r  

pH 6.0 supplemented with 1 mM MgCl* and 1 mM CaCI2. Substrates tested included 

human holo- and apo-forms of transferrh and iactoferrin, IgG, Im IgA, secretory 

IgA, fibronectin (eom bovine plasma) and human collagen type W. Controis 

included the 40 kDa protease and each substrate incubated done. Reactions were 

terminateci by adding 1X sample b d e r  wah $-mercaptoethanoi, and subjected to 

SDS-PAGE gel eiectrophoresis (2.6). 

2.10 Isoiation of Totai Genomic DNA from BurkoMa cepacia strPin Pc715j 

(Goldberg md Ohman, 1984) 

Cultures were grown overnight in 50 mL of Luria broth. CeUs were recovered 

by centnnigllig for 10 min at 4OC at 6000 x g, and washed with 25 mL sterile PBS 

(phosphate buffered saline: 0.06 M NaJ3POc 0.05 M N m 0 4  0.15 M NaCI). The 

pellet was resuspended in 10 mL of cold ET buffer (10 mM Tris pH 8.0, 10 mM 

EDTA). One mg of lysozyme dissolveci in one mL ET b s e r  was added to the ce1 

suspension and incubateci for 15 min at 37OC. Cells were lysed with 1.2 mL Sarkosyl- 

pronase solution (1Vh Sarkosyl (w/v), 5 mg pronase) in ET buffer; this mixture was 

incubated with g e d e  shaking for 1 hour at 37OC. The lysed ceUs were then extracted 

îwice with 10 mL TES-saturateci phenol (TES: 10 mM Tris pH 8.0 4OC, 1 mM 

EDTq 0.05 M NaCl) and twice with 10 mZ. chloroforn>isoamyi alcohoI(24: 1); 



saving the top laya each the. The DNA was precipitated by adding 0.5 mZ. of 7.5 M 

ammonium acetate and by slowiy layering 20 mL ofisopropanol on top ofthe mixture- 

The DNA was spooled onto a glass rod by mkkg the two phases. The DNA was 

blotted to remove excess isopropanol and was then dissohred in 8 mZ. of TE b a e r  (IO 

mM Tris pH 8.0 4°C. 1 mM EDTA) and stored at 4OC. 

2.11 Agame gd dectrophoresis 

DNA samples were electrophoresed on agarose gels ranghg nom 0.6% to 

1.4% in Tris-borate b s e r  (90 mM Tris base, 2 m .  EDTA, 90 mM boric acid). 

When isolating DNA fragments fiom an agarose gel (2.12), Tris-acetate buffér (40 

mM Trisacetate, 2 mM sodium EDTA, pH 7.9) was used. Sample dye (0.1% 

bromophenol blue (w/v), 33% glycerol (vlv)) was added to the DNA samples before 

loading on the gel. Electrophoresis was perfomed at 100 V constant voltage for one 

to three hours or overnight at 10 V. Agose gels were then stained with ethidium 

bromide (0.002 rng/mL), and the stained DNA samples were viewed with ultraviolet 

iight* 

2.12 Isolating DNA fmgments fmm agarose gds 

DNA samples were first digested with restriction endonucleases and then 

electrophoresed on agarose gels in Tris-acetate b a e r  (2.1 1). The desired DNA 

fragments were excised nom the agarose gel and purifieci using the GENECLEAN II 

Kit @O 101 Xnc). Fragments were dissolveci at 6S°C in two volumes of 6 M sochm 



iodide. Glassmük (10 pLJ was added to the suspension and incubated at room 

temperature for 10 minutes. The suspension was d g e d  at 15 O00 x g at room 

tempeniture for 30 seconds, and the supematant was discardeci. The Glassmiik pellet 

was resuspended and then pelleteci three thes by m g a t i o n  at 15 000 x g for 30 

seconds with 600 pL ofNEW WASH buffer. To elute the DNA fkom the GlassmiUc, 

the GIassmilk-DNA pellet was resuspended in 13 pl+ ofsterile deionized water and 

ïncubated at SO°C for 2 minutes. After Centriftging at 15 000 x g for 3 minutes, 10 

pL of supernatant was carefùlly removed to a new microfige tube and stored at - 
2O0C. 

2.13 End-iabdling oligonudeotides with PngYd~rn 

Oligonucleotides were end-labeiied with P 3 2 - y d ~ ~  using the Du Pont NEP- 

10 1 S'-End Labelling System for DNA hybridization (2.14). The oligoprobe (2 Ml0 

pL), 5 jL of 10X kinase phosphorylation buffer, 24 pL of  deionized watq 10 j L  of 

P)2-7d~TP (10 pCW/I&) and 1 pL of T4 nudeotide kinase were incubated at 37OC for 

one hou. The reaction was stopped by adding 400 pL of cold Reagent A (0.1 M 

Tris-HCl, 1 .O mM EDTA, 10 mM tnethyIamine, pH 7.7). A Nucleic Acid Purification 

Cartridge (Biotechnology Systems NEN Research Products, Dupont, Boston, MA) 

was used for purification of the end-labeiled oligonucleotides. The column was 

activatecl by washing with methanol followed by 2 mL of reagent A The reaction 

sample was loaded on the  col^ and washed with 2 mL of reagent A The end- 



labeled oligomicleotides wae eluted with 1 mL of 2û?? ethanol (v/v); they were 

contained in the first 400 @. 

2.14 DNA Hybridization 

Agarose gels (2.1 1) were blotted using a Pharmacia vacuum bloner onto Gene 

Srneen Plus Hybridhtion T d e r  Membranes (Dupont). DNA in agarose gels was 

depurinatecl for 10 min at room temperature in 0.25 N HCl, denaturecl for 5 min at 

room temperature in 1.5 M NaCi, 0.5 M NaOH and neutraiized for 5 min at room 

temperature in 1 M Tris, 2 M NaCi, pH 5.0. The naasfer membrane was equilibrated 

in SXSSC (0.7 M NaCI, 0.07 M trisodium citrate (Na3W507.2H20), pH to 7.0 with 

citrïc acid). Gels were transferred to the membrane in trander sohition (20X SSC: 3 

M NaCi, 0.3 M trisodium citrate, pH to 7.0 with citric acid),. M e r  transfer, 

membranes were drïed under a red heat Iamp. 

Blots were equiliirated in 15 mL of hybridization buffer (1% dextran sulfate 

(wh), 1% SDS (w/v)) in a hybdization bag. The radiolabelied DNA containhg 10 x 

106 counts per minute (cpm) was denahired by boiling for 5 minutes; 100 pL of 

&on spem DNA solution (10 mg/mL) was then added to the radiolabeUed DNA 

This mixture was then added to the hybridilntiion bag and incubatecl overnight with 

shaking at the desired hybridkdon tempeme. Following this incubation, the blot 

was washed twice each with 100 mL of2XSSC (0.3 M NaCl, 0.03 M trisodium 

citrate) for 5 min at room temperature, 200 mL of 2XSSC plus 1% SDS (w/v) for 30 

min at SOC above the hybridisation temperature, and 200 mL of 0.1X SSC (0.015 M 



NaCI, 0.001 5 M trisodaim citrate) for 30 min at room temperature. The blot was then 

dried under a red heat lamp and subjected to autoradiography at -70°C using Kodak 

XAR 5 Scientinc Imaging Film Q3stman Kodak Co.). 

2.15 Poiymerase chah reacüon 

Polymerase chah reaction (Pa) was used to ampli@ portions of the gene 

encoduig the 40 kDa protease of BwWloI;riio~u cepciia strain Pc71Sj (Perkin-Eher 

Cetus DNA Thermal Cycler, Norwallg CT). The prùners designed fkom the amùio 

acid sequaces obtained by Edman degradation of the 40 kDa protease and its NCS- 

digesteci peptides (2.7) were used for amplification. 

A typicai reaction consisteci of 50 pmol each of the 40 kDa amino-terminal 

forward primer, and the 40-21 or 40-28 reverse primer, 200 ng-1 pg of Pc?l5j 

chromosoma1 DNA (boiled for 5 min) (2. IO), 5% dimethyl sulfoxide (DMSO) (v/v), 3 

mM MgCb 0.2 mM âNTP's ,  2.5 U (uni&) Taq polymersise, 1X PCR reaction b s e r  

(Gibco-BRL), and deionized water for a fjnai reaction volume of 100 pL. Mineral oil 

(75 a) was then layered on top of the reaction mixture. Reactions were initally 

denatured at 95OC for 3 min. The DNA was then denatured at 95°C for 1 min, 

primers were annealed at 55OC or 60°C for 1 min, and products were extended at 

72OC for 1 rn iq  for 25-35 cycles. Products were then and@ by agarose gel 

electrophoresis (2.1 1). 

2.16 Clonhg and sequencing of PCR fragments 



2.16.1 Cloning of PCR hgments 

PCR fkagmenis were cloned using the TA Cloning Kit (hvitrogen). Ligation 

reactions wntaining 5-10 ng of the PCR fhgment to be cloned and 50 ng of the pCRII 

vector were d e d  out at l 2OC for 12 to 18 hours in nnal volumes of 10 or 20 pL, 

with 1 pL ofligation buffer per 10 jL volume and 1 pL of T4 DNA ligase per 

r d o n  This mixture was transformeci by heat shock at 42OC for 30 seconds into 

Eschenchia coli strain INVaF' cells, piated on L-B plates containing 50 pgld  

ampicillin and overiayed with 10 pl, of 1% (wlv) X-gal, and incubated overnight at 

37OC. The following &y smaii-sale plasmid preparations (2.19.1) were perfomed on 

white colonies. Restriction digests (2.17) of the plasmids with &oRI separated the 

iasert (PCR m e n t )  nom the vector, aiiowing the PCR hgment to be identifiai by 

its size. Clones were then stored at -70°C. 

2.16.2 PCR Cyde Sequencing 

Piasmids were isolated f?om clones of interest ushg the modified dudine 

plasmid preparation protocol(2.19) recommended by UCDNA Sequenciug Services 

(University of Caigary). The plasmids were then either sent directiy to the UCDNA 

Sequencing Services for r d o n  preparation and sequence adysis, or sequencing 

reactions (fiuorescence-based dideoxy sequencing readons) were fbst prepared using 

the Prim Ready Reaction DyeDeoxy Temiinator Cycle Sequencing Kit (Applied 

Biosystems, Perkin Elrner) and then sent for sequence analysis. Brïefly, the PCR 

sequencing reaction consisted of 9.5 @, of the tenninator premix, 1 pg of the ds DNA 

plasmid template and 5 pmol of one primer in a final reaction volume of 20 m. 



Reactions were overlayed with mineral oil and then subjected to PCR for 25 cycIes 

(?erki. Elmer Thermal Cycler 480) with the folowing parameters: denaturation (96OC 

for 30 seconds), afltleaiing (50°C for 15 seconds) and extension (60°C for 4 minutes). 

The mension produas were then column-pudied using Centri-Sep spin columns 

(Princeton Separations, Adelphia, NJ); the eIwnt was ethanol-precipitated and the 

vacuum&ed pellet was then sent to UCDNA Sequencing Services. 

2.17 Restriction endonudease digestion 

Ali restriction endonuclease digestions were perfiomed accordhg tu the 

manufàcturers recommendations to ensure optimal enzyme activity and to avoid non- 

specinc DNA cleavage. DNA was routinely digested for 3 to 18 hours. 

2.18 Surrose gradients for DNA 

Sucrose gradients (10% to 40%) were prepareû using a gradient rnaker filied 

with 5.2 mL of 100/o sucrose (20 rnM Tris-HC1 pH 8.0,10 mM EDTA, 50 mM NaCl, 

70 mM sucrose) in the far reservoir and 4û% sucrose (20 m M  Tris-HC1 pH 8.0, 10 

m M  EDTA, 50 mM NaCi, 0.3 M sucrose) in the near resewoir. Gradients were 

prepared in 14 mm by 89 mm polyclear centrifirge tubes (Seton Scientific, Sunnyvale, 

CA). The DNA sample (75 pg) was layered on top of the gradient and centrifbged 

overnight at 67 000 x g (based on r,) for 18 hours at 25OC. The following day, 0.5 

mL fiactions were wUected and analyzed by agarose gel electrophoresis (2.11). 



2.19 Isolation of piasmid DNA 

2.19.1 AUuüne bis phsrnid preparation 

Cultures plus the appropriate antiibiotic m a r k  were incubatecl overnight at 

37OC and harvested by cenfriftgation the next day. Pellets were resuspended in 100 

pL of GTE b&er (0.5 mM gIuwset O. 1 mM EDTA 2.5 mM Tris HCI pH 8.0) 

containhg 4 m g / d  lysozyme. Cells were lysed by adding 200 pL, of lysing solution 

(1 M NaOH, 1% SDS (wfv)) for 5 minutes at room temperature, and the solution was 

neuaalized by adding 150 pL of 3 M potassium acetate solution, pH 4.8. Insolubles 

were removed by antrjfbgation, and RNA was removed by incubating for 30 mimites 

at 37OC with 1 pL of 10 mghL RNaseA The supernatant was then extracted once 

with phenol:chloroform:isoamyI alcohol(Z5 :Z4: 1). Plasmid DNA was precipitated 

with 95% ethanol (v/v) for 30 mulutes ai -20°C, vacuum-dried and resuspended in 50 

pL of sterile deionized water. The plasmid preparations were stored at -20°C. 

Alkaline lysis plasmid DNA preparation protocol was modifieci as 

recommended by UCDNA Sequencing SeNices (University of Calgary) when 

preparing plasnids for automated sequencing (2.16.2). The overnight culture was 

centrifugeci in 1.5 mL aiiquots, and pellets were resuspended in 200 pL of the GTE 

buffer (no lysozyme added). Cells were lysed for 5 min on ice with 300 @ of lysing 

solution. The solutions were neutrsilized by adding 300. pL of 3 M potassium acetate 

pH 4.8. The supernatant was extracfed twice with phenol:chloroforrn:i~~amyl alcohol 

(25:24: 1) and twice with chioroform. Plasmid DNA was precipitated with lOû?! 

isopropaaol. Pellets were washed once with 70% ethanol (vlv), vacuum-dried for 3 



min and resuspended in 32 pL. of deionïzexi water. This prepadon was precipiîated 

by adding 8 pL of 4 M NaCl and 40 pL of sterile 13% PEG 8000 (w/v) and incubated 

on ice for 20 min. Pellets were rinsed with 70% ethano1 (vh) and vacuum-cirieci for 3 

min Peiiets were then resuspended in 20 pL of sterile deionized water and quantifiecl 

by absorbante at 260 mn. The sample was diIuted to 0.5 @pL, and 10 pL was 

provideci for sequencing to the UCDNA Seqyncing SeMces. 

2-19-2 Cesium chloride gradient large-sde piasmid preparation 

Cultures (250 mL) plus the appropriate antibiotic d e r  were incubated 

ovemight at 37OC. Cultures were centrifugeci and were resuspended in 6 mL of 

glucose buffer (50 mM glucose, 1 O mM Tris- 10 m .  EDTA pH 8.0, filter- 

sterilized), 1 t of glucose buffer plus 20 mg lysozyme was added, and the c d s  were 

then lysed with 14 mL oflysing solution (0.2 N NaOH, 1%-(w/v) SDS). The solution 

was neutraIized with 3 M sodium acetate pH 4.8, centrifùged to remove insoIubles and 

extracteci once with phen~~:chlorofom:i~0arny1 aicohol(25 :Z4: 1). Plasmid DNA was 

precipitated with isopropyl aicohol; pellets were air-dried and resuspended in 700 uL 

of TE bufEer. C e s h  chloride (1.1 g) was dissolved in the preparation, and 80 S of 

10 m m  ethiâium bromide was added. Gradients were prepared in a 3.0 mL 

polyaliomer Quick-Seal tube (Becbnan Instnunent, Pdo Alto, CA). The tube was 

haIf-filIed with 65% CsCl (w/v), the DNA solution was Iayered under the CsCl 

solution, and the remainder of the tube was fled up wÏth the 65% CsCl solution. The 

gradient was cerrtrifiiged at 344 O00 x g for 18 hours at 18°C. Plasmid DNA was 

removeci fiom the gradient under ultraviolet light, extracteci with TES-saturated 



butano1 to remove the ethidium bromide, and diaiyzed ovetnight in 4 L of  10 mM TE 

buffer. Plasmid DNA was stored at -20°C. 

2.20 Construction of Pc715j Cosrnid Gene Bank aud Screening by Conjugation 

in Target StrPins 

Transduction was used to introduce cosmids (pCP19) ligated (2.17) to large 

hgments (9-20 kb) of B. cepacia Pc715 chromosornai DNA obtained fkom sucrose 

gradients (2.18) into E. coli strain HB 10 1 to create a cosnid hirary. The Gigapack II 

packaging extract (Stratagene) was used for packaging the ligated cosmids into 

recombinant lambda phage. The host strain (HB 101) was inaibated for 5 hours at 

37OC in 50 mL of TM broth. The celis were harvested by centrifugation and 

resuspended in 10 rnL of L-B broth supplemented with 10 mM MgSQ. Packaging 

extracts were thawed on iq 1 pg of ligated cosmid DNA was added to the extract 

and the packaging mix was incubated for 2 hours at room temperature. The packaghg 

reaction was terminateci by adding 500 @ of SM buflkr (0.1 M NaCl, 1 mM 

MgS04J&0, 0.01% gelatin (w/v), 50 m M  Tris-HC1 pH 7.5) foliowed by 25 pL of 

chlorofom The in vitro packaged extract was added to 1 mL of the prepared HB 101 

c d s  and incubated at room temperature for 10 min. The transduced ceiîs were then 

incubated with 3 mL of L-B broth at 37OC for one hour. The ceIis were plated (100 

pLlplate) on seleaive media (L-B media plus 15 WmL tetracycline) and incubated 

overnight at 37OC. The foilowing &y, colonies were pooled by adding 1 mL L-B 

broth plus 15 pg/mL tetracycline to each plate and m p i n g  off aii the colonies. 



Giycer01 was added tu the pooied colonies at a concentration of 16% (vh), and the 

cosmid 'brary was stored at -70°C in 2 mL aliquots. 

The Pc71S cosmid gene bank in HB 10 1 (100 a) was inocdateci to 50 mZ, of 

G B  broth plus 15 @mL tetracycline and inaibated ovemight at 37OC. The 

absorbame at 600 nm was determined for the dture and 50 j L  of a 104 dilution of 

the dture for obtaining single colonies was pbed on 40 Shl/BHI plates to assess 

possible protease expression in the E coli HE3 IO 1 host. 

Triparental mathgs were used to conjugate the B. c e m a  Pc7lSj cosmid 

hirary into P. aeruginosa strain PA103-11 and B. cepociu strain Pc22-12. The donor 

strain (Pc715j cosmid library in HB 101) and the helper strain which provides the 

conjugation fhctions in tr- (E. di HB IO 1 [PRTU0 131) were grown overnight at 

37°C and the recipient strain (PA103-ll or Pc22-12) at 42OC to prevent activation of 

restriction systems. The following day, 0.3 mL of each strain was mixed together and 

centrifugeci; the pellet containllg the cells was then resuspended in O. 1 mL PBS 

(phosphate-buffered saline: 60 mM Na2HP04 50 mM NaH2POh 0.1 5 M NaCI). The 

suspension was then placed on sterile 2.5 cm niameter füters (Sartorious Canada Inc.) 

on L-B plates and incubated overnight at 37OC. The foiIowing &y, the filter was 

vortexed in 3 mL PBS, and the ceil suspension was plated on M-9 plates supplemented 

with 100 wrnL (PA103-11) or 200 p#mL tetracycline (Pc22-12) to select for the 

recipient stralli containhg the donor plasmid. These plates were incubated at 37OC; 

colonies were then picked to SM5HI plates to select for clones exhibiting protease 

expression. 



Table 1 - Bacterid Strains 

Smr, pro, leu, rhi, lacY, M-20, em?A, Boyer et al. (1969) 
recq ma-14, goly ryl-5, mtl-1, 
vE44 
F'endAl, recAl, H l 7  Invmogen 
(rk-,mk,+), =?PM, fi4 &VA96 
relAl, +80lircZAM15 A(kZYA- 
mgF)U169, X- 

prototypicai strain HoUoway et al. (1979) 
elastase negative' EMS mutant of Guzzo et al. (1991) 
PA103 deficient in alkaline protease 
production 

CF 
CF 
CF 
piant strain, protease negative 
isolated fiom skull bone infecfion 
CF 
CF 

McKevÏît & Woods (1984) 
McKevitt & Woods (1984) 
McKevitt & Woods (1 984) 
Cleveland, OH 
Dr. R Read (1993) 
McKevitt & Woods (1984) 
McKevift & Woods (1984) 
McK& & Woods (1984) 



Table 2 - List of Phsrnids 

Plasmid Characteristics Source/Reference 
pUC19 MCS of M13mp 19, a-peptide of Yanisch-Perron (1985), BRL 

IacZ, 2.69 kb, high copy number 

pRK.20 13 RK2tra,lhf,ColEl Figurslà and Helinski (1979) 

PCW Am$, Km', a-peptide of lad,  tac ImRtrogen 
promoter, CoIEI, T7 and Sp6 promoters 
and primers, Ml3 (-20 and -40) forward 
and Ml3 reverse primers, fl origin 

Tcry IncP hs', broad-host range cloning Friedman et al. (1 982) 
cosmid vector derived fiom pLAFR1, 
multiple cloning site (six sites) 

pVS2 1-1 80 pCRn with EcoRI-BORI 180 bp PCR This study 
product amplified fiom Pc7lSj by primers 
40N and R40-2 1, Ampr, Kan' 

pVS21-340 pCRII with &ON-BORI 340 bp PCR This study 
product ampiified fiom Pc7lSj by primas 
40N and R40-21, Axqf, Kanr 

pVS2 1-425 pCRII with EcoRI-EcoRI 425 bp PCR This shidy 
product amplifieci âom Pc7 1% by primers 
40N and R40-21, Amp: Kan' 

pVS28-1000 pCRII withEc0R1-&0RI 1000 bp PCR This study 
product ampMed âorn Pc7 1 Sj by primers 
SON and R40-28, Ampry Kan' 

pVS21-1050 pcRn with ECORI-EcoRI 1050 bp PCR This shidy 
product amplified &om Pc7lSj by primers 
40N a d  R40-21, Amp: Kan' 



3.1 Rotcase purification from BurkkoUWk cep& strain Pe715j 

B. ~ e p a c r a  strain Pc715j (a clinid CF strain) produces at least two 

atnceiiular proteases, PSCP (36 kDa by SDS-PAGE, 34 kDa by gel filtration) and 

the 40 kDa protease. PSCP was previody purifieci and characterized by McKevîtt et 

clr. (1989) as the major exfraceliular proteolytic enqme produced by B. cepuciu strain 

Pc7lSj. The 40 kDa protease was purifled by Kooi et d. (1994) and descriied as a 

second extraceîlular protease produced by strain Pc7lSj. 

In this study, purification of the 40 kDa protease was perfomed for the 

purposes of characterization of its physicai parameters for optimal enymatic activity, 

its ciassiication wÏthin the bacteriai protease superfàmiiy, and its substrate spedicity 

in reference to its role as a Wulence factor in opportunistic respiratory infêctiom in 

cystic firosis patients. Purifieci 40 kDa protease was also chemicaliy digested by NCS 

(N-chlorosuccinimide) for the purposes of N-terminai sequencing on i n t d  peptides 

to obtain primers fiom the amino-terminal amino acid sequences for cloning the 

protease's structurai gene. 

B. c e m a  Pc715j PTSB cuitures wen grown for 18-20 hours, anci ammonium 

sdfkîe-precipitated culture supernatants (Fig. 1, lane 2) were chromatographed on a 

DEAE-Sephacel ion exchange column. PSCP was pooled from the f k t  250 mL of the 

Tris-HCl wash. It had previously been found in the fint 150 mL both by McKevitt et 

ai: (1989) and by Kooi et d. (1994). A 0-1 M NaCl gradient applied to the column 



Figure 1. SDS-PAGE (12.5%) (Coomassie blue stain) mis of the pudication steps of the 

B. c e p i a  Pc7I 5j 40 kDa protease and of a PSCP prepafation. Lanes 1 and 7, Gibco BRL 

prestained molecular marken (indicated in kiiodaltons); lane 2 ammonium s&e-precipitated 

cuiture supeRzatatlts (25 uL); lane 3,40 kDa pmtease eluted from DEAE-Sephacel(12 uL); 

lane 4,40 kDa protease eluted h m  G75 gel fileaton column (5 ug in 64 uL) ; lane 5, second 

40 kDa protease preparalion eluted eom G-75 gel filtration column (3 ug in 64 uL); lane 6, 

PSCP eluted k m  DEAE-Sephacel(2 ug in 5 uL). 



(Fig 2) eluted the 40 kDa protease in the nrSt 43 M o n s  (21 5 mL), with the nrSt 3 1 

fiactions (155 d) contaimng the 40 kDa protease with fm contaminants as observeci 

by SDS-PAGE wig- 1, lane 3). Previous protease purifications in this laboratory 

idestified the presence of the 40 kDa protease by SDSPAGE as being associated with 

proteolytic actniity when measured by the hide powder azure assay. Lyophilitation 

and didysis of the pooled M o n s  containhg the 40 kDa protease yielded samples 

SUfficientiy pure for chemical digestion (Fig. 9, lane 3) as described in section 3.3 for 

the purposes of N-terminal seqyencing. The 40 kDa protease was M e r  p d e d  by 

Sephadex G-75 gel filtration chromatography @g. 1, ianes 4 and 5) for 

characterization studies descriïed in seaion 3 -2. The PSCP preparation used for 

characterization of the pH and temperature optimum (rd 3.2.1) is shown in figure 1, 

lane 6. 

33 Churcterization of the 40 kDa protease 

The 40 kDa protease was characterized to d e t e d e  its possible relationship to 

PSCP as a precursor or related prote-, to classe it within the realm of bacterid 

extraceliuiar proteases, and to ascertain its potential as a virulence factor in 

opportunistic respiratory B. cepcu.ru infections in cystic &rosis patients. 

3.2.1 The e f f i  of pH and temperature on proteoïytic activity 

Physical classification was the first step in studying the lrimilarities between the 

40 kDa protease and PSCP, and in deteaminhg the optimal physicai parameters for 

enzymatic actMty of the 40 kDa protease. The 40 kDa protease (one unit) and PSCP 

(one unit) were assayed for optimum activity in the pH range 5.2-8.6 in Trismakate 



Fraction # 

Figure 2. Elution profile of O to 1 M NaCI gradient applied to DEAE-Sephace1 ion-exchange 

chromatogrqhy. Elution was monitored by h to meaMe protein Five mL M o n s  l to 12, 

13 to 3 1 aud 32 to 43 were poded and concentrated according to die presence of the 40 kDa 

protease as assesseci by SDS-PAGE. 



buffer and h m  pH 8.6-10.6 in siycine/NaOH buffer by the hide powder apue assay. 

The 40 kDa protease was found to be optimaily active at pH 6.0 in Tris-maleate 

bdfiî, PSCP was optidly active at pH 6 7 ,  as was previously reported by McKevitt 

et al. (1989) (Fig. 3). The temperature optimum was also determined by the hide 

powder azure assay for the 40 kDa protease and for PSCP. The two proteases were 

assayed at 32,37,45,50 and SOC; both were found to be optimaüy active at 50°C 

(Fig. 4). Thus the two proteases had identical pH and temperature for optimal 

proteolytic a-. 

3.2.2 Determination of the isoelectric points (PI) of the R c w a  

proteases 

The isoelectrïc point is a defining property of the protein in question refiecting 

the amino acid composition ofthe protein and the ratio of its charged groups. Thus, 

determining the isoelecüic point of PSCP and the 40 kDa protease was important in 

furiher ascertaining the relationship between these two proteases. The pI of the two 

proteases was determitleci on a broad-range pH 3-9 gradient preformed gel using the 

PhastGel system fiom Phannacia The Phammia broad-range pI markers nom pH 3 

to 9 were used to determine the p1 of PSCP and the 40 kDa protease. PSCP required 

more volthours than did the 40 kDa protease to corne to t s  final position in the gel; at 

whïch it lined up with the 40 kDa protease at a pI of -5.2 (Fig. 5). Thus both 

proteases appeared to have the same isoeleçtric points, perhaps reflecthg a highly 

similar amino acid composition. 

3.2.3 Determination of the cïass of pmtease for the 40 kDa enzyme 
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Figure 3. Effect of pH on the activity of B. cep& 40 kDa protease. Activity was detefmined 

using hide powder m e  as a substrate. Vdues represmt the mean (+/- standard deviation) 

h s  of triplicate assays. 
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+ 40 kDa prokase 
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Figure 4. E E i  of temperature cm the activity of B. cep& 40 B a  protease. ActiMty 

was detenauied using hide powder azure as a substrate. Values represent the mean 

(+/O siandard deviation) Asss of tripiicaîe assays. 



CATHODE (pH 3) 

Figure 5. Pharmacia PhastGe1 EF 3-9 (siiver stain) of the 40 kDa protease and PSCP. Lanes 1 

and 4, Phannaaa broad-range pl caiiiration markers; Ianes 2 and 5, PSCP (200 ng); lanes 3 and 6, 

40 kDa protease (1 50 ng). 



The inhibition of- by the 40 kDa protease by various class-spdc 

protease inhibitors was instnmiental in clasSaymg the 40 kDa protease. Inhibitors 

chosen encompassed three classes of the bacterial extmce11uIar proteases: the cysteine 

proteases OTT), the serine proteases (PMSF aad 3.4-DCL) and the metalloproteases 

(EDTA and 1,lO-phenanthroline) @eynon and Bond, 1989). 

Acîbity of the 40 kDa protease was assayed by the hide powder azure assay in 

the presence of specific protease inhiiitors (Table 3). The level of iniiIiiîion was 

caldated as a percentage of the proteolytic activity with no inhibitors present. 

Dithiothreitol @TT) partiaily *bitecl 40 kDa activiry (3 1% remahhg activity ) at 

high (10 mM) concentrations. Serine protease inhibitors had mixed d e c t s :  

phenylmethy1sulfonyifIuoride (PMSF) (cm also inhibit cystehe proteases) could totally 

&bit 40 kDa protease activity at low (O. 1 mM) concentrations; 3,4- 

dichlorisocoumarin (3,4DCL) only partially inhiiited 40 kDa protease activity (39.5% 

remahhg activity) at high (1 00 pM) concentrations. The lack of inhibition by the 

more specific serine protease inhibitor, 3,4-Da, helped to eliminate the serine 

protease categoq in clasifjing the 40 kDa protease (Beynon and Bond, 1989). 

EDTA (ethylenediaaminetetradc acid), which chelates divalent cations, totaIly 

inhibiteci 40 kDa protease activity at low (0.1 mM) concentrations as did 1.10- 

phenanthroline. Inhiiition by EDTA indicated that the 40 kDa protease required 

divaient metal cations for activity . Inhiition by 1, 1 0-phenantbroline, which 

preferentiaiiy chelates zinc cations, helped to place the 40 kDa protease in the zinc 



TABLE 3. Effbct of protease class-speeitic inhibiton ou R cqaciQ 40 kDii profease 
actRriry 

--- --- - 

Addition to reaction Proteotytic % 

+ 300 pL methanol 
+ 300 pL methanol 
+ 30 pL methanol 
+ 30 pL methano1 
+ 3 Cil metbanol 
+ 3 JL methanol 
+ 75 pL methanol 
+ 75 pL methanoI 

' + 7.5 pL methano1 
+ 7.5 pL, methano1 
+ 0.75 pL methanol 
+ 0.75 pL methanol 
+ 30 @ DMSO 
+3O pLDMS0 
+ 3 pL DMSO 
+3@DMSO 
+ 0.3 pL DMSO 
+ 0.3 pL DMSO 

none (contrai) 
10 mMEDTA 
1 mM: EDTA 
O. 1 mM. EDTA 
10mMDTT 
1 mM DTT 
0.1 mM DTT 
none (wntrol) 
10 mM I,lû-Phe 
none (contr01) 
1 m M 1,lO-Phe 
none (conîrol) 
O. 1 mM 1.10-Phe 
none (contro1) 
10 mM PMSF 
none (confr01) 
1 mM. PMSF 
none (wntr01) 
O. 1 mM PMSF 
none (control) 
100 3.4-DCL 
none (control) 
10 phd 3.4-DCL 
none (control) 
1 3,4-DCL 

'As~s of hide powder aaue assays; the background with no protease but wntsrining b&er 
(and organic solvent, see @)) was sibtracted in each case. 
kach value represents the mean 2 standard dewiation of three determinations. The 
footnote symbols indicate that the values are significantly Werent fiom the values for the 
control by the two-taiied t test as follows: *, Pc0.05, * *, PC0.0 1. 



mdoprotease ciass (Beynon and Bond, 1989). Thus, plimiaary r d t s  indicated 

that the 40 kDa protease belongs to the Pnc rnetaibprotease class as does PSCP. 

To CO* the c ~ c a f i o n  of the 40 kDa protease in the zinc metalloprotease 

category, various concentrations of divalent cations were added back to preparations 

ofthe 40 kDa protease containhg 0.1 mM EDTA to determine ifthey were able to 

restore advity. Hide powder azwe assays were then performed on these preparatioos 

to measure restoration of activity (Table 4). Full restoration of activity occurred with 

the addition of 100 pM 2n2+ and 1 rnM M .  Some activity recovery was observeci 

with O. 1 rnM ~ e ~ '  (64%). Only partial recovery of activity occurred with 1 m M  ca2' 

(8%). MC had no &ect on activity. 

The fidl recovery of activity with low conceDtratons ofzn2+ (100 pM) 

established the 40 kDa protease as a member of the zinc metalloprotease f d y .  

Partial activity recovezy with the higher concentrations of other metal cations indicated 

the substitution of 2n2' with these other cations at the active site (Beynon and Bond, 

1989). These experiments, therefore, p l d  the 40 kDa protease in the same class as 

PSCP. 

3.2.4 Neutralization assays 

Kooi et al. (1994) describeci the generation of monoclonai anticbodies to PSCP. 

MAb 3666 and 36-64 are monoclonal abtiiodies capable o f  neutraliziag PSCP, P. 

aemginostz elastase and K chderue Wprotease (the latter two belong to the 

thermolysin class of bacterial extraceliutar zinc metailoproteases). To idenw the 

specific epitopes on PSCP king recognized by 3 6 6 6  and 366-8, elastase (a protease 

hypothesized to be similar to PSCP) was partiafly digested with N-chlorosucanimide. 



TABLE 4. E f f '  of metai ions on activity of B K &  40 kDa protense 
Metai ion added Proteo1ytic actMty of EDTA- % actMty restored 

inhibiteci 40 kDa protease with 
added metal iona 

none 0.72 I0.05 (no EDTA) 100 
none (wntrol) 0.00 t 0.00~ O 
1 mM Zn2+ 0.32 I 0.13 ** 44 
100 -Zn2+ 0.90 k O, 13 ** 125 
10 pM zn2' 0.01 0.07 1 
10 mM Ca2+ 0.24 k O. 13 ** 33 
1 rnM Ca2+ 0.3 1 0.05 ** 43 
O. 1 mM ca2' 0.23 + 0.04 32 
1 ~ M M C  0.01 + 0.02 1 
0.1 r n ~  M&+ -0.02 t 0.02 O 
10 m~ Mn2+ 0.39 I 0.03 ** 54 
1 m ~ M h *  0.76 + 0.15 ** 105 
0.1 rnMMi12+ 0.33 t 0.09 ** 46 
1 m M  ~ e ~ '  -0.03 t, 0.00 O 
O. 1 mM ~ e ~ '  0.56 + 0.01 ** 78 

- 
'As= of hide powder m e  assays; the background with no protease but wntaining bdfèr 
was subtracted in each case. 
kach value represents the mean + standard deviation of three determùlations. The 
footnote symbols indicate that the values are significantly d in i t  fhm the values for the 
control(40 kDa protease plus 0.1 rnM EDTA) by the two-tailed t test as foibws: **, 
P<O.O 1. 



A 13.9 kDa peptide recognïzed by both PSCP MAbs was subjected to epitope 

mapping to iden* the epitopes b k g  recognkd by 36-64 and 36-64. and to 

detamine ifanfisera raised agünst peptides containhg the i d d e d  epitopes could 

neutralize Vanous bacterid metailoproteases. The peptide was mapped by sBay 

overlapping 9-mer peptides spanning its SeQuence. Two of these peptides, 15 and 42, 

reacted strongly with both 3 6 6 6  and 36-68. Peptide 15 overlapped the HEXXH 

zinobinding active site of elastase, and peptide 42 was close to the third zinc-binding 

ligand of elastase (Kooi et al. 1997). Polyclond antisera to peptides 15 and 42 

recognized (on immunoblots) and neutralized thennolysin, V: cholerae HA/protease, 

elastase and PSCP but not aikaiïne protease or the S. nuCrcescens metalloprotease thus 

disthguishg between the thennolysin and serralysin M y  of bacterid zinc 

metailoproteases (Kooi et al. 1997). In this study, neutralirati . . on assays were 

perfomed on the 40 kDa protease using monoclonal antiiody 36-64 and polyclonal 

sera to peptides 15 and 42. Proteolytic activity was 71% neutraiized by 3 6-6-8. No 

neutralization was observai with the polyclonal anti-peptide sera (Table 5). 

Neulralization by 366-8 suggests that PSCP and the 40 kDa protease are 

closely related and that the 40 kDa protease may belong to the thermolysin class of 

bacterial extracellular zinc metdoproteases (Kooi et al. 1996). The lack of 

neutralization by the antisera to peptides 15 and 42 fkom P. aemgniosa elastase may 

suggest that the 40 kDa protease is less related to elastase than is PSCP. 

33.5 Substirte specilicity of 40 kD1 protease 

In the study by McKevitt et al. (1989) describing the characterization of PSCP 

as a possible virulence h o c  in the pathogenesis of respiratory infection in CF patients 



TABLE 5. Neu-tion of R c q a â a  715' 40 kDa pmtease by MAbs to PSCP and 
b p a d o n d  sera to P. o m r g i n o s a d . s t p s e a n d  42 

MAb or poiycIod Proteolytic activiq? Proteolytic activity % control 
sera (11250) withMAb or 

~olvclonal sera 

'A595 of hide powder azure assays containhg control ascitis fluïd for MAb; and contd 
rabbit semm for polyclonal sera; the background with ascitic fluid or rabbit senim but with 
no protease was subtracted in each case. 
%ch value represents the mean f standard deviation ofthree determinations; the footnote 
symbols indicate that the values are significantly différent âom the values for the control 
by the two-tailed t-test as foilows: * *, PCO. O 1. 

TABLE 6. Eiastase activity of the 40 LDa protease using the Elastin Congo Red 
A s s z  - ,  

Sample Elastase 
P. aemgintara elastase, 10 pg 0.41 
B. c e m u  40 ma protease 0.01 +O.Olb - _- - 
'A495 o f e b  congo red assays;; the backgouad with no protease but containing bufEer 
was subtracîed in each case. 
%ch vahe represents the mean f standard deviation of three detenninations. 



the digestion of substrates by PSCP was investigated f o d g  on substrates that 

would be sigmficant in this cIinical M o .  These substrates included 

immunoglobulins such as secretoy IgA which is an important mucosal surtàce defense 

in mucosaï secretions in the respiratory tract, and componercts of the basement 

membrane such as coiiagen commoniy found in the respiratory tract. In addition to the 

immunoglobulins and colkgen substrates tested in MClKevitt et al. (1989), the present 

study included other major components of the basement membrane such as fibroneain 

and e w  and the ir~n-~nding m o l d e s  transferrin (found in the blood and saliva) 

(Mietzner et al. 1994) and lacîofémn (found in mucosai secretions) (Weinberg 1984). 

Degradation of IgG, IgA, IgM, secretory I& holotransferrin, a p o t r a n s f i  

hololactoférrin, a p o l a c t o f a  coilagen W I  and fibronectin was imrestigated by 

incubating the 40 kDa protease with the potential substrate and then analyzing the 

results by SDS-PAGE gel electrophoresis. The 40 kDa protease was able to cleave 

holotransferrin (ion-saturateci fom) and apotransfeRin (iron-d&cient fom) in the 48 

hour incubation period into defineci digestion products in the 55 kDa site range. Little 

to no degradation was observed for hololactoferrin and apolactofemïn (Fig. 6). 

Signifiant degradation was aoted for IgG, IgM, IgA and secretory IgA @g. 7). No 

identifiable products were observeci, although the amount of undigested 

immtmoglobulins in the reaction with the 40 kDa protease was signïficantly less than 

that in the reaction without any protease. The 40 kDa protease was able to cleave a l l  

of the fibronectin yielding specinc digestion products in the 35,50,60 and 140 kDa 

range, and to degrade all of the coliagen VIII in a 24 hour incubation perïod (Fig. 8). 



Figure 6. SDS-PAGE (12.5%) (Coomassie blue du) analysis of 40 kDa protease digestions 

of transferrin and lactoferrin, separateci under reducing conditions. Lane 2.40 kDa protease 

(3 ug). In lanes 3.5.7 and 9 are10 ug each of holotransferrin, apotransferrin, hololactoferrin 

and apolactoferrh, respective&, incubateci without m e .  In lanes 4,6,8 and 10 are 10 ug 

each of holotransfkrrin, apotwisfenin, hololactofenin and apolactofemh, respecfively, hcubated 

with 3 ug of 40 kDa protease; lane 1, G r Ï  BRL prestained molecular m a s  markers (indicated 

in kilodaitons h m  the top): myosin @eavy chah), phosphorylase B, bovine s e m  albumin, 

ovalbumin, &nic anhydrase, B-lactogiobuh, iysozyme. 



Figure 7. SDS-PAGE (1 2.5%) (Coomassie blue stain) analysis of 40 kDa digestions of human 

immunogiobuhs sepamteci tmder reducing conditiions. Lane 2,4O kDa protease, 3 ug. In 

ianes 3,s. 7 and 9 are 10 ug of Ifi, IgM, IgA and semetory Ig& respectively, incubated 

without protease. In lanes 4,6,8 and 10 are 10 ug each of IgG, IgM, IgA and secretory 

I g 4  respectiveLy, mcubated with 3 ug of 40 kDa protease; lane 1, molenilar mass markers 

(indicated in Hdtuns, see Fig. 5 legead); 



Figure 8. SDS-PAGE (12.5%) (Cooxnassie blue stain) anaipis of 40 kDa protwrse digestions 

of fibronectin and wllagen VIU, separated under reducbg conditions. Lane 2,40 kDa protease 

(3 ug). In limes 3 and 5 are 10 ug each of fibrmectin @om bovine plasma) and human cdagen 

Vm, respectively, incubated without enzyme. In lanes 4 and 6 are 10 ug each of fibronectb and 

collagen VIII, fespectively, hcubated with 3 ug of 40 kDa protease; lane 1, Gibco BRL 

presfaitled molecular mass markers (indicated in kilodaitons). 



The initial cuhgen stock was p d y  degraded. Degradaton yielded 4 5  kDa and 

6 5  kDa fkagments. 

The eIastin congo red assay was performed on the 40 kDa protease to assess 

possible elastase activity. However, no signifiant elastase aaMty was observeci for 5 

uoits of the 40 kDa protease (Table 6). 

Degradation of the basement membrane components, coIlagen Vm and 

fibronectin which are found in abundance in the respiratory tract, and of the 

immunogiobulins, especiaiiy secretory IgA, certainly suggests a potential role for the 

40 kDa protease in vinilence. Degradaton of transfenin may be relevant in 

documented cases of B. cepcia septicemia as weil as in respiratory iaféctions. The 

basement membrane component, elasth, has so fhr only been shown to be digested by 

a few bacterial proteases such as P. aelugimsa elastase and not by proteases such as 

PSCP or the B. cepciù 40 kDa protease. 

3 3  Determination of partiai amino acid seqoences of 40 kDa protuse 

Cloning of the 40 kDa protease structurai gene was attempted in order to 

elucidate the relationship between the 40 kDa protease as a possib1e precursor of 

PSCP or as a related protease. The clonuig of the 40 kDa protease structural gene 

was initiated by chernical digestion of the p d e d  protease using NCS, (N- 

chlorosuccinimide; cleaves der  tryptophan residues) foiiowed by amino-terminal 

sequencing of the internai peptides by N-terminai sequencing. The amino-tenmnal end 

of the intact 40 kDa protease had previously been sequenced by the University of 



Calgary Protein Sequencing Laboratory- The amino-terminal amho acid SeQuence was 

as follows: AGTGINETGWAGAxGIDSNSVNQT. A primer to this sequence was 

previous1y designed to the highlighted sequence in the forward direaion by Dr. 

Andrew Cox and Dr. P. Sokol: 5'-ATCAAC'I[TCACCGGCGAGATC-3'. In 

Southern hybridization experiments the recognition of a genomic restriction fkgment 

with one primer fkom the 40 kDa protease amino acid sequence could be c o h e d  by 

recognition of  the same genomic fiagrnent with another primer fiom the 40 kDa 

protease amino acid Sequence. In the case of muitipIe bands on a hybribtion 

membrane, recognition of a band by more than one primer could help locate the 

fkgment correspondhg to the 40 kDa protease structural gene. In addition, amino 

acid sequences exhliiting less degeneracy were sought. A primer designed to an 

imemal hgment could be used in conjunaion with the above N-terminal primer in 

PCR (polperase chah readon) reactions as a tool for a m p m g  a portion of the 40 

kDa protease structural gene. 

NCS (N-chlorosuccinimide) digestion of the 40 kDa protease yielded three 

peptides sized 21.24 and 28 kDa as anaiyzed by Tricine SDS-PAGE Pig. 9, lane 4). 

Complete digestion of a protein by NCS is dBicult to achieve, thus partial digestion 

may be occurring. Tricine SDS-PAGE gel electrophoresis demonstrated irnproved 

resolution of the 40 kDa protease fkagments. Previous SDS-PAGE electrophoresis of 

the 40 kDa protease peptide fhgments using the standard protocol with glycine as the 

counter-ion did not exhibit satisfkctory resohtion for the purposes of pur@hg peptide 

fragments for N-terminal sequencing. Electroblotting of Triche gels onto PVDF 



Figure 9. SDS-PAGE (12.5%) ((ComaEcie b1ue stain) analysis of NCS-digested B. cepucia 

40 kDa protease. Lane 2,40 kDa protease (5 ug); lane 3,40 kDa protease (3 5 ug); Iane 4, 

40 kDa protease (35 ug) with NCS (peptide hgments mdicated by dashes); lane 1, Gibco 

BRL prestained moldar  mass markers (indicated in lrilodaltons h m  the top): ovalbumjn, 

Cafbonic adydrase, B-lactogiobulin, Iysozyme. 



membranes yielded efiïcient traasfi of the 40 kDa protease fbgments; higher 

m o l d a r  weight markers were partially transferred. The peptide hgment bands 

were cut out of the PVDF membrane for N-terminal seqymcing. 

The 21'28 kDa fhpents and 40 kDa protease (praiiousiy) were sent to the 

University of Victoria for Edman degradation (amino-terminal sequenciog). High 

signais for at least the f i .  twenty amino acids were obtained for both peptides. 

Sequences were as foilows: 21 kDa hgment: GGVOPIGNGASGGLLTALSTSIA; 

28 kDa hgment: ND WSPYQDATLYPTQLWQIGVHOC The 24 kDa fragment 

was not initally sent for N-terminal sequencing at the same t h e  as the 21 and 28 kDa 

hgment as it was SuffiCient to begin screenulg initidy with primers to the amino acid 

sequences of the 21 and 28 kDa hgment. The 24 kDa fragment was later sent for N- 

terminal sequencing however, there were wntamlliaats present in the sample; thus a 

high signal was not obtained fiom the 24 kDa m e n t  sequeme. 

The pro- PCGENE using the Pseudbmonas codon usage table (Wada et 

al., 1992), was utüized to design the least redundant primers exhibiting reverse 

complementarity to the above sequaces (mdicated above by boid regions). The 28 

kDa primer (R40-28) was designeci to amino acid 19-25: 5'- 

TGGTGMCGCCGATCTGGTT-3 ' (T,=75.3*C); the 21 kDa primer (R40-2 1) was to 

amino acids 4-1 0: 5'-GCGCCGTTGCCGATIGGCTG-3 ' (T,=8 1 SOC). Primers were 

synthesîzed by the DNA Synthesis Laboratory at the University of Calgary. 

3.4 DNA Hybridization using R40-21 and R40-28 



The primers R40-21 and R40-28 were arpected to have a reasonabIe degree o f  

siniilarïty to the actual DNA sequace of the 40 kDa protease due to the low 

degeneracy of the amino acids in the selected sequence. The high-GC content of 

BwKhoWa W. genomic DNA was useâ to preferestiaUy select the third base of 

degenerate codons as G or C and highly degenerate codons were designecf with a third 

hosine base which can recognize ail four dideoxy mcleotides thus reducing the 

degeneracy of the primer desiga Southem hybdbition was performed 

to determine ifthe designed primer hybridized to B. cepacia genomic DNA. Genomic 

DNA fiom P. aemghom strain PA0 was inchidad in the hybridhtions as a negative 

control. 

The radiolabelled oligonucIeotides R40-2 1 and R40-28 were hybridized to 

restriction digests of B. cepcia Pc715j genomic DNA ushg various conditions. 

Genomic DNA was digested with enzymes nom the multipIe cloning site of pUCl9 to 

d o w  for fûture clonhg in this vector: AccI, EcoRI, H k I I ,  Hinrim, Q n I ,  Pst& Sali 

and SmoI yielded the most complete digestion (Fig. 10). DNA was transfemed to 

GeneScreen nylon membranes using vacuum bloning and first hybridized at conditions 

judged to be optima when using degenerate primers: the Tm minus 25°C for each 

primer, minus SOC for each possible base pair mismatch R40-21 and R40-28 were fÏrst 

separately hybridized to Pc715j genomic DNA digests at 50°C; no binding was 

observed for either primer. At a lower stringency (27OC) no bands were obtained with 

either primer, some faint nonspeci6c binding in the P d  genomic digest (three bands) 

and fitint smears in other lanes was observeci with R40-21 (data not shown). To 

attempt to avoid this nonspedic binding, 40°C hybridizations with R40-21 were 



Figure 10. Restriction endonuclease digestions of B. cepacia Pc7l5j genomic DNA. Laue 1, 

i kb DNA standard (1-12 kb range). Gemmic DNA of P. ueruginosu strain PA0 (lane 2, 

undigested) and B. ce* sbain Pc715j (ianes 3-1 1) digested with: Lane 3, AccI; lane 4, 

Eco= lane 5, HM& lane 6, Hi- iane 7, QnI; lane 8, PSU; lane 9, Sb& lane IO, SoiclT; 

lane 11, SphL 



Figure 1 1. Southern hybndimion a d y s k  of B. cep& Pc71 S j  genomic DNA restriction 

digests hybridized with R40-2 1. Gaumic DNA of P. aemginosa stralli PA0 (lane 1- 

iindigested); and B. cepad strain Pc71 5j (lanes 2-1 O) digesteci widi: lane 2, ACCI; iane 3, 

&OR& lane 4, HincR lane 5, Hi- iane 6, @nI; lane 7, PsrI; lane 8, &Ir; Iane 9, S '  

lane 1 O, 1 kb DNA standard (1-12 kb range). Autoradiograrns were scanneci using 

Hewiett Packard Scan Jet 4c and Hewiett Packard Deskscan II Software (Hewlett Packard Co-) 



performed, however7 no bhding occurred (data aot shown). R40-21 demonstrated 

nonspedic binding in two separate experiments at 3S°C. The fint experiment 

demomtrated e t  multiple bands in the &oRI and AccI genomic digests, and fhint 

smears were observed in other lanes. The second eqmhent is demonstrateci in Figure 

11 where rndîiple bands were observed with d genomic digests. Hybridizations with 

R40-21 at 40°C demonstrated fâint multiple bands with ail genomic digests. At 35 and 

4û°C7 R40-28 demonstrateci no binding to Pc7I 5j genomic DNA digests. Repeated 

hybridizations at 37OC for R40-28 and at 32,37,40 and 42°C for R40-21 did not 

demonstrate any b h h g  at aii to the genomic digests. Standard hybridization protocol 

consisteci of prehybridization and hybridization in a so1ution of 50% dextran sulfate, 

deionized water, 10% SDS and Salmon spenn DNA with the hybridization solution 

also contajning the radiolabelied oligonuc1eotide. A différent hybriduation protocol 

utilizing a prehybridization soIution coasisting of 45% formamide (v/v), 0.2X S SC 

(NaCI and trisodium citrate), 5X Denhardt's solption, 20 mM sodium phosphate(v/v) 

and Amon sperm DNA was performed for 30 minutes at 42OC; hybridization was 

perfomed at 42°C overnight in a solution containing 60% formamide (vlv), 7X SSC, 

1.5X Denhardt's solution and salmon spexm DNA with R40-21. This hybridized blot 

exhibited no binding at A. Thus, R40-28 did not &bit any binding to Pc715j 

genomic DNA, and R40-2 1 demonstrated either no binding or nonspecific binding Ma 

multiple bands or smears without any banding obsenred. 

The prirners designed fiom the amino acid sequences ofintemal peptides fiom 

the 40 kDa protease may not be close enough to the a d  DNA sequence of the 40 



kDa proteese structurai gene to hybridize to restriction digests ofPc715j genomic 

DNA 

3.5 Polymerase dain reaction with 40 kDa protease primers 

hotfier approach to clonhg the 40 kDa protease structurai gene was by PCR 

amplificaîioa. PCR was performed with the 40N forward primer and either the reverse 

complementary R40-21 or R4û-28 primer. PCR using 0.5 pg of template, 4 mM 

MgCl* and R40-2 1 in a 50 pL final reaction volume with the foiiowing cycle 

conditions: iaitial3 minute denaturation at 94OC; thirty cycles of one minute 

denaturation at 9Z°C, 1 minute aarxeing at 3S°C, 1 minute extension at 72T; final 7 

minute extension at 72OC; yielded a 340 basepair (bp) product (Fig. 12, lane 3). The 

initial screening of the Pc7lSj genome by PCR using 40N and either R40-21 or R40- 

28 was performed under various conditions; no products were observeci for any of the 

reactions using R40-28, while R4O-2 1 yielded the above 340 bp product fiorn Pc715j 

genomic DNA Reamplification of these previous reaction products also yielded this 

340 bp product (Fig 12, ianes 6-7) as did reampiification of the product in lane 3 of 

Figure 12 (data not shown). ReampEcation of previous reaction products was 

performed to increase the amount of product king synthesized so as to have enough 

product for radiolabeiiing and subsquent colony hybridizations to clone the whole 

gene. As indicated in section 3 S. 1 below, sequencïng of this 340 bp remplification 

product indicated it was not fkom the 40 kDa protease structural gene as it did not 



Figure 12. PCR amplification of a 340 bp produ* h m  the B. c e p h  Pc715j genome. 

Primers R40-21 and 40N amplincation h m  the Pc715j genome (uni= othenvise indicated). 

Lane 1, 1 kb DNA standard (0.1-1 2 kb range), Laue 2, PAO, @mers 40N and R40-2 1; lane 3, 

500 ng Pc715j genomic DNA, primers 40N and R40-21; lane 4,250 ng Pc7l5j genomic D N 4  

prirners 40N and R40-21; lane 5,500 ng Pc71 5 genomic DNA, primers R40-28 and 40N; lanes 

6 and 7, previous PCR product reamplifidon, primers 40N and R40-2 1. 



Figure 13. PCR a q L i f i d o n  of 180,340 and 425 bp pducts  k m  the B. cepacia Pc715j 

gemme. Primexs 40N and R40-2 1 ampEdon fiom the Pc7lSj gemme under various MgCh 

coiicentrationis. Lane 1.1 kb DNA standard (O. 1-12 kb range), Laue 2,100 bp DNA standard 

(100-2000 bp range), Laae 3, m e r  control ; lane 4,2 mM MgC12; lane 5,3 mM MgC12; Iane 6, 

4 mMMgClz. 



onginate fkom the amino acid sequence obtained fkom N-terminai seqyencing (see 

seaion 3.3). 

Reaction conditions were modifiai to attain a higher level of specificity. 

Figure 13 lane 5 indiuites three products: 180 bp, 340 bp and 425 bp obtained using 

primers 40N and R40-21 and ethanol-precipitated and washed template (1 pg), 3 mM 

MgCb and modined cycle conditions: initial denaturation for 3 minutes at 9S°C, 

denaturation at 1 minute at 95*C, anneaihg for 1 minute at 5s0C, and extension for 1 

minute at 7Z°C for 35 cycles. Reactions under these conditions with 40N and R40-28 

did not yield specinc products. Denaturation of the GC-rich template couples 5% 

DMSO with the higher denaturation temperature of 9S°C. Sequencing of the 1 80,340 

and 425 bp products (see section 3.5.1 for sequence analysis) indicated these products 

were not fkom the 40 kDa protease structural gene when compared to the N-temiinal 

aniino acid sequences. Subsequent PCR reactions ushg 40N and R40-21. with the 

elimination of possible con tamhathg instruments or reagents, higher aanealing 

temperatures and decreasing the amount oftemplate to 0.5 pg to increase reaction 

spedicity continued to yield the 180,340 and 425 bp products; no products were 

observed with the R40-28 primer. 

Decreasing the amount oftemplate to 250 ng started to yield products other 

than the 180,340 and 425 bp products; so to co&m the specificity of these products, 

single primer reactions were used to identify specific versus nonspecific products f b m  

the primers since it was possible that products were arising fkom nonspecific priming 

at both ends ofthe product. In addition, the annealing temperature was increased for 



Figure 14. PCR amplification of 1000 and 1050 bp products h m  the B. cepacia Pc715j 

genome. *ers 40N and R40-21 or R40-28 amp&cation fiom the Pc715j genome with 

4 mM MgCh (unles otherwiSe mdicafed). Lane 1 ,1  kb DNA standard (0.2-12 kb range), 

Lane 2.100 bp DNA standard (200-2000 bp range), Lane 3, water control; lane 4,40N; lane 

S. R40-21; lane 6, R40-28; lane 7,40N and R40-28; lme 8, R40-21 and 40N; lane 9.40N 

and R40-21 with 2.5 mM MgClz 



the first 5 cycles to yield speçInc products and then lowered to continue amplifying 

fiom these specific products: 65OC for 5 cycles then 60°C for 30 cycles. When 40N 

and R40-28 were each used separately to amplifil products primed on both ends by the 

same primw, no nonspecifïc products were observecl; however R40-21 ampIified a 900 

and 1200 bp product. A 1000 bp hgment pig. 14, lane 7) was ampmed by 40N and 

R40-28. Amplification by 40N and R40-21 continued to yield the 180,340 and 425 

bp products as well as the 900 bp product primed on both ends by R40-21; however, 

when the MgQ concentration was lowered ta 3 mM, an additional 1050 bp product 

was observeci (Fig 14, lane 9). The 1000 bp produa fiom 40N and R40-28 and the 

1 OS0 bp product &om 40N and R40-21 were anaiyzed by sequencing in section 3 S. 1. 

3.5.1 Anlilysis of Pc715j PCR products 

Automated DNA sequencing was performed on the PCR products obtained in 

section 3.5 to c o h  the product as originating fiom the 40 kDa structural gene by 

cornparisons to the deduced amino acid sequences describeci in section 3.3. NCBI 

GENBANK BLAST searches were dso performed to look at relevant homologies to 

other sequences and to look at the possibility of the primers amplifjing a related gene 

such as that belonging to another B. cemciu Pc715j protease. 

The PCR products obtained in section 3.5 were andyzed by cloning into the 

p(JRII vector and transfodon hto E. cdi straui INVaF' and PCR cycle sequencing 

of the insert (the cloned PCR product). These included the initial 340 bp product 

ampEed by 40N and R40-21 (Fig. 12, lane 3), the 180,340 and 425 bp products 

amplifid by 40N and R40-21 (Fig. 13, lane 9, the 1000 bp product amplinecl by 40N 



Figure 15. Agarose gel (1 -5%) analysis of EcoRI digested p C W C R  product plasmid 

constructs. A. Lane 1,100 bp DNA standard (200-2000 bp range), lane 4 pVS21-425, 

B. Lane 1.1 kb DNA standard (0.3- 12 kb range), lane 2,100 bp DNA standard (200-2000 

bp range), lane 4, pVS21-180; lane 5. pVS21-340. C. Lane 1.1  kb DNA standard (1-1 2 kb 

range), lane 2, lambda H i n d i  DNA standard (2-23 kb range), h e  3, pVS28-1000; lane 4, 

pVS21-1050. AU agarose gels were scannecl using Hedett Packard Scan Jet 4c and Hewlett 

Packard Deskscan II S o h e  (Hewiett Packard Co.) 



TABLE 7. Cornparison of PCR pmduct sequences to & cep& Pc715j amino- 
terminai amho acid sequences 

Hame S ~ e a c ~  
nt O* CGC GCC GTT GCC GAT CGG CTGT NAC NCC NCC 

G C  GCC GTT GNC GAT GGG CTG- CTC GCG GTG 
GC GCC GTT GCC GAT GGG CTG GGA GCA GCA 
GC GCC GTT GCC GAT GGG CTG CAC ATG TCG 
GC GCC GTT GCC GAT GGG CTG CGG AAC ACG 
GC GCC G!FT GCC GAT GGG CTG TCA GCG TCG 
[TG GTG fAC GCC GAT C'TG GTT] NAC NAG/A/T T/CTG 
TG GTG GAC GCC GAT CTG GTT TAT CCC GAT 
[ATC AAC TTC ACC GGC GAG ATC] ATN GTN GCN GGN 
ATC AAC TTC ACG GGG GCA GAT CGT TTG TGG ACA 
ATC AAC TTC ACG GGC GAG ATG TTG ACC GCG AGC - 

pVS21-425 ATC AAC TTC ACG GGG GAG ATG CGG AAA ACG GGC 

%rackets indicate primer DNA sequence. 
"Primer name. 



aad R40-28 (Eig. 14, h e  7) and the 1050 bp product ampiified by 4ûN and R40-2 1 

mg. 14, lane 9). 

The 180,340,425,lûûû and 1050 bp pCRIITCR product plasmid constructs 

were confirmeci as cootaintng the appropriate PCR product insert by Eco= digestions 

(.OR' restriction Stes fia& the insertion site) indicated in figure 15. The PCR 

product inserts were sequenced and analyzed- None of these products possessed any 

signïfïcant homologies to genes related to or coding for a bacterial protease via 

BLAST searches. Table 7 hdicates the cornparisons of the PCR product sequences to 

the 40 kDa protease amino-terminal amino acid sequences. None of the PCR products 

originated from the 40 kDa protease structural gene as indicated by cornparison to the 

amino acid SeQuence obtained fiom N-terminal sequencing. The 1000 bp PCR 

product (pVS28-1000) amplified fkom 40N and R40-28 had a different quence fiorn 

a second clone of this product; this clone showed signifiant homology to UDP-N- 

acetylgiucosarnine 1-carboXyvinyItransferase fiom Enterubacter cl-, 

HuemophiZz(s mjluenure, Escherichia coli and Acmefobacter caZcoaceticus (data not 

shown) indicating the unpredictable naaire of the products being amp1iJtied. The 1050 

bp product (pVS21- 1050) amplified by 40N and R40-2 1 was primed on both ends by 

R40-21 and was thus a n o n s p d c  product. The initial 340 bp PCR reamplification 

product was cloned and sequenad, but it did not origimte âom the 40 kDa protease 

amino acid sequence, nor were any homologies identifieci &er a BLAST search (data 

not shown). Reampiification of PCR products increases the probability of turning up a 

contaminant rather than the desired specific product. The initia1 340 bp reampfification 



product and the second 340 bp produd (pVS21-340) (obtahed in conjunction with 

the 180 bp and 425 bp produa (pVS21-180 and pVS21-425)) amplifieci by 40N and 

R40-21 had different Seqtlences fùrther indicating the nonspecificity of the products. 

This common occurrence of clones origidng fiom the same PCR product having 

différent sequences indicated the nonspecificity of the products behg amplifieci. Three 

Mirent clones of the 425 bp product amplihi fkom 40N and R40-21 did, however, 

have the same sequence. 

Thus, the DNA sequence of the primas designeci fkom the arnïno acid 

sequence of the 40 kDa protease structural gene was probably not M a r  enough to 

the a d  DNA sequence of the 40 kDa protease gene to be used for cloning the 

structural gene for the 40 kDa protease. The degree of purity of the initial 40 kDa 

protease preparation fkom section 3.1 used in the amino-terminal sequencing (ref 3.3) 

was a possible problem in that con taminant proteins may have been sequenced thus 

accounting for the PCR products amplifieci by the primers not 0n-g nom the 40 

kDa protease gene. In addition, the N-tenriinal sequencing procedure itseifcould have 

been detecfing major contaminant proteins in the sample rather than the digesteci 40 

kDa protease fhgments. 

3.6 Construction and screenhg of R cep& Pc715j cosmid gene bank 

Since the clonhg using oligonucleotide primers was unsuccessfûl, cloning of 

the 40 kDa protease gene was attempted via the construction and screening of a 

wsmid gene bank in E. coli for protease expression. In this approach, the entire 



Figure 16. Agarose gel (0.75%) anaEysis of suaose gradient ofHmcaII digesteci B. cepcia 

Pc7l Sj  genomic DNA Lane I, lambda HUdm DNA standard (2-23 kb range), lanes 2- 15, 

M o n s  1-14 (0.5 mL) of the DNA suaose gradient 



Figure 17. Agarose gel (0.6%) analysis of Hindm digestions of cosmids h m  nrSt B. c e p h  

Pc7l5j gene bank A. Lane 1.1 kb DNA standard (1 -1 2 kb range), lane 2, lambda HidïïI  

DNA standard (2-23 kb range), lane 3, pCP19 (uncut); lanes 4-14, pCP19 with H M  Pc7lSj 

genomic DNA inserts h m  HB 1 01. B. HinrnII digestions of cosmids fiom second B. cep& 

Pc715j gene bank Lane 1.1 kb DNA standard (1-1 2 kb range), lane 2. lambda Hindm DNA 

standard (2-23 kb range). hues 4-13. pCP19 widi Hi- Pc715j genomic fkagment inserts fhm 

HBl01. 



gemme of B. cepacr'a strain Pc71 5j would be containeci in large fkgments in a cosmid 

vector, stored in an appropriate ho* and screened by conjugation (triparentai mating) 

in a host capable of allowing expression ofPc715j genes. The pCP19 cosmid vector 

(23 kb) contains a h cos site and a rrmltiple cloning site. The îc recombinant phage 

package DNA hgnents in the 34-52 kb range thus insats range in size fiom 15-3 1 

kb with an average insert size of 23 kb (Friedman et ai. 1992). A m e n t  encoding a 

protease structurai gene would be detected by a phenotypic skim milldbrain hart 

inIrision (SM;rBrn) agar plate assay designed to detect protease expression by a 

clearing of the agar arotmd the colony due to proteolysis of the casein in the skim 

m ï k  This approach might rnake it possible to detect a structural gene for any 

protease expressed in E. coli that wuld degrade casein 

B. cepcia Pc7 15 genomic DNA was pamally digested with IIhdUI, and 

sucrose gradients were used to isoiate 9-20 kb fragments (Fig. 16). Mer ligation of 

the 9-20 kb W o n  (Fig. 16, lane 8 and 9) into the cosmid vector pCP19, tbis niixhire 

was transduced into E coli strain HB 10 1. The first gene bank when pachged, 

amplifieci in E. c d  HBlOl and harvested had a low yield of ody -700 colonies. 

However, it must be considered that many of the clones contain more than one 

genomic âagment ftom Pc7lS. Figure 17A indicates the presence of inserts in 

approrcimately swen often randody selected plasmids fkom the gene bank Of these 

plasmids, three appeared the same with two fhgments of 11 kb and 16 kb. The 

remaining four had hserts of 10.5 and 12 kb; 9 and 12 kb, 4 and 18 kb, and 25 kb. 



Thus, the average size ofinsert in this gene bank was 23.5 kb as expected for 

pachghg of  cosmid vectors by recombinant h phage, and the unique insert fiequency 

for the first gene baak was 50%. The remainder of the ligation was packaged into E. 

coli HB 1 O 1 with a yield of -2300 clones and a unique insert fiequency of 

approximately 70% demo~l~trated in Figure I7B. These seva clones appeared to be 

different: 3.3,7.5 and 16 kb; 13 and 17 kb; 12 kb; 8 and 17 kb; 12 and 18 kb; 20 kb 

and 13 kb. The average size of the Pc715j genomic inserts in this gene bank was 22.4 

kb. When combining both gene banlcs the total covaage is 45 080 kb of unique 

inserts. Since 9-20 kb genomic fhgnents were iigated into the cosmid vector pCP19, 

the first gene bank contains 8 distinct genomic hgments nom t a  cosmid clones, and 

the average insert size was 13 kb. The second gene bank contains nine distinct 

genomic hgments in ten wsmid clones with an average insert size of 13 kb. When 

wmbining the gene banks together, a total of 34 190 kb is included in the gene bank. 

Thus, with the B. cqaciu genome being -7 Mb, the gene banks wver 4-5 times the 

size of the B. cepacia genome. 

The Pc7 15j cosmid gene bank in E. coli Hl3 1 O l was screened on S m H I  

plates to determine if protease expression wuid occur ia E. cd i  with the occurrence 

of a protease-positive phenotype. No protease-positive clones were i d d e c i .  

Protease struchual gens andlor genes related to protease production such as 

regdatory or SecTetory genes may not be properly expressed or processed to d o w  

secretion of mature protease(s) into the exffa~eiiuiar medium. 

3.6.1 Screening of the two Pc7lSj gene banks in PA1034 1 



The b t  host selected was the protease negatRre P. amginosa strain PA103- 

1 1. This stralli is phenotypidy elastase negative, and an EMS 

(ethylmetfmnesulfonate) mutant of allraline protease (Guzzo et al. 1990). B. cepacia 

(and aiî BwRhoWa W.) fotmerly belonged to the P h m o n a s  genus, the 

PseLIctDmonas genus was divided into nVe groups acwrding to rRNA-DNA 

hybndktion. Homology group II was r e d d e d  as BwKhoGden'a W. according to 

16s rRNA sequences and certain phenotypic characteristics (motility, carbon sources, 

ceiiuiar lipid and fkîty acid analysis) (Yabuuchi et al. 1992). The two genera are 

related in predomirmt caarsicteristics such as being gram-negative, aerobic, 

nutntionally versatile, possessing a high G-C content in their genomes, etc. thus 

expression of B. c t p c i à  Pc7 15j genes could possiibly occur in PAlO3- 1 1. The two 

gene banks were first screened by conjugation in PA1034 1 to look for clones 

exhiîig a protease positive phenotype on skim mik agar plates. The recipient 

(PA103-11) was incubated at 42°C to attempt to inactivate i ts restriction system 

Transconjugants were scxeened on skim miUc agar (1300 nom the first gene bank and 

2600 fiom the second gene bank), however, the protease positive phenotype was not 

obsewed. The PA1 03- 1 1 transconjugants canyhg the plasmids were examined to 

determine ifthe Pc715j inserts wae stable in this host. Figure 18 indicates that the 

vecton in the PA10341 transconjugauts did not contain inserts. Thus it appeared 

that PA1034 1 was not similar enough to B. cepciu Pc715j to aifow the presence of 

Pc715j genomic firagments, since the fhgments appeared to be degraded by the 



Figure 18. Agarose gel (0.7%) anaiysis HhdiD digestions of pCP19 B. c m a  Pc715j gaie bank 

transoonjugants in PA103-11. Lane 1, 1 kb DNA standard (1.6-12 kb range), lane 2, lambda 

Hntdm. DNA standard (2-23 kb range), lane 3, pCP19, lanes 4-13. PA1 03- 1 1 traasconjugants. 



restriction system of strain PA103-l 1. Expression of Pc715j DNA wdd not then be 

studied in this host. 

3.6.2 Determination of protease apnssion in R cep& strains 

Since PSetcciinnonas spp. seemed to recognize B w k h o ~ u  qp. DNA as 

foreign and degraded these fi-agments Ma its restriction system, a phenotypically 

protease-aegative Bwkholiteria cepac14 strain was sought. Previous screening studies 

in Dr. P. Sokol's lab by Dr. Andrew Cox and Carla Lewis of B. c e p i a  strains on 

S M / B I  plates identifid a prelimuiary set five of mains exhiitiog protease-negative 

phenotypes. 

The B. cepcia strains suspected of exhiiting a protease-negative phenotype 

were subjected to analysis of proteolytic expression by inaibation at 37°C for up to 96 

hrs on SM;(BHI: plates, and by TCA precipitation ofexîracellular SupernatantS. The 

strains studied included 22-12 strain), 15278 (chical strain fiom SM 

mfion),  K36-2, K37-3 and K43-3 (laiter three all CF clinid strains); with Pc7l5j as 

a positive control. Ail strains were iDitially protease negative on SWE3HI plates; 

however, later stuclies demonstrated some proteolytic zone formation by K36-2, K37- 

3 and K43-3. 

For analysis ofd ture  supernatants for secreted protease, 15 rnL cultures were 

grom in PTSB media at 37OC to an of 1.4, wtiich ranged fiom 6 hrs for 15278 

to 11 hrs for K36-2, K37-3 and K43-3. At this point, 14 mL of the culture was 

precipitated with TCA ovemight at 4°C. The protein concentration of the 

resuspended protein precipitate was determined by the Bio-Rad protein assay and 

adjusted to -0.9 PB/&. SDS-PAGE analysis of the samples (Fig. 19) indicated thaï 



Figure 19. SDS-PAGE (1 2.5%) (Coomassie Blue (CBB) S t h )  d y s i s  of TCA precipitated 

supernatants ofB. c e p c h  strains; each iane coutains -60 ug of protein Lane 2, PSCP; lane 3, 

40 kDa protease; lane 4, Pc715; iane 5.22-12; lane 6,15278; lane 7, K36-2; lane 8, K37-3; lane 

9, K43-3; PSCP and 40 kDa protease hdicated by dashes (0); lane 1, presîained molecuiar IMSS 

markers (mdicated m kilociaitons, see Fig. 5 legend). AIi SDS-PAGE gels were scanned using 

Hewiett Packard Scan Jet 4c and Hewiett Packard Deskscan II So-e (Hewlett Packard Co.) 



seains 22-12 and 15278 did not appear to srpress either the 40 kDa protease or  PSCP 

(Fig. 19, lanes 5 and 6), whereas K3 6-2, K37-3, K43-3 and Pc7 1% expressed both 

proteases (Fig. 19, lanes 4 and 7-9). These r d s  correlateci with the prelimmary 

SMIBHI screening studies. Strain 22-12 was chosen over 15278 as the host for the 

Pc7l5j cosmid gene bank due to the h o w n  nature and origin of stralli 15278 and 

the estabiished protease negative phenotype of most B. cepacià plant (rhizosphere) 

strains (Bevivino et al. 1994). 

3.6.3 Screerting of the Pc715j cosmid gene banks in B cep& strain 22- 

B. q c i a  strain 22-12 was the isolate chosen in which to screen the Pc715j 

cosnid gene b d c s  for protease expression Any evidence of proteolytic expression by 

a cosmid clone couid be due to a protease structural gene or required secretory or 

regulatory genes wbich are not present in 22-12 since the protease negative phenotype 

of strain 22-12 couid be due to a number of reasons: the absence or mutation of the 

protease structural gene in the genome, or the absence or mutation of a specific 

regulatory or SecTetory gene imrolved in expression, maturation and export of the 

protease. 

The two gene banks (2500 transconjugants screened nom the triparentai 

maring with the first gene bank and 5700 tnuis«>njugants screened fiom the triparental 

mating with the second gene bank) were saeened by wnjugation in B. cepxiu strain 

22-12. Figure 20 shows that inserts were present in the 22- 12 transconjugants (four 

out of five for the first gene bank and five out of five for the second), however, no 

protease positive clones were observed. For both gene banks wmbined, the unique 



Figure 20. Agarose gel (0.8%) a d y n s  of Hmdm digestions of pCPl9 B. cepuah Pc7lSj 

gene bank transconjugants in 22-12. Lane 1.1 kb DNA standard (1.0-12 kb range), lane 2, 

lambda H M  DNA standard (2-23 kb range), lane 3, pCP19; Iaaes 4-8.22-12 traasconjugants 

fiam fkst gme bank; tanes 9-13, 22-12 tnmsoonjugants h m  sewnd gene bank 



iosert fiequency was 90%; with an average Esert size of 21 kb, comprising a total of 

107 41 5 Id, being screened in 22-12. The unique genomic fiagrnent fiequency is 

1000/o, with an average unique genomic -ent size of 10 kb, coverhg a total of 69 

300 kb. Thus, the B. cep~cia genome was screened b f o l d  above the size of the 7 

Mb genorne in strain 22-12. However, the absence of any proteolytic srpression could 

be due to random fhgments of the genome that were not included in the gene bank 

either by the hsufjicient n d e r  of initial cosmid clones obtained when constructing 

the gene bank or by the s p d c i t y  of the HindlII restriction site selecting against 

genoniic fragments larger than 20 kb that do not contain the H m  site. Restriction 

enzymes often preferentially cleave certain sites in a genome; leading to 

overrepresentation of the fragments containmg these sites. Amplification of the 

cosnid gene bank may also lead to overrepresentation of certain genomic âagments 

due to some advantage mderred to the hoa h m  the insert. Atternatively, ail of the 

cosmid clones may not have been transfmed over to the hoa. The possiïiiity also 

exists that the âagment containhg one of the protease structural genes was cleaved by 

Hindm in the middle of the gene, or that other genes necessary for expression and 

maturation of the protease were not present on the same fkagment. 



Extradular Pnc meîaloproteases have been implicated in the pathogenesis of a 

-ber of disases such as P . m o n a s  aeru@oszz respiratory infèction in CF patients. 

Bwkhokkria cepacrk, aiso a CF pathogen, produces at least two proteases which may be 

invoived in the pathogenesis ofthis organism in the CF lung. PSCP, a 34 kDa proteases 

has been demoa~trated to cause bronchopneumonia when instillecl intraîracheally into rat 

lungs. In vitro it can cleave collagen types 1, IV and Vs where colIagen type III is an 

intastitial wllagen found in the lung and collagen type IV is a basement membrane 

coUagen found in all vascuiar tissues (McKevitt et a% 1989). PSCP activity can be 

inhiiited by metai chelaîors such as EDTA and 1,lû-phenanthroline and d v i t y  of PSCP 

in the presence of EDTA can be restored by the addition of zinc, calcium or magnesiun 

ions. Thus, putative classincation placed PSCP in the zinc metaiioprotease M y  of 

bacterial proteases (McKevitt et al. 1989). The pdcation of a second 40 kDa protease 

with less s p d c  activity by the hide powder azure assay than PSCP by Kooi et al. (1994) 

r a i d  the possibiiity of its being a prewsor of PSCP or a related protease to PSCP. 

Further characterization of PSCP by Nakazawa and Abe (1996) has demonsîrated that the 

expression of homologs to P. 4emgimsa XcpR(cytop1asmic ATPase) and XcpS(iuuier 

membrane protein) f?om the generai seaetory pathway, and of the disuifide-bond forming 

protein, DsbB, are required in B. qac i ia  for'the expression of extracellular, mature 

PSCP. The hypothesis of this study is that the 40 kDa protease is either a precursor of 

PSCP, or it is a protease sharing common epitopes with PSCP. As the main, 



constitutiveIy produced exfraceildar product of B. c@u strain Pc715j (a clinid CF 

strain), it is possibiy an &portant virulence fiidor in the pathogenesis of B. c e m a  

respiratory infions in CF patients. This study endeavoured to understand the properties 

of the 40 kDa protease in relation to its role as a Wulence factor, and to its relation to 

PSCP and to the physiology of B. cepacà. Towards this goal, the characterization of the 

40 kDa protease was perfomed, and the clonmg of the structurai gene for the 40 kDa 

protease, PSCP or other proteases produced by B. cepcia strain Pc7lSj was aîtempted. 

M c a î i o n  of the 40 kDa protease was pafomed as describeci in McKevitt et al. 

in 1989 and in Kooi et al- in 1994. Mer ammonium sulfate precipitation of the culture 

supematants and dialysis, the proteases were purined by DEAE Sephacel ion-exchange 

chromatography. PSCP predomhantly eluted offthe coluimi with a buffer wash in the 

unbound fiaction The 40 kDa protease was eluted off with a 0-1 M NaCl gradient. 

Often the gradient elution also eluted off small remabhg arnounts of PSCP with the 40 

kDa protease. Thuq the two proteases appear to have some structural diffaences in their 

interaction with the DEAE ion-exchange resin where more negatively charged proteins 

will bind more tightly to the pusitively-charged DEAE rnoiety on the resin However, the 

40 kDa protease eluted off the column in the first halfof the NaCl gradient with some 

PSCP. No 40 kDa protease eluted off in the buffer wash Thus, the two proteases appear 

to have minor structural ciiffierences in their overail interaction with the ion-exchange resin 

Subsequent gel fltration of the 40 kDa protease NaCl W o n s  allowed salt removal fkom 

the sample and fiirther separaiion âom other contaminating proteins in the sample. Small 



amounts of PSCP did, however, remah in the sample of 40 ma protease used in the 

subsequent characterization studies. 

Characterization of the 40 kDa protease began with detemination of the pH and 

temperature optima for activity by the hide powder azure assay. The pH optinnun was 

found to be 6, which is the same pH optimum determined by McK& et al. (1989) for 

PSCP. The pH optimum determined for PSCP in this study was pH 7, though the activity 

at pH 6 was very close; thus setting the pH optimum in a range of 6-7. The pH optimum 

of the 40 kDa protease at 6 was very close to the advity observeci at pH 5 and pH 7, thus 

suggesting more of a range of optimai activity for this protease. The pH of the 

thermolysins (neutnil metalioproteases) versus the sedysins such as P. aeruginosa 

alkaline protease (typically have a more aikaüne pH optimum) suggests that the 40 kDa 

protease is in the thennolysin M y  of metalloproteases. Further experiments described 

below classw the 40 kDa protease as a putative zinc rnetaiioprotease. The temperature 

optimum for the 40 kDa protease was detemhed to be SO°C which was SOC above the 

temperature optimum previously reported for PSCP by McKevtt et al. (1989). In a 

cornparison of rbsphere versus clinicai isolates of B. cepacia by Bevivino et al. (1994), 

the optimal temperature for growth for the clinicai isolates was at 42OC compareci to the 

wider temperature range prefmed by the rhizosphere isolates. The higher temperature 

optimum of the 40 kDa protease is then appropriate as it origïnates f?om a clinical strain of 

B. cepacia (strain Pc7lSj). Thus, prehnhy cornparison of the 40 kDa protease with 

PSCP suggested a similarity in the physicai properties necessaxy for optimal activity. 



Determination of the isoelectric point of a p ro te  yields very specitic information 

about the structural properties of thaî protein. The isoelecûic point @I) depends on the 

ratio of surface-exposed chargeci amino agds in a protein, where the ratio of negatively 

charged amino acids in the protease sequence to positnrely charged amino acids exposed 

to the surfiice in the protease's native conformation detemines the protease's pL Thus, 

this property refiects the intrinsic structure of the protein both in its primary amino acid 

q e n c e  and in its native terîiary structure. The isoelectric points of the 40 kDa protease 

and of PSCP were determined on a broad-range isoelectric focuisng (IEF) gel with a 

prefiormed pH gradient in the 3-9 range. The 40 kDa protease and PSCP were found to 

be exîrernely close in their pI determinations as both proteins focused at pH 5.2. PSCP 

did require more volthours to corne to ts final foaised position than did the 40 kDa 

protease reflecfitlg the Merences in certain properties of the two proteases. However, 

the near identity of the isoelectric points of the two proteases suggests a strong similarity 

between the primary and tertiary structures of the 40 kDa protease and PSCP especially in 

the ratios oftheir nnfhmeqosed charged amino acids. 

Classification of the 40 kDa protease was necessary to ascertain the mechanism of 

action of this protease and to determine its structural smilarity to PSCP. Bacterial 

proteases belong to four major groups according to the catalytic group present at the 

active site: the serine proteases, the cysteine proteases, the aspartic proteases and the 

mdoproteases @ase and Fiake1steiq 1993). Preliminaty classification of a protease 

begins with the study of the efféa of class-specific inhibitors on the activity of the 

protease. Wiitors chosen included the cysteine protease inhibitor dithiothreitol, a 



reducbg agent inhiiiting cysteine proteases or other proteases containhg disulnde 

bridges. Serine protease inhibitors were PMSF. a serine protease inhibitor that can also 

inhibit some cysteine proteases and 3,4-DCL, a sp&c serine protease inhibitor. 

Metalloprotease inhibitors can be cheiators of divalent metai cations, or caa spedidy  

inhiiit bactrial metailoproteases. The chelator EDTA was chosen as the initial inhiiitor 

of metalloproteases or other proteases requirùig divalent cations for their a-; and 

1.10-phenanthroline was utiiized for its preference for chelating ~ n *  ions over other 

divalent cations such as ca2+ (Beynon et d. 1989). Inhi&ition of the 40 kDa protease at 

effective concentrations of EDTA as indicaîed in Beynon et al. (1989) couid prehnhady 

i d e  the 40 kDa protease as a metalioprotease and inhibition with effective 

concentrations of 1, l O-phenanthroline (Beynon et ol. 1989) could prelimiaarily classi@ the 

40 kDa protease as a zinc-containhg metalloprotease. Totai inhibition of activity of the 

40 B a  protease occumed wÎth low (O. l concentrations of the metai chelators EDTA 

and 1,lO-phenanthrohe (Table 5). These r d t s  preliminariy ciassified the 40 kDa 

protease as a Pnc rnetallopr~tease~ Signiscant a- inhibition occurred with 0.1 mM 

PMSF, however, no sigaiscant inhibition of 40 kDa protease activity was observed with 

the specific serine protease inhiiitor 3,4-DCL thus connrming the prelllninary 

classification of the 40 kDa protease as a zinc metalloprotease. 

Confirmation of the 40 kDa protease as a zinc-requiring metalloprotease was 

achieved with the measurement of acîïvity recovery of the 40 kDa protease in the presence 

of the metal chelator EDTA by the addition of vanous concentrations of divalent metal 

cations. Beynon et al. (1989) States that pM amounts of2n2+ should restore activity to a 



zinc metalloprotease in the presence of a metal chelator and that m .  amount of 2n2+ 

would be inhibitory to the acfivity of the protease. The activity of the 40 kDa protease 

when in the presence of  O. 1 mM EDTA was restored to conîrol levek by 100 pbl znN, 

and m M  amomts of 2n2+ were inhiiitory to the protease's activity (Table 4). Thus, the 

classification of the 40 kDa protease as a zinc metalloprotease was c o h e d  placing it in 

the same category of bacteriai proteases as PSCP. ûther m d  cations restoring activity 

of the 40 kDa protease to signifiant levels were manganese and iroa One rnM Mn2+ 

resîored protease activrn/ to wntrol lweis and 0.1 rnM ~ e ~ +  signincandy restored activity 

to 64% of control leveis. Metdioproteases such as elastase also have calcium-bïmding 

sites for s t a b i i  of the protease (Fukushima et ai. 1989). However, calcium ions 

demonsîrated M e  to no ab- to restore activity to the 40 kDa protease in the desmieci 

experiments (ref 3.2.3). One mM ca2+ could ody restore 8.2% of the activity of the 40 

kDa protease. Other metal ions indicated as having effécts on activity recovev in zinc 

metaiioproteases inciude magnesium ions, but, no activity recovery with M ~ ~ +  was noted 

for the 40 kDa protease. As zinc metalloproteases often exhibit more similarity in their 

ter* structure than in th& primary sequeme, it has been noted that various divalent 

metal cations can substitute at the active site of the zinc metaiioprote~ses with varyhg 

degrees of effective substitution when obsaving activity recovery. Thus, the 40 kDa 

protease rnay also differ nom the bacterial 9nc metalloproteases such as elastase in that 

manganese ions may more effdvely substitute at the active site of the 40 kDa protease 

than calcium or rnagnesium, Previous metal replacement experiments did indicate 

recovery of 40 kDa protease activity to 66% of control levels with 1 m .  ca2' (data not 



show); these results were not obsemd in b e r  experiments. McKevitt et ai. (1989) 

reported that &ty of P S B  in the presence of 10 mM EDTA was 50% restored by 10 

m .  caB, 35% restored by 10 m~ znt* and 45% restored by 100 niM M~". The present 

study focused on utiliPng lowet concenfrafions of metal cations in replacement studies; 10 

mM ~ 8 ,  1 O mM 2n2+, 1 O mM and 100 mM MC were not included in the metai 

replacement experiment. Thus, the &ciency of metal cations substituthg at the active 

site ofzinc metalioproteases rnay be dependent on the concentrations of the protease, the 

metal chelator and the substituted metal ion as well as the efficiency with which the metal 

cation fits into the active site and catalyzes activity of the protease. 

Kooi et al. (1994) produced six MAbs, five to PSCP (incIuding 36-66 and 36-6- 

8), and one to the 40 kDa protease (G-Il). The PSCP MAbs 366-6 and 366-8 were 

capable of distinguishing between bacterid metalloproteases belonging to the thermolysin 

class (eg. B. cepacia PSCP, P. aemgtnosa elastase, K cholerae HNprotease, 

thermolysin) and those belonging to the Senralysin class (eg. P. aeru@osa allcaluie 

protease, S. w c e c e n s  metalloprotease) by neutralization of only the therm01ysin-type 

metalloproteases (Kmi and Sokol 1996). Activity of the 40 kDa protease was neutralued 

to 24% of control levels with 36-64 suggesting ctassification in the themolysin class of 

bacterid metalloproteases (Table 5). Kooi et al. (1997) m e r  defined the epitopes being 

neutraiized by these monoclonal antiiodies by @ope mapping of a 13.9 kDa peptide 

fiom P. uemginosa eiastase that was strongly recognized by 3666 and 36-6-8. Since the 

PSCP sequence was not available, elastase was chosen for the epitope mapphg studies as 

it is a protease hypothesized to be similar to PSCP. The 13.9 kDa peptide was used to 



generate a series of overlapping 9-ma peptides; peptides 15 and 42 produceci the 

strongest d o n s  on ELISAS with 36-6-6 and 3668. Peptide 15 overlapped the Pnc- 

binding active site of elastase, and peptide 42 was in between the third zinc-binding Iigsnd 

fiom elastase and a proton donor at the active site (Kooi et al. 1997). The anti-peptide 

polyclonal sera was also reported to distinguish between the themolysin and serralysin 

class of metalloproteases by neutralization of bacterid metalloproteases belonging to the 

thermolysin class such as elastase, PSCP, thenaolysim and V: cholerae HNprotease. The 

40 kDa protease was not neutralized by either anfi-peptide 15 or anti-peptide 42 

poiycional sera (Table 5). Previous repeated experiments in this study fded to show 

neutralization of PSCP or the 40 kDa protease by the adpeptide polyclonai sera; 

n-on of elastase and themolysin with the antisera occurred only with Eesh 

preparations of these proteases. It is possible that the polyclonal sera is unstable in its 

storage conditions since different preparations of monoclonal or polyclod antibodies can 

exbi'bit varying stability according both to the specific MAbs or poiyclonal sera in 

question, and to the storage conditions. It is dso possiile that the epitopes being 

recognized by the anti-peptide 15 and anti-peptide 42 polyclonal sera in the 40 kDa 

protease are not close enough to elastase in the primary sequence and tertiary zhobinding 

site and active site structure to be &ectiveIy neutdzed by these polyclonal antibodies. 

To assess the substrate spdcity of the 40 kDa protease, incubation of the 

protease with substrates relevant to the possible role of the 40 kDa protease as a virulence 

&or in B. cepacu respiratory infkctions in CF patients was performed. The purpose of 

these experiments was to assess the abiity of the 40 kDa protease to degrade the 



substrates under laboratory conditions as a startiag point for determining the substrstte 

specifïaty of this protease: Substrates tested induded IgG, with fùnctions inciuding 

activation of wmplement and faciltation ofopsoniration and CO nStmmng 80% of total 

senim immunogiobului; IgM, the first immmogiobulin class produced in response to an 

anfigen and accounting for 5-1û% of the total serum immunoglobului; I& comprishg 

10-15% ofthe total immunogiobulin in the sa~i; and semetory IgA; the predominant 

irnmunoglobului class in external secretions nich as mucous of the respiratory tract. 

Secretory IgA caa bind to the surface structures of bacterial pathogens thus preventing 

their aîtachment to mucosal cells (Kuby 1992). The 40 kDa protease was able to degrade 

ali of the above immunogiobulin classes resulting in a nonspecinc degradation and 

presumably rendering the immunogiobulùis in&eCfNe in their hction (Fig. 7). This 

inactivation of the immunoglobulins in an infection would signincantly reduce the 

effecfiveness of the host humoral response in eradication ofthe pathogen especiaily in B. 

cepcica infections where eradication is rarely achieved (Ides et al. 1984). Fibronectin 

(hm bovine plasma) and coiiagen Vm, both components of the basement membrane, 

were to* degradecl by the 40 kDa protease in halfthe incubation time utilized in the 

other substrate experirnents yielding fïbronectin products in the 140 kDa range, 60 kDa 

range, 50 kDa range and the 35 kDa range. CoUagen Vm degradation r d t e d  in 6 5  

kDa and 4 5  kDa produds (Fig. 8). Fibronectin is an adhesive glycoprotein in the 

extraceIIular matrix faciütating adhesion by ceiis to the extracellular matrix. Collagen type 

MI is a sigmficant component of aii tissues such as those in the respiratory tract (Alberts 

et al. 1989). Thus, degradation of these two components would si@catltly add to the 



tissue damage exhiited in more severe B. cepacia infections in CF patients. Another 

component of the extraceliuiar matrix of the lung, elastin, was not degradeci by the 40 kDa 

protease in the chromogenic elastin Congo Red assay (Table 6). Few bacterial proteases 

exhtibit elastase actMty (Gdoway 199 1). The iron-sequestering m o 1 d e s  t r d i  

found in abundance in the diva, plasma, and also in the respiratory tract, and lactoferrh, 

present in abundance in mucosai secretions are an important host defense for bacterial 

pathogens encomtering the kon-limited environment of the respiratory tract (Meitzner et 

ol. 1994, Weinberg 1984). The 40 kDa protease was able to degrade holo-transferrin 

Cion-saturateci) and apo-transferritl (iron-timted) f o m  of transfetrifl to products in the 

55 B a  size range (Fig. 6). Little to no degradation was observed for holo-lactofenin and 

apo-lactof-. The ocCuIfence of B-cepcia-associated bacteremia in CF patients 

demonstrates the potentia! for B. cepaciu to acquke iron in the blood via degradation of 

circulating transferrin. In addition, degradation of transferrin by elastase in P. aerugh0.w 

infections in the CF lung produced iron chelates capable ofreacting with the oxidants 

produced by neutrophils in the iung to produce hi* cytotoxic hydroxyl fke radicals 

capable of causing extensive damage to the lung tissue (Britigan et al. 1993, Miller et al. 

1996). Severe B. ce* infections in the CF lung have demonstrateci extensive damage 

and necrosis in the lung tissue. Thus, transfenin degradation by the 40 kDa protease 

provides a possible route to this clinical condition (Isles et al. 1984, Tornashefski et al- 

1988). 

The question of whether the 40 kDa protease is a precursor o f  PSCP is uncertain. 

Both proteases share common physical characteristics such as pH and temperature optima 



ami, sïguificantiy, have the same Welectric point. They are both zinc metaiioproteases, 

though ESTA inhiition of the proteases foiiowed by the addition of magnesium ions ody 

shows actmty recovery with PSCP. Substnite specificity is also comparable 

( i i o g l o b u l i n  and transferrin degradation by PSCP has been demonstrated in our Iab; 

unpubiished r d t s ) .  However, digestion of the 40 kDa protease with trypsin did not 

produce PSCP. Digestion of PSCP with N - c h l o r o s u ~ d e  wbïch cleaves after 

tryptophaa residues (this lab, unpubIisbed results) does yietd a hi@y similar digestion 

patiem to that of the 40 kDa protease. Digestion of PSCP yields five fhgments: 17, 18, 

2 1,24,29.5 and 33.5 kDa. Digestion of the 40 D a  protease yields four kgments: 21, 

24,28 and 34 kDa, with a posgble 17 kDa fragment. This suggests similarities in the 

primary sequence of both proteases agreeing with the simÏIarity in the PI'S of the two 

proteases. Exoenyme S (ExoS) and exoeazyme T (ExoT) fiom P. aeruginosa are 

examples of two protein sharing common structurai and physical characteristics yet are 

encoded by separate genes. The ExoS high m o l d a r  weight aggregate was found to 

migrate on SDS-PAGE gels as two proteins with moleailar weights of 49 and 53 kDa 

(OIson et al. 1997). These two proteins are immunologicaiïy cross-reactive, share 

conmon amjllo-terminal SeQuences and yield common fragments when digested with 

txypsiu, chymotrypsin or cyanogen bromide. Exoenzyme S (49 H a )  is enqmaticaily more 

active in vifro than Exoenzyme T (53 kDa) However, these two proteins are encoded by 

separate genes and share 75% sequence identity (Olson et al. 1997). In addition, the three 

metaloproteases (50,53 and 55 B a )  produced by Elwinia chysanfhemi are closely 

related yet are encoded by separate genes that share a high level of homology with each 



other (Wandersman et d 1987). Thus, although two proteins may seem highly similar in 

their physicd and structural cbaracteristics, they may be distinct proteins encodeci by 

separate genes. It is certain that the B. c@a proteases are sîrongly reiated according to 

their amino acid sequences, physical characteristics, putative structurai characteristics and 

substrate specificity. However, to properiy assess the relationship between these two 

proteases the structural genes need to be cloned and M e r  characterimion experiments 

need to be performed. 

Clonhg of the structural gene for PSCP had previously been unsuccessfÙUy 

atîempted in our lab by Dr. AD. Cox The amino-terminai end of PSCP was sequenced 

by Edman degradation, and a primer was designed to a portion of this amino acid 

sequence. Southem hybridhtion experiments and PCR with this primer faüed to locate 

the PSCP stnictural gene. Since it was hypothesized that the 44 kDa protease could be a 

prearrsor of PSCP and also wuid be a potentially sigdicant vinilence factor due to its 

high-1we1 constiaitive expression, the amino-terminal end ofthis protease was also 

sequenced by Edman degradation. A primer was desiped to this amino acid sequence, 

and Pc715j genomic digests were screened by Southem hybriâizations ushg this primer. 

Again, these experiments did not locate the structural gene for the 40 kDa protease (this 

lab, unpublished r d t s ) .  The present snidy examineci the possibility of obtainùig intemai 

amino acid sequences of the 40 kDa protease to apply to cloning strategies such as 

Southem hybridization and PCR A primer to an intemai sequence of the protease in 

combination with the primer to the amino-teRninal end of the protease could be used in 

PCR reactions to  ampiify the fiagrnent of the structurai gene in between these two 



primers. In addition, the bacterial Pnc metailoproteases tend to be more highly maserveci 

in central regions than at the amino-terminat end. Thus, an interna1 firasment wuid 

contain a more conserveci SeQuence aiiowing the primer to preferentially recognke the 

sequence for the 40 kDa protease st~~ctural  gene and to avoid nonspecitic binding. The 

interna1 peptide SeQuence could contain a region diowing primer design with l e s  

degeneracy than that ofthe amino-teRniaal primer. Digestion ofthe 40 kDa protase with 

N-chlorosuccinimide, (NCS) which cleaves after txyptophan residues, consistently yielded 

tbree peptides: 21 kDa, 24 kDa and 28 kDa Cornparison of the amino acid sequences for 

the amino-terminal end of the 40 kDa protease and of the three internai peptides did not 

&bit any ovedap. Thus longer contiguous amino acid sequences were not avaiM.de for 

primer design or homology searches. Amino-terminal sequencing of the 21 kDa and 28 

kDa fiqments produced hi&-signai quality ssquences; the 24 kDa fiagrnent was later 

subjected to N-terminal sequencing, but the signal was not as high (data not shown). 

&ers were designed to the 21 kDa sequence (RN-21) and the 28 kDa sequence (R40- 

28) in the reverse complementarity. 

The two primers were fht screetled in Southem hybndization experiments to 

genomic digests ofB. cep& strain Pc715j DNA. Hybridhations with R40-28 to 

genomic digests âIlted to exhibit any bmding at ail at any stringency; no binding occurred 

at 27,35, 37 or 40°C. R40-2 1 exhibiteci variable binding to Pc7 15j genomic digests 

though no specific binding was observed. Initiai screeming ofR40-21 hybrihtions began 

wÏth the suggested optimal temperature for binding of this primer: the melting temperature 

of the primer (Tm) rniaus 2S°C, minus SOC for each possible base pair mismatch. The 



optimaî temperature was 4E50°C for hybricbtïon of R40-21 or R4û-28 to th& DNA 

sequences in the Pc715j genome. No binding was observed at 50°C for R40-21 indicating 

this stringency was too high for the s p d c i t y  of this primer for its DNA Seqllence. The 

lower stringency, 27OC, was found to be too low in that nonspecinc binding of R40-21 

was observed by three bands in the Pst1 genomic digest and fàint non-banding smears in 

the other genomic digests. The temperature was raised to 40°C; no binding was obsewed 

for R40-21. An intermediate stringency of3S°C, attempted twice with one of the 

expaiments dernonstrated in figure 11, produced high levds of  nonspecinc binding by 

R40-21 via inteiise, multiple bands in aU genomic digests. Due to the ocamence of 

nonspecific binding via multiple bands by R40-2 1 and the absence of any visible binding by 

R4û-28 at multiple stringencies, R40-21 was pursueci as the primer more ükely to 

recognize the SeQuence of the 40 kDa protease structural gene. When hybridization was 

repeated at 40°C, fiiint nonspecific biiding occmed though no binding had ocwred the 

first time. To attempt to attain the optimal stringency for binding of R40-21 to genomic 

digests specifically and to avoid biudhg to nonspecinc sequences in the Pc7 15j genome, a 

stringency of 37°C was attempted with no binding occUmng by R40-21. Repeated 

experiments at 32,40 and 42OC (twice) did not demonstrate any biading at ail by R40-21. 

Formamide is often added to prehybndization and hybridization solutions allowing a lower 

stringency to be used while at the same time obtaining sp&c results characteristic of a 

higher stringency (Vasil et al. 1986b). Hybrihtion at 4Z°C with solutions containhg 

formamide with R40-21 produced biiding to the entire blot; repeated exposure shnply 

yielded a gray blot with no evident banding, specific or noaspecific. The absence of a 



positive wntrol for hybridization with the radiolabefled primers in these expehents did 

not dow detecfion ofwhether the primers were bindmg to the chrornosomd DNA 

digests. Thus, there is a possiiiiity that the absence of biiding by the prirners was caused 

by poor hybndization conditions. Overalî, it seems that the question was not offinding 

the optimal stringency for binding of these primers, especially R40-21, to the Pc7l Sj 

genornic digests; but rather that the simiMty ofthe nudeotide sequence of these primers 

to the a d  DNA sequence of the 40 kDa protease structurai gene was too distant to 

d o w  specinc detection by Southem hybridization using R40-2 1 or R40-28. 

A different approach to cloning the structural geme for the 40 kDa protease 

structural gene was to use the cornplementary primer nom the amino-terminat end of the 

undigesteci 40 kDa protease with either the reverse complementary R40-21 or R40-28 

primer to amplifil the intemening region. Mal saeening of the gemme with the two 

primer combinations ushg various anneaihg temperatures fàiied to ampli@ any detectable 

s p d c  products. Effeaive denaturation of the B. cepacia GC-rich genome via the 

addition of 5% DMSO and higher denaturation temperatures yielded a 340 bp product in 

smaii qwntities ampMed nom 40N and R40-21 Fig. 12, lane 3); 40N and R40-28 fidecl 

to a m p w  any products unda these conditions. Remplification of previous reaction 

products again yieided this 340 bp product; sequencing revealed that it was not a hgxmnt 

of the 40 kDa protease structural geae. Reampliflcation of PCR produas is a usefid 

procedure but higidy subject to contaminatioa; thus, this result was not unexpected. 

Increasing the spegficity of the reaction by lower templaîe and MgCh concentrations 

aiiowed amplification of three produas directiy nom the B. c e m a  Pc715j genome by 



40N and Ra21 : 180 bp, 340 bp and 425 bp (Fig. 13, lane 5). Again, 40N and R40-28 

Med to ampi@ any products under these conditions. The three products ampiified by 

40N and R40-21 (pVS21-180. pVS21-340, pVS21-425,) when anaiyzed by sequenciag, 

were not fragments fkom the structural gene for the 40 kDa protease (Table 7). The initial 

reampMCâfion 340 bp product and the pVS21-340 had Merent seqpences hdicating the 

nonspecinc nature of the primer's nffinitv for B. ce-ü Pc715j genomic DNA and 

possibly impiicating the reampMcation product as a con taminant amplineci fiom one of 

the reagents in the PCR reaction. Three clones of the 425 bp product did have the same 

sequence removing the clonhg prwess as a possible factor in the PCR product's Mure to 

correspond with the amino acid sequence h the 40 kDa protease structural gene. By 

kther uicreasing the spdc i ty  of the reaction via lower ternplate arnomts and higher 

anneing temperatureas, the 180.340 and 425 bp products and other products were 

amplifieci. To i d e  which products were amplifieci by single primers at both ends 

wntrol reactions with single pfimers were performed. When these products were 

eliminated, 40N and R4û-21 amplifieci a 1050 bp product (Fig. 14, lane 9), and 40N and 

R40-28 ampHed a 1000 bp produa 14, lane 7); however, these products @VS21- 

1050 and pVS28-1000) were not hgments originating f?om the structural gene for the 40 

kDa protease (Table 7). Two clones of the 1000 bp product demonstrateci different 

sequences; one had signincant homology to a UDP-N-acetylglucosmine 1- 

carbo~yltruisfera~e in various gram-negative bacteria The 1050 bp product was 

primed on both ends by R40-21. The primer's tendency to anneai to sequences in the B. 

cepacia Pc715j genomic DNA that do not originate fkom the 40 kDa protease structurai 



gene is strüaog considering the 40N, R40-21 and R40-28 primers design nom the amino 

acid sequace of the 40 kDa protease and the speàficity of the PCR reacfions by the high 

denatwation and anneaihg temperatures, low template amounts, and lower MgCh 

concenfrafiom. In addition, these conditions produced more amplification products than 

the more nonspecinc conditions previousIy utilized. However, higher template amounts 

can inhibit efficient amplification of products; thus, perhaps the lower template amounts 

serveci to aiiow the primers more access to the fùlly deaatured genome, aüowing 

ampIification of additional nonspecinc products. As stated before, the sequence of the 

primers is probably not close enough to the actuai DNA sequence of the 40 kDa protease 

gene to d o w  specific recognition of the sequence over other nonspecinc sequences. 

Another possibiiity that mus be addressed is the degree of purity of the 40 kDa protease 

preparaîion used in the NCS digestions. Cleavage yielded three hgments that probably 

origkted fkom the 40 kDa protease but could not be confimeci. The Edrnan degradation 

procedure can detect minute amounts of protein and signals obtained from this procedure 

are usually intermingled with lower si@ from contmbting proteins; the observer's 

task is to deduce the primary protein in the mixture being sequenced. The purity of the 

peptide h g m e n t s  is thus also a possible factor in that a contaminant protein was 

~e~uenced, and the amino acid sequences do not originate from the 40 kDa protease 

amino acid sequence. However, the moa probable Eictor in the failure to ampi@ a 

portion of the 40 kDa protease gene is the aforementioned dissidarity of the prime? to 

the a d 4 0  kDa protease nucieotide sequence. 



The inabüity of the primers to locate the stnictwl gene of the 40 kDa protease led 

to the use of a different approach to clone the protease gene. A cosmid gaie bank of B. 

cepacla strain Pc7 I5j was constructeci and packaged in E coli strain HB lOl with a 

sufitient number of tramductants containing unique genomic fragments to dow for 

coverage of the entire B. cepciu 7 Mb genome (Cheng et al. 1994). Screening for a 

protease-positive phenotype on skim mük agar plates could locate the stnichirai gene for 

any protease expressed by B. cepuma if in combination with the appropriate secretory and 

regulatory genes either located on the genomic fhgment or provided by the host. When 

combining the unique insert fieqpencies and the average iasert size for both gene banks, 

the kilobases covered are 45.1 Mb. When considering the 9-20 kb genomic fragments 

cofitained in the gene b& the combined unique genomic hgment frequency and the 

average genomic @ment size yields a total of 34.2 Mb. Thus, with either method of 

calwiation, it appears that B. cepacia Pc715j genomic frasments las than 20 kb in size 

containhg at least one Hmcim site are represented in this gene bank Screening of the 

gene bank in the E. coli HB 1 O l host Med to exhiit the protease-positive phenotype. 

This result codd be due to the absence of processing andor secretion apparatus for 

maairation of the B. cepciu protease(s). The genus Bwkholldena used do be part of the 

Pseudomonar ggemis; thus the two genera are more related to each other than to other 

genera of gram-negative bacteria ( G o l a  et al. 1986). In addition, both P. oenginosa 

and B. c e m a  are CF pathogens present in the Mer teenage to adult years of CF patients 

with an -80% o m e n c e  of conwrait infection (rev. in GoMn et al. 1996). Antiiiodies 

in senun from CF patients to elastase cross-react with PSCP fiom B. cepacia and vice- 



versa (McKevitt et al. 1989). Thus, a P. aetughos protease-negatke strain, PA103-11 

(elastase negative, chdcal mutant o f  alkaline protease) was chosen as the host for the 

Pc715j gene bank. Transconjugants however did not contain inserts indicating the host 

was recoBnipng the Pc7l5j genomic fhgments as foreign and degrading them even 

though the host was grown at 42OC to inactivate the restriction system. I t  seems that the 

creation of a separate genus for BwWIoI&n'a qp. was prudent as the two genera are 

actually quite different fkom each other in many aspect (Yabuuchi et al- 1992). 

A ~lumber of B. cepociu strains were previously screened in uiis labonitory for the 

protease phenotype by the skim mille agar assay. Putative protease negative strains were 

adyzed for protease production by examination oftheir extraceiluiar supematants for 

PSCP or the 40 kDa protease. Although negative on skim mik agaq three clinical CF 

strains produced both PSCP and the 40 kDa protease as weii as.&%iting some 

proteolysis of casein in the skim miik after prolonged incubation (Fig. 19, lanes 7-9). 

Other B. c e m a  strains have exhibited ciiffierences in proteolysis of substrates such as the 

casein in skim niilk agar versus hide powder azure where seaias ofien appear positive 

even though they are negative by the skim mdk assay. Thus, the expression of both 

proteases by these strains was not surprising. In addition, BevMno et al. (1994) 

dernonstrateci that ody clinicai strains exhiboiteci a protedytic activity when comparai to 

rIiizosphere isolates of B. cepocia. The strain isolated fiom a head wound did not produce 

protease (Fig. 19, lane 6); nor did a plant isolate, 22-12 (Fig. 9, lane 5). Due to the 

atypicai characteristics of the head isolate and the lack of information on its properties; 



strain 22-12 was chosen as the host of the gene bank The degradation of Pc715j genomic 

hgments in the same species, but diffkrent saain, was highly improbable. 

Trailsconjugants of the tnpareiital mating of the Pc715j gene bank in E. wli 

HB 10 l into B. cep~cia 22- 12 did contain inserts. Calculation of the amount of  kilobases 

behg screened in 22-12 took into account the insert m e n c y  in the original gene bank as 

wel as that in the transconjugants. According to the unique insert fiequency, 107.4 Mb of  

Pc715j inserts was screened in 22-12; slccording to the unique genomic *ent 

fkcpency, 69.3 Mb of Pc7 1 Sj HinrlIII genomic hgments was screened in 22- 12. Thus, it 

can be assumed that the entire gene bank was screened in strain 22-12. However, no 

clones exbiiiting a protease-positive phenotype on skim miUr aga, were observeci. The 

Hmdm restriction site is six base pairs long and is thus a specifïc restriction site when 

compared to restriction enzymes recognizing a four base pair site. There is a good 

possibility that there ~a fi-agments in the B. cepacia genome that do not contain a 

Hindlï site in 20 kb of sequence thus eliminating a portion of the genome fkom being 

screened. The restriction site d d  cleave in the middle of the protease structural gene 

though this is less probable due to the partiai restriction digest of the B. cepacia Pc7 15j 

genome for constmction of the gene bank The reason for the protease-negative 

phenotype of strain 22-12 is UlZkIlowtl; necessary secretory d o r  regdatory bctions 

could be absent, thus preventing extraceildar secretion ofa protease expressed firom the 

Pc71S genomic fragment. Mutations in generai SecTetory pathway proteins or in the 

disuifide bond-forming protein DsbB in B. cepclciu abolished expression and e~ffaceiiular 

secretion of PSCP (Nakazawa and Abe, 1996). IfPc7 15j protease structural genes were 



not containeci in the gene bank or were intmpted by a H i d  restriction site, the 

proteases may not have been expressed. The classification of the 40 kDa protease as a 

thermoIysin-type protease is putative at this pogit; it could be a serralysin-type protease or 

a non-classified bacterial rnetali~protease~ Ifit is a serralysin, then it needs the unique 

secretory protein required by the Serratysins for extraceildar secretion of a mature, 

hctioniag protease (Hase and Finkelsteh, 1993), and these genes may not be on the 

same genomic hgment as the 40 kDa protease structural gene or they muid be 

interrupted. Through eqdi%rium dynamics, ail  ofthe cosmid clones may not have been 

transfmed to the host strain Additionaliy, both in the construction of  the gene bank and 

in the growth of the gene bank for triparental matings, certain traasductants andlor 

transconjugants may have been selected for due to some advantage conferreci by the genes 

expressed fiom the Pc715j genomic fhgment or by the cosmid vector preferentiaüy 

ligating certain ske fhgments or the packagïng saain of bacteriophage X preferentiaiiy 

packaging specitic cosrnid constructs. It is highly probable that one of these mechanisms 

causeci a portion of the B. cepacia genome to not be wntained in the gene bank andior in 

the 22-12 transconjugants; or the protease gene could not express a mature protease for 

the reasons mentioned above. 

Futtue studies should begin by modifymg the cosmid gene bank approach for 

cloning protease structural genes as it is an approach that could loaite a protease 

sîn~cturai gene. As previously demonstrated, PSCP is probably a themolysin-type 

metalloprotease with secretion by the generai secretory pathway; thus, a protease 

structural gene shouid be expressed and exported in its mature form in a B. c e w a  



protease negative host such as 22-12. Howeva, a anew gene bank shodd be consûucted 

with a restriction enzyme sdiibiting a shorter recognition site to dow for a more random 

selection of genomic fragments, such as Sau3A or H d  (recognition site GGKC). This 

latter enzyme would in fàct be a good choice due to the high G-C content of its 

recagnîtion site which shouid be present in abundance in the B. cepcla genome. The 

gene bank should aiso be constructed such that t contains a higher number of cosmid 

clones containiag unique genomic hgments by transducing the packaged cosmid 

constructs into an aliquot of concentrateâ, viable, log-phase E. coli HB 101 ceiis. This 

w d d  help to ensure that the whole B. cepcia genome was king represented in the gene 

bank Repeated triparental matings with this gene bank into B. cepacia strain 22-12 

shouid allow for the entire gene bank M g  screened in 22-12. 

The primers to the 40 kDa protease, 40N, R40-21 and R40-28 shouid be utilized 

together in hybridizations to B. c e w a  Pc715j genomic digests to increase the signal 

observeci by these radiolabelied oligonuclentides. In the case where multiple banding 

occurs to the Pc71S genomic digests by R40-2 1, additional primers would serve to 

htensfy the si@ co~esponding to the specific recognition of the 40 kDa protease 

structural gene by R40-2 1. 

The other approach that should be explored is to clone the gene for any protease 

produced by B. cepcu:iu via mutagenesis. Mutagenesis protocols such as transposon 

mutagenesis have the acivantage of creating ody one transposon insertion per bacterium; 

thus, a mutant exhliting a protease-negative phenotype on s b  miIk agar wodd 

definitely contain a transposon inserted inside a gene relevant to the production of 



protease. This approach has been attempted in this laboratory. A protease-negative 

mutant was found to CO& the transposon insertion in the xq>R homolog ftom P. 

aemgmOsa, aiso reportecl by Nakazawa and Abe (1996). In addition, Nakazawa and Abe 

have 12 uncharacterimi mutants negative for protease and lipase production, though the 

mutation in both protease and lipase make it iuilikely that a structurai gene for a B. 

cepaciu protease bas been interrupted. It is more iikely that additional secretov and 

regulatory genes have transposon insertions. 

The other mutagenesis approach that should be considered is chemid mutagenesis 

followed by complementation with the above gene bank. Chemicai mutagenesis is a non- 

selective random procedure for hacthating a gene or genes in the selected host. The 

structural gene for P. aemgihosa alkaline protease was cloned in this manner (Guzu, et 

al. IWO). Ethyl methandonate mutagenesis ofPA103, an e b d e f i c i e n t  

prototroph, was foiiowed by s c r d g  of mctants on s b  milk agar. Mutants exhlîiting 

a protease-negative phenotype by the skim milk assay were cornpiementeci with a gene 

bank of P. aemginosa strain PA01 rdt ing  in cloning ofthe aikaiine protease structural 

gene (Gutzo et a% 1990). This approach wodd avoid the selectivity exhibitecf by 

transposon insertion where though insemon is basically random, transposons do insert at 

sequence 'hot spots' in a bacterid genome. Although chernical mutagenesis couid 

inactivate more than one gene, the protocol muid be modified such that in most cases, 

oniy one gene is being inadivated per bacterium- This approach could locate protease 

structurai genes or regdatory or secretoq genes with quai  success. 



When characterizing the 40 kDa proteases the cloning of the structural gene is 

hi@y desgable for expressing d c i e n t  amoms of the pure protease for chmacterization 

studies where the purity ofthe protease is certain Howewr, in the absence of this 

structural gene, the preparafions of PSCP and the 40 kDa protease could be M e r  

resolved via a higher capacity (greater heigbs) gel filtration column, or by HPLC (high- 

performance liquid chromatogmphy). The r d t a n t  characterization stuclies would be 

more acavate with a higher certaiiity of the purity of the protease preparation being 

utilized. 

In summary, the 40 kDa protease was characterized and compareci in its properties 

to PSCP. The 40 kDa protease was found to have the same pH optimum (6) and 

temperature optimum (50°C) as PSCP. The isoelectric point of PSCP and the 40 kDa 

protease was determineci and found to be the same at 5.2 for both proteases. The activity 

of the 40 kDa protease was inhibited by traditional metal chelators such as EDTA and zinc 

chelators such as IslO-phenanthroline. Activity of the protease was regained with 100 plkl 

2n2' confirming the identity of the 40 kDa protease as a zinc metalloprotease and 

classifjhg it in the same category as PSCP (Bqaon et al. 1989). The 40 kDa protease 

was putatively categorized in the themolysin class of zinc metailoproteases due to its 

more neutrd pH optimum and its neutraiïzation by the monoclonal antibody to PSCP, 36- 

6-8 (Kooi et al. 1996). The 40 kDa protease was able to degrade fibronectin, collagen 

VIQ holotransferrin and apotransfenin, IgG, IgM, serurn JgA and secretory IgA. Primers 

designed to interna1 peptides of the 40 kDa protease were fond to lack the specificîty 

necessary to locate the 40 kDa protease structural gene either by Southern hybridilrition 



or by PCR A Hm(rm. cosmid gene bank of B. cepacta stram Pc7IS was constructed and 

screened in a protease negative main (22-12) ofB- cepacfù, a protease-positive clone was 

not obtained. Thus, although the structurai gene for the 40 kDa protease was not located, 

the characterization of the 40 kDa protease serveci to f.urther clarify the relatiomhip 

between this protease and PSCP in that the two protease are highiy relatecl and the 40 kDa 

protease is a possiile precursor ofPSCP. Further elucidation ofthis re1atiomhip and 

det-tion of the role of these two proteases as vinilence flactors in B. c e m u  

infections in CF patients wül provide a clearer pictue of the pathogenesis of this 

organism; and will d o w  researcb and design of therapeutic and preventive strategies for 

controhg iafecfions by this mganism. 
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