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ABSTRACT OF DISSERTATION

STUDIES ON FATTY ACID AND ACYLATED HOMOSERINE LACTONE 

BIOSYNTHESIS IN Pseudomonas aeruginosa

This study was initiated to define the pathw ays for fatty acid  (FA ) and acylated 

hom oserine biosynthesis in Pseudomonas aeruginosa. To date, a com plete  FA biosynthetic 

pathw ay has only been defined in Escherichia coli. T his pathway is essen tia l and is central to 

the biosynthesis o f m em brane phospholipids. LPS, lipoproteins, lipoic acid , and biotin. and 

therefore offers attractive targets for various antim icrobial agents. A t the onset o f  this study, 

there w ere conflicting results in the literature concern ing  the role o f  FA synthesis in acylated  

hom oserine lactone (HSL or autoinducers) synthesis and thus provided  additional incentives 

to define both pathw ays. Som e investigators believed that the acyl g roups o f  HSLs were 

derived from the FA biosynthetic pathway, while o thers argued that the FA  degradative 

pathw ay may be the source o f  acyl groups. HSLs in P. aeruginosa are responsible for 

regulation o f  the m ajority o f  the virulence factors. H ence, the goals o f  the  present study w ere 

to define the FA biosynthetic pathway in conjunction with HSL b iosyn thesis  to not only 

reveal potential targets for inhibition of grow th, but also inhibition o f  v iru lence gene 

expression in this bacterium .

Som e unique genetic technologies were developed to facilitate the process o f 

achieving the above goals. First, the developm ent o f  a phage C T X -based  chrom osom al 

integration system  allows the integration o f gene cassettes at a defined location, attB. in the P. 

aeruginosa chrom osom e w ithout disrupting any ce llu la r functions. T he m ini-CTX integration 

plasm ids are equipped with FRT sites that were configured to allow  in vivo removal o f 

unw anted plasm id DNA sequences with Saccharomyces cerevisiae F lp-recom binase. In tw o 

steps, the newly described system  allows stable, single-copy, chrom osom al integration o f  any

iii
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DN A segm ent to be studied, e.g. autoinducer regulated transcriptional lacZ  gene fusions. 

D eletion o f  plasm id-borne prom oters by F lp recom binase-m ediated  excision and flanking  of 

the integrated gene cassette  by strong phage T4 transcrip tional term inators m inim izes 

transcriptional interferences from  external prom oters. T his system  will facilitate stud ies 

involving various reporter gene fusion constructs in P. aeruginosa (and poten tially  o ther 

Pseudomonads) from  a single chrom osom al copy. It w ill also allow  for the genetic 

engineering o f many useful laboratory strains, as well as strains for use in industrial settings 

where gene expression from  plasm ids may not be desirable. Second, a broad-host-range 

system  for isolation o f  m arked and unm arked chrom osom al m utations was developed  

utilizing an engineered F lp -F /fT  system. A series o f  new gene-replacem ent vectors w as 

constructed which facilita te  m utant construction in P. aeruginosa and other bacteria. 

Together, these two new ly developed system s allow  easy P. aeruginosa chrom osom e 

m anipulation by in tegration and/or deletion o f  genes o r sequences.

Novel genetically engineered strains and vectors were created  to allow  the purification 

o f problem  proteins. T his was in part necessitated since the present study involved the 

purification o f 14 d ifferen t proteins for com plete assem bly o f  the FA and H SL b iosynthetic  

pathw ays in vitro. D uring this project, three proteins (R hll, LasI, and ACP) were especially  

problem atic and could  only be expressed and purified after the developm ent o f  low -copy 

num ber expression vectors and appropriate host strains. Rhll and LasI (the tw o au to inducer 

synthases) were extrem ely  insoluble when overexpressed from  high copy num ber p lasm ids, 

and A C P (acyl carrier protein) requires post-translational m odification for function. So far. 

this system  provides the best way to purify ACP. in term s o f  yield and percentage o f  holo- 

ACP, as well as ease and expense o f the procedures involved.

A connection o f  the FA biosynthetic (Fab) pathw ay to HSL biosynthesis w as m ade 

possible by the com bination o f  the technologies developed above, followed by in vitro 

assem bly o f  the com plete pathw ay. Purified Rhll could efficien tly  synthesize biologically  

active A -butyryl-L -hom oserine lactone (BHL) and JV-hexanoyl-L-hom oserine lactone (H H L) 

only from the respective acyl-A C P substrates but was very inefficient when the respective 

acyl-C oA  substrates w ere present. This corroborated the notion that the Fab pathw ay provided
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the acyl groups for HSL synthesis. M utant analysis dem onstrated  that FabI (enoyl-A C P 

reductase) was required for e ffic ien t synthesis o f both autoinducers (BHL and HHL) in P. 

aeruginosa. In a Rhll/Fabl coupled  reaction, the synthesis o f  BH L was inhibited by triclosan, 

an inhibitor o f FabI. The studies also dem onstrated that P. aeruginosa contains another FabI 

hom ologue. Utilizing purified proteins, the complete Fab pathw ay was assem bled  in vitro and 

coupled to purified LasI for the synthesis o f W -^-oxo-dodecanoylJ-L -hom oserine  lactone 

(3 -oxo -C 12-HSL). Fab pathw ay inhibitors inhibited 3 -oxo-C ,,-H S L  synthesis, indicating that 

this in vitro system may be useful for drug screening. F inally , the E. coli acyl-A C P synthase 

m em brane-associated protein w as purified by affinity chrom atography and used to label ACP 

with various fatty acids. This enzym e will be useful in future experim ents because it allows 

enzym atic synthesis o f substrates for various stages o f  FA  biosynthesis, as well as substrates 

for the synthesis of HSL.

Tung T. Hoang 

D epartm ent o f  M icrobiology 

Colorado State University 

Fort Collins, Colorado 80523 

Spring 2000
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AG free energy
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LPS lipopolysaccharide(s)

LuxI V. jischeri Af-(3-oxo-hexanoyl)-L-HSL syn thase
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CHAPTER I 

INTRODUCTION

1.1 MICROBIOLOGY OF P. aeruginosa

A Pseudomonas aeruginosa pure culture was first isolated in 1882 from  a  patien t with blue 

green discolored cutaneous w ounds (135). T he coloration is due to P. aeruginosa  production 

o f  at least tw o pigments, a fluorescent yellow  p igm ent and a blue p igm ent called  pyocyanin 

(135, 140). It is a G ram -negative, aerobic, rod-shaped  bacterium which com m only  inhabits 

soil, w ater, sewage, plant surfaces, and m any o ther oligotrophic environm ents. In addition. P. 

aeruginosa  can grow at tem peratures ranging from  5° to 42°C (21). This rod  shape bacterium  

ranges from  1 to 3 pm  in length and from 0.5 to 1.0 p m  in width (12, 26). T he  organism  can 

be m otile, having one polar flagella (3). Survival in very diverse environm ents o r in 

o ligotrophic environm ents requires m any m etabolic capabilities (14). w hich is reflected by 

the large P. aeruginosa genom e size as com pared to o ther bacteria (P. aeruginosa, 6.3 

m egabases: E. coli, 4.6 m egabases; and H. influenzae, 1.8 megabases) (9, 15, 32, 56) and its 

genom e is currently the largest bacterial genom e sequenced thus far. A lthough lacking the 

Em bden-M eyerhof pathway, P. aeruginosa has the ability to m etabolize various com pounds 

(m annose, fructose, glucose, ribose, xylose, g lycerol, acetate and C 4  to C 1 0  fatty acids) for 

carbon and energy sources, u tilizing the E n tner-D oudoroff pathway, the pen tose phosphate 

cycle, the tricarboxylic acid cycle and (3-oxidation (14). P. aeruginosa has a  dim orphic 

lifestyle and can exist as planktonic (individual free-sw im m ing) cells o r as m icrocolonies 

(aggregation o f  cells) enclosed in slim e-protected biofilm s (16. 17). P lanktonic cells are 

derived from m icrocolonies w hen nutrients are in abundance. Biofilm  m icrocolonies allow 

the capturing o f  nutrients in o ligotrophic env ironm ents such as stream s and rivers. Planktonic
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cells produce num erous virulence factors and are susceptible to antim icrobial factors such as 

antibiotics, complements, and phagocytosis. However, biofilm  (alginate) enclosed 

m icrocolonies are extremely resistant to these antim icrobial factors and are nearly  impossible 

to eradicate in chronic infections. T hus, the rem arkable ability to readily in terconvert between 

the dim orphic phases not only allow s survival in various environm ents, but can  also lead to 

different scopes o f P. aeruginosa pathogenesis from  acute to chronic infections. Being an 

opportunistic pathogen, P. aeruginosa is different from other hum an pathogens, in that it is 

able to colonize and cause disease in warm - and cold-blooded vertebrates, insects, aquatic 

anim als and plants (3, 26. 104).

1.2 Pseudomonas aeruginosa INFECTIONS

W hile P. aeruginosa can be transiently present in diverse areas o f  the body (for 

exam ples, the skin, the respiratory tract, and nasal cavity), it is norm ally unable to cause 

disease in healthy individuals. How ever, there is great m orbidity and m ortality associated with 

P. aeruginosa infections, and the organism  is extrem ely difficult to eradicate w ith available 

antim icrobial agents. This is best exem plified in cystic fibrosis patients, w here chronic 

infection with the same clone o f P. aeruginosa occurs for 30 to 40 years, although they 

routinely  undergo anti-Pseudomonas-drug therapy. B eing an opportunistic pathogen, P. 

aeruginosa causes disease in patients who are im m unocom prom ised (patients on 

chem otherapy for cancer and patients with hum eral o r cellu lar defects, including AIDS 

patients) (3). Neutropenic patients are very susceptible to P. aeruginosa infection and 

subsequent septicem ia (3). A lternatively, the defense o f  the host can be breached (in 

im m unocom petent individuals) as in corneal ulcerations o r skin bum s, or can be artificially 

overcom e as with assisted ventilation o r by an indw elling catheter. M any instances o f  P. 

aeruginosa infections to im m unocom petent individuals are due to direct inoculation o f a 

sufficient bacterial load into otherw ise sterile sites, thus causing bone and jo in t infections, 

endocarditis, m eningitis, urinary tract infections, ocular infections, septicem ia (occurring in 

severe burns) and malignant external otitis (26).

2
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1.2.1 P. aeruginosa Nosocomial Infections

Nosocomial infections, including infections o f  the urinary tract, w ound, lung and 

bloodstream , by P. aeruginosa are alarm ing due to high levels o f  an tim icrobial resistance (6 . 

10, 111). Virtually all P. aeruginosa isolates causing infections in N ational Nosocom ial 

Infections Surveillance (N N IS) hospitals from  1985 to  1991 were resistan t to cephalothin 

(98.4% ), cefazolin (96.9% ), cefuroxim e (94.6% ), cefixitin (94.2% ). and cefam andole 

(92.6% ). Fortunately, resistance to other 3-lactam s such as cefotaxim e (33.7% ), m oxalactam  

(30.1% ), and ceftizoxim e (45.9% ) was less com m on. Among the cephalosporins, resistance 

was much less with ceftazidim e (8 .6 %) and cefoperazone (10.3% ). A m inoglycosides 

resistance was reported at 12.9% for gentam ycin, 6.3%  for tobram ycin and 5.5%  for 

amikacin. Nearly any type o f  hospital equipm ent or utensil can serve as a reservoir for P. 

aeruginosa, and other reservoirs include food, environm ental sources, m edications, fluids, 

prostheses, and disinfectants (6 ). Thus, patient colonization m ost likely resu lts from exposure 

to these sources or transiently  colonized hands o f  health-care w orkers. P. aeruginosa is 

infrequently associated w ith contam inated blood during blood cu lture co llection  or 

processing, but rather can be traced to contam inated vacuum tubes, sk in  antiseptics, or blood 

culture processing errors (6 ). P. aeruginosa infections in hospitals are  serious enough to 

require contact isolation (private room ), depending on the instances. M ajo r skin, wound, and 

bum  infections that are drain ing o r cannot be covered by a dressing, as well as patients w ith 

pneum onia due to m ultiply resistant strains o f  P. aeruginosa should be isolated  (6 ). Patients 

infected with strains that are resistant to all am inoglycosides (gentam ycin, tobram ycin, and 

amikacin) must also be isolated.

Among clinical P. aeruginosa infections, lung infections are associated  with the 

highest mortality rate, and the m ortality rates associated with P. aeruginosa pneum onia range 

from 50 to 80% (95). C lin ical conditions placing certain populations a t high risk for P. 

aeruginosa pneumonia are patients requiring respiratory assistance in in tensive care units, 

neutropenic patients, patients with both prim ary or acquired hypogam m aglobulinem ia 

(lym phocytic leukemia), and cystic fibrosis patients. P. aeruginosa bac terem ia  in conjunction 

with pneumonia is associated with highest m ortality, with many studies indicating 1 0 0 % 

m ortality (95). There has been an increase in P. aeruginosa pneum onia from  1980 to 1987,
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with 25,000 to 30 ,000  reported cases o f P. aeruginosa pneum onia  in the United States during 

1987 alone (95). A ccording to the N ational Nosocom ial Infections Surveillance (N N IS) 

System , P. aeruginosa was the leading cause o f hospital-acquired  pneum onia from  1985 to 

1991 among several m icrobes, including E. coli, Enterococci. S. aureus, coagulase-negative 

staphylococci, Enterobacter species, and K. pneumoniae. In o th e r studies, m echanically 

ventilated patients had incidences o f  nosocom ial pneum onia rang ing  from 9 to 6 8 %, and 

m ortality rates ranged from  33 to 71%  (10). The action o f  P. aeruginosa toxins, pro teases 

and ciliostatic com pounds (rham nolipid and pyocyanin) lead to  lung dam age and decrease 

m ucociliary action (see chapter 1.3 and table 1.1). The reduced  norm al bronchopulm onary' 

clearance enhanced airw ay colonization and persistence then lead  to invasion o f  tissue in high 

risk patients, as well as people w ith advanced age, surgery’, and m alnutrition (95, and 

references therein).

Although P. aeruginosa alm ost never produces urinary tract infections in patients 

with hydrodynam ically normal urinary tracts, infections can o c c u r when there are im portant 

structural or functional abnorm alities o f  the urinary tract (6 8 ). C ases have been reported  

originating from  contam inated  fluid during urological procedures and bathing in 

contam inated w ater (w hirlpool), but the m ajority o f cases are from  long-term  use o f  urinary 

catheters and external drainage devices (6 8 ). The infections are not benign, can involve all 

structures o f the urinary tract and are extrem ely difficult to erad ica te . Until the p red isposing  

factors are rem oved, antim icrobials therapies are not very effective against P. aeruginosa 

urinary tract infections (6 8 ). S ince m ost patients with P. aeruginosa urinary tract infections 

are im m unocom pent. m ethods to im prove immune status o f  the host will probably not be 

helpful (6 8 ).

1.2.2 P. aeruginosa Skin and Soft Tissue Infections

P. aeruginosa skin and soft tissue infections are more than ju s t nosocom ial wound 

infections or bum  infections, and involve less severe, but annoying  infections such as 

folliculitis, cellulitis, toe web infections, and green nail infections. P. aeruginosa occurred  in 

42%  o f wounds sustained during the V ietnam  war (118). From  1985 to 1991 the NN IS 

reported P. aeruginosa was found in 7.1% o f  surgical site (w ound) infections in w ard  areas.
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However, in in tensive care units, P. aeruginosa was found in 10.9% o f surgical site infections 

(118). Therm al, chem ical, and electrical injury to tissue has been most com m only associated 

with severe and life-threatening P. aeruginosa infections (118). Studies have shown that 

bums indeed cause im m unosuppression and defects in chem otaxis o f  leukocytes, and the 

degree o f injury correlates with the level o f im pairm ent o f  opsonic capability  o f  serum  (118. 

and references therein). The bum  allow s release o f  ready available nutrients and sites o f  

attachm ent; and the combination o f  system ic disability o f  the host, large m ass infection and 

bacterial rep lication , and the toxigenic potential o f P. aeruginosa allows vascular invasion 

leading to throm bosis, necrosis, and. occasionally, sepsis (118). Studies o f  bum  wound sepsis 

have shown a range o f  25 to 75% o f  deaths that are due to P. aeruginosa (118). The 

im m unosuppressive state can often prom ptly be reversed by surgical rem oval o f  the thermally 

injured tissue m ass and followed by skin graphs. O ther studies indicate that isolation o f 

patients allow  delays in colonization, and time for im provem ent o f  im m une system  function 

o f the host reduces rates of bacterem ia ( 1 18). In the burnt m ouse m odel, P. aeruginosa 

protease-deficient strains were less virulent than w ild-type, and overproducer strains grew 

more rapidly on burnt tissue (54. 55). P. aeruginosa p ro teases are able to degrade collagen 

and other connective tissue, com plem ent and IgG. leading to invasion (see chapter 1.3 and 

table 1.1). The com bination o f P. aeruginosa degradation o f  com plem ent and IgG and the 

loss o f leukocytes chem otaxis in bum s allows escape from  the host defense. A lthough P. 

aeruginosa can be isolated from m any transiently wet body areas, e.g. the feet, groins, digital, 

perineum and axillae (armpits), it is only able to cause cutaneous infections under conditions 

o f high inoculum , hyperhydration, o r injury of the outerm ost layer o f  the epidem is. The 

bacteria also attach readily to hydrated, traumatized o r therm ally  injured skin (118). 

Folliculitis due to P. aeruginosa can  be obtained from underchlorinated  (o r brom inated) hot 

tubs, w hirlpools, recreational w aterslides, and swim m ing pools (118). P. aeruginosa folliculitis 

is usually not fatal and is characterized by rash follow ed by papular and papulopustular 

lesions (can be >1 cm ), but is usually resolves itself in healthy individuals. P. aeruginosa 

cellulitis can occur in im m unocom prom ised patients with surgical wounds or cutaneous ulcers 

(118). O ther instances are due to breaks in the derm al barrier, causing nonfatal but
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unpleasant and painful toe web infections or green nails characterized by a bluish-green 

discoloration o f  the nail plate (118).

1.2.3 P. aeruginosa Infections of The Gastrointestinal Tract

P. aeruginosa is also recognized as a co lon izer o f the gastrointestinal (GI) tract in 

im m unocom prom ised and im m unocom petent hospitalized adults, and children who have 

undergone surgery. In the GI tract, P. aeruginosa can cause severe necrotizing localized 

disease by m eans of toxin production, o r dissem inate into the bloodstream  to cause sepsis, 

shock, or m etastatic infection (71). Disease resulting from gastrointestinal tract colonization 

can be local, such as toxin-m ediated severe enteritis o r necrotizing entercoiitis o f infants (71). 

Invasive perianal or perirectal d isease can also be seen in neutropenic adults (71). In neonates. 

P. aeruginosa can cause the uncom m on, but often severe and fatal d isease o f  necrotizing 

entercoiitis (NEC). During the first week(s) o f feeding w-hen the infant lacks passive im m unity 

to enteric organisms, P. aeruginosa can be acquired and cause NEC, in w hich the bacteria 

may overgrow , produce cytotoxins and dam age m ucosal cells (71). In ano ther study, during a 

period o f  19 months, 6 % o f 363 liver transplants were followed by P. aeruginosa bacterem ia 

and the port o f entry was found to be the abdom en in 35% and biliary tract in 13% o f the 

patients. Therefore, although P. aeruginosa is not part o f the normal flora o f  the intestine, it 

can survive in the GI tract and can be isolated in stool, and contam ination from  food, water, o r  

other environm ental sources can cause severe infections in predisposed patients via the GI 

tract.

1.2.4 P. aeruginosa Bacteremia

Because o f the continuing high mortality rate, P. aeruginosa bacterem ia is among the 

m ost feared types of infections treated by clinicians (3). The mortality rate ranges from 30 to 

more than 60% , and mortality rates as high as 80 to 100% have been docum ented (3).

Patients at risk for P. aeruginosa bacterem ia in the hospital include those with neutropenia, 

therm al injuries, intravascular m onitoring devices, organ transplantation, peritoneal dialysis. 

AIDS, those in premature neonatal nurseries, and those requiring instrum ental monitoring of 

the genitourinary or respirator}' tracts. Thousands o f  cases o f P. aeruginosa bacterem ia have
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been docum ented and review ed by Baltch (3 ). including war casualties, m alnourished 

children, patients undergoing chem otherapy fo r cancer, and AIDS patien ts. Because P. 

aeruginosa p lanktonic cells can produce num erous virulence factors and LPS, they can be 

invasive and can cause system ic m anifestations once found in the bloodstream . In contrast to  

cystic  fibrosis (chap ter 1.2.9) where high se rum  antibody concentrations usually  indicate 

poor prognosis, h igh  serum  antibody titers to  LPS and exotoxin A in P. aeruginosa 

bacterem ia are associated  with greater surv ival rate (3). Besides hospital-acquired  bacterem ia, 

m any cases o f P. aeruginosa com m unity-acquired bacterem ia w ith h igh  m ortality  rates have 

been docum ented. In one study involving ch ild ren , the m ortality rate o f  com m unity-acquired 

bacterem ia was 83%  versus 59% for hospital-acquired  cases; while the reverse was true for 

adults with 44% versus 71%, respectively (3). In com m unity-acquired bacterem ia, P. 

aeruginosa enters m ostly through the skin, resp ira tory  tract, and gen itourinary  tract, but 

neutropenic patients can also get P. aeruginosa bacterem ia from the gastro in testinal tract. 

Thus, ingestion o f  contam inated food and w ater by these patients m ust be prevented, since P. 

aeruginosa can surv ive and colonize in the gastrointestinal tract (3). A m ong cancer patients, 

patients with leukem ia are five times more vulnerable to P. aeruginosa bacterem ia than 

patients with solid tum ors, and the prognosis w as poorest when the source for bacterem ia w as 

from  the lung or anorectal region (4, 114). T o  prevent colonization by P. aeruginosa in these 

patients, antibiotics that are not absorbed o ra lly  and lam inar flow room s w ith reverse isolation 

w ere introduced (112 , 113).

Because o f  the seriousness of P. aeruginosa bacteremia, treatm ent m ust be im m ediate 

and specific with an antipseudom onal (3-lactam (penicillin or cephalosporin) and an 

am inoglycoside (tobram ycin or amikacin), as soon as the infectious agent is identified as P. 

aeruginosa (3). Synergy o f (3-lactam plus am inoglycoside com binations occurs more 

frequently  with P. aeruginosa than with Enterobacteriaceae, and delay in treatm ent of 4-8 h 

significantly decreases the chances for patient survival (3). It is well know n that P. aeruginosa 

can cause acute, rapidly  progressing system ic bacterem ic infections w ith o r w ithout shock. 

T hus, besides antibiotics, therapy should a lso  include im m unoglobulins, vaccines, and 

m odulation o f cytokines.
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1.2.5 P. aeruginosa Endocarditis

P. aeruginosa endocarditis (in fections o f  heart valves or the endovascu lar lining o f 

the heart) is prim arily related  to predisposing host conditions (prosthetic  heart valve, 

intracardiac tubing, wire o r patch, leukem ia, cancer, anticancer chem otherapy , and prolonged 

neutropenia) or host behavioral practices, for example intravenous drug abuse (60). Am ong 

cases o f  Gram-negative bacillary endocard itis, P. aeruginosa is the causative agent in the 

m ajority o f cases am ong drug abusers, m ore than one-half o f  cases involv ing  

rheum atic/congenital valves, and one-quarter o f cases o f prosthetic valve endocard itis  (60). 

A m ong drug abusers, how ever, P. aeruginosa endocarditis has increased in frequency and in 

som e localities has periodically  displaced staphylococcal endocarditis (60). U nsterile  practices 

o f  drug abusers, as well as non-sterile d rugs and diluents provide a d irec t route fo r aquaphilic, 

aerophilic bacteria such as P. aeruginosa into the bloodstream.

Strains causing endocarditis w ere found to be mostly o f  sero types 01 . 04, 06 and 011, 

and the last two serotypes were predom inant. They also had a particu lar phenotype when 

bacterem ia was also present, being resistan t to neutralization and lysis by an tibodies and 

com plem ents (60). B iofilm  form ation (see chapter 1.3) may allow' the o rgan ism  to acquire 

this resistance and also to adhere to surfaces, even in the fast-m oving and forceful stream  of 

blood in the heart. A m ong G ram -negative bacteria, P. aeruginosa was observed  to adhere to 

hum an and pig heart valves better than E. coli (40). Because o f  its ab ility  to live in a biofilm  

state. P. aeruginosa endocarditis, resu lting  from colonization o f  pacem aker w ires o r o ther 

foreign appliances, is nearly  im possible to eradicate. Blood cultures are usually  positive, and 

m edical treatment may quench  the bacterem ia and temporarily e lim inate  sym ptom s, but it 

alm ost never cures the infection (60).

P. aeruginosa endocarditis o f  the tricuspid valve is the least serious w hen com pared to 

m itral or aortic valve infections. If detected  and treated early and v igorously  w'ith effective 

antibiotics, tricuspid valve infection is the only form of P. aeruginosa endocard itis  with high 

probability of survival: even so. the rates o f  septic pulmonary em bolism  and heart failure are 

15% and 25%. respectively (60). Mitral and aortic valve endocarditis caused by P. aeruginosa 

is very serious, requiring both urgent valvulectom y and valve replacem ent, as well as anti- 

infective therapy. Once the infection has been established in these valves, continuous
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bacterem ia and em bolization occur unless the afore m entioned m easures are taken (60). As 

with pacem aker infections described above, the bacterem ia caused by susceptib le strains can 

be elim inated with am inoglycoside and antipseudom onal (3-lactam com bination  therapy, but 

this is ineffective in sterilizing the infected valves, except for the tricuspid valve (60). Thus, in 

all cases o f  P. aeruginosa endocarditis, surgical rem oval o f  the infected valve, prosthesis or 

foreign body m ight be an absolute requirem ent fo r a cure. Even when both  medical and 

surgical interventions are taken, m any cases o f m itral o r aortic valve infection only lead to 

75% or 38%  cure rates, respectively. Since blood from  the left regions o f  the heart is highly 

oxygenated and destined for delivery to the rest o f  the body, mitral and aortic  valve 

endocarditis can also lead to septic emboli and lesions in m ultiple organs (brain, kidney, 

spleen, and others) and the skin (cause purple annular skin lesions and som etim es classical 

ecthym a gangrenosum ).

1.2.6 P. aeruginosa Infections of The Central Nervous System

P. aeruginosa rarely caused diseases o f the central nervous system  (CNS), except in 

neonates, neurosurgical patients, patients with penetrating head injuries, granulocytopenic 

patients, alcoholics and intravenous drug users. P. aeruginosa causes approxim ately  2% of 

cases o f neonatal bacterial m eningitis and 16% o f  all cases o f  G ram -negative meningitis in 

neurosurgical patients, due to lack o f  a normal flora and fully functional im m une system in 

neonates o r  due to direct w ound contam ination during neurosurgery and traum a, respectively 

(106). G ranulocytopenic patients are at high risk o f  P. aeruginosa m eningitis, resulting from 

hem atogenous dissem ination o f  the infection from  colonization o f the u rinary  tract, upper 

respiratory tract and/or gastrointestinal tract (106). The result o f  m eningitis is inflammation 

o f the m eninges (the three m em branes dura m ater, pia mater, and arachnoid) that envelop the 

brain and spinal cord. M ultiplication and lysis o f  bacteria generates bacterial cell wall 

com ponents (for exam ple LPS) in the subarachnoid space that induce the release of 

inflam m atory cytokines (T N F a  and IL-1) produced by m acrophage and m onocytes, brain 

astrocytes and m icroglial cells. T N F a  and IL-1 are strong chem oattractants for leukocytes, 

resulting in pleocytosis or an accum ulation o f cells in the cerebrospinal fluid (CSF) (106). In 

addition to  the increase in blood-brain barrier perm eability  and intracranial pressure, there is

9

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



an increase in C S F  proteins in the serum, decrease in glucose (bacteria and leukocytes 

utilization), and change in lactate concentrations typical o f  bacterial m eningitis (106). The 

LPS also plays an im portant role in systemic com plications o f  these infections, including 

fever, hypotension, oliguria, adult respiratory d istress syndrom e, and dissem inated 

intravascular coagulation (3. 106).

1.2.7 P. aeruginosa Infections of The Ear, Bone and Joint

P. aeruginosa ear infections can m anifest them selves in the form  o f  malignant 

external otitis, sim ple external otitis and chronic otitis media. P. aeruginosa is the cause o f  

99% of adult m alignant external otitis (41). M alignant external otitis, a d isease caused 

specifically by P. aeruginosa, is commonly seen in elderly patients w ith d iabetes m ellitus and 

can lead to osteom yelitis o f  the base o f the skull o r temporal bone, and also to cranial nerve 

palsy (paralysis) (41, 42). Although it is a typical disease o f  elderly  d iabetics, there are 

increasing reports o f nondiabetics and younger people developing this d isease (107, 119). 

Children tend to develop facial nerve paralysis earlier than adults who develop  cranial nerve 

dysfunction as early as 1 week after onset o f sym ptom s, but usually 2  m onths into the illness 

(41). The onset o f  unrelenting otalgia (earache) is usually nocturnal and  may be 

accom panied by otorrhea (purulent discharge) in 50-80% o f patients (108). Pain is 

rem arkably severe and often remains unrelieved by narcotic analgesics (41). The drug o f  

choice for treatm ent o f  P. aeruginosa m alignant external otitis is ciprofloxacin  (42). 

A djunctive treatm ent includes hyperbaric oxygen treatm ent, w hich is believed  to enhance 

phagocytotic killing, m icroangiogenesis (sm all blood vessel developm ent) and killing by 

am inoglycosides (41). Sim ple external otitis (external canal infection) is very common w ith 

frequent isolation o f P. aeruginosa from the drainage and is associated  with humid 

atm ospheric conditions, aural water exposure and ear canal traum a (41). A lthough quite 

painful, pain is not as severe as with malignant external otitis and can be treated with an ear 

wick soaked in anti-inflam m atory agents (hydrocortisone) and an antim icrobial (neom ycin 

sulfate) (41). P. aeruginosa can cause a third type o f  ear infection know n as chronic o titis 

media with o torrhea resulting from a tym panic m em brane perforation; th is often occurs in 

children, m ost likely due to a relatively im m ature Eustachian tube (41). P. aeruginosa has
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been recovered from  as m any as 62% o f cases o f  chronic otitis m ed ia  (63). Most patien ts 

usually have Eustachian tube dysfunction and m iddle ear problem s and tym panic m em brane 

perforation resulting from  the inability o f  the Eustachian tube to ventila te  the m iddle e a r  cleft 

properly (41). O ver tim e, the draining m iddle ear fluid will m acerate the skin o f  the ex ternal 

auditory- canal and canal infection ensues (41). T reatm ent is the sam e as for simple ex ternal 

otitis, but if the m iddle ear is inflamed, m ost clin icians would recom m end system ic agents.

P. aeruginosa com m unity-acquired bone and jo int in fec tions are uncom m on, except 

in cases o f hem etogenous osteom yelitis (in flam m ation  o f bone) found  in intravenous drug 

abusers (IVDA), osteochondritis (inflam m ation o f  bone and cartilage) as a com plication o f  a 

puncture wound o f  the foot, o r in diabetic patients with foot in fections (76). P. aeruginosa 

alone o r in com bination w ith o ther m icrobes (Staphylococcus o r Streptococcus species) was 

the causative agent in m ore than 80% of skeletal infections found in IVDA from 1970 to 

1980 (76). In acute hem atogenous osteom eylitis, if initial m edical treatm ent fails, m edullary  

(bone marrow) and/or soft tissue removal in conjunction to an tib io tic  treatm ent may be 

necessary (76). In chronic osteom eylitis, the infection will not regress until the causes o f  

persistent contam ination, including infected necrotic bone, hardw are and poorly perfused 

soft tissue envelope surrounding the bone are rem oved, and adequate  drainage, wound 

protection, and antibiotics m ay be necessary (76). M ost patients w ith  P. aeruginosa jo in t 

infections have predisposing conditions, including  im m unosuppression, chronic renal failure, 

d iabetes mellitus, rheum atoid  arthritis, traum a or surgery to the jo in t, o r  are elderly (76).

Thus, the source o f  infection does not have to be direct inoculation to  the joint, but can be by 

a hem atogenous route via seeding from urinary- tract infections. P. aeruginosa was found to 

be the causative agent in 11% o f  prosthetic jo in t infections in the e lderly  (76). Cases o f  

com m unity-acquired osteochrondritis due to  P. aeruginosa are from  people with puncture 

w ounds, for example by stepping on a nail (76), and some studies indicate that P. aeruginosa 

may account for m ore than 90%  of osteochondritis o f  the foot due  to puncture w ounds (2).

1.2.8 P. aeruginosa Ocular Infections

P. aeruginosa ocu lar infections often  lead to a poor outcom e, because the organ ism  

is able to destroy ocular tissue leading to com eal ulceration, perm anent scarring, com eal
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perforation and extension o f  the com eal purulence into the surrounding sclera resulting in 

loss o f the eye (142). The frequencies o f  P. aeruginosa com eal infections have increased 

dram atically with the w idespread use o f  cosm etic and soft contact lenses. On the surface o f  

the eyeball, the ocu lar drainage system  along with im portant host proteins (secretory IgA. 

com plem ent, album in, lactoferrin, lysozym e, and beta lysin) in the tear fluid is required to 

prevent bacterial colonization (142). H ow ever, com eal ulcers may develop following even 

slight abrasions o f  the com eal surface epithelium  by objects contam inated with P. 

aeruginosa, such as vegetation (tree branches o r com  stalks), m ascara brushes and o ther 

cosm etic applicators, fingernails, contact lenses, o r im bedded com eal foreign bodies (142). If 

inflamm ation occurs, there can be localized cellular m igration in addition to edem a, and 

com eal infiltrate occurs, a hallm ark o f  bacterial com eal infection (142). Although P. 

aeruginosa is only responsible for about 2 % o f bacterial conjunctiv itis, it is now the m ost 

comm on cause o f  G ram -negative com eal ulceration and com eal m elting in contact lens 

wearers. It is also the m ost comm on cause o f  com eal ulceration in uncom prom ised hosts, 

particularly after com eal injury, where the cornea can perforate leading to anterior cham ber 

collapse (142). C ontact lens wearers frequently have m inor com eal surface disruptions 

because o f  frequent lens insertion and rem oval, and extended w ear o f  contact lenses allow s 

adherence o f  P. aeruginosa. Extended w ear o f contact lenses is associated with a six-fold 

higher incidence o f  com eal infections than daily w ear because protein build-up on both side 

o f the lens allow s adherence o f  P. aeruginosa in biofilm s (142). The rare, but very serious 

infections, P. aeruginosa-caused sclerokeratitis and endophthalm itis can occur as a result o f 

injuries to the sclera and vitreous cavity, respectively (142). T he form er infection may extent 

into the m eninges, and the latter is a true em ergency with high risk o f loss of ocular function 

and irreparable dam age to the integrity o f the globe itself (142).

1.2.9 Cystic Fibrosis and P. aeruginosa Infections

The disease cystic  fibrosis (CF) is an autosom al-recessive inherited disorder that 

occurs in 1 o f 1000 live births in m ostly people o f  Caucasian descent, and currently 1 in 

2000 people in the U nited States and C anada has C F (6 6 ). T he disease is characterized by- 

lung infections, pancreatic insufficiency, increased sweat C l' concentration, and obstruction o f
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exocrine glands o f the gastrointestinal, genitourinary, and respiratory tracts, all resulting from 

a  defect in and transiocation o f  a chloride channel to the apical plasma m em brane o f  

epithelial cells (6 6 , 120). Individuals with severe cases frequently die before the age o f  30 

( 6 6 ). The defect was found to be caused by mutations o f a gene encoding a plasma 

m em brane protein designated the cystic fibrosis transm em brane conductance regulator 

(CFTR). To date, researchers have found more than 720 different mutations in CFTR giving 

rise to CF, and m utant CFTR alleles have been found in as m any as 5% of Caucasians o f 

European descent (100). The CFTR gene was cloned in 1989 and mapped to the long arm  of 

chrom osom e 7 (120). The most frequently occurring m utation (-70% ) leading to C F  was 

found to be a deletion o f  a single phenylalanine codon at position 508 (AF508), although 

disease causing m utations can be found in any o f the five dom ains o f CFTR (see below ). 

C FTR  is a single polypeptide integral m em brane protein o f  1480 amino acids consisting o f  

five m ajor domains, including two nucleotide (ATP) binding folds, a regulatory dom ain and 

tw o transmembrane spanning regions (6 6 ). The latter act as an anion channel gated by the 

tw o ATP binding and hydrolysis dom ains, which are in turn regulated by phosphorylation o f  

the regulatory dom ain. The AF508 deletion o f CFTR is localized within one o f  the two 

putative ATP binding/A TP hydrolysis dom ains, resulting in an improperly folded C FTR  and 

retention in the endoplasm ic reticulum  (ER) due to underglycosylation (6 6 ). It has been 

show n that AF508 CFTR when retained in the ER is functional but more readily targeted for 

degradation (6 6 , and references therein). The prevalence and reason for the existence and 

m aintenance o f  defective CFTR in the human population has been discussed, and may be 

advantageous because o ther bacteria utilize wild-type CFTR as receptor for invasion into the 

host (101). Salmonella typhi transiocation across the gastrointestinal tract into the subm ucosa, 

across the epithelium , was reduced by 8 6 % in heterozygous AF508 CFTR mice as com pared 

to wild-type mice (101). Thus, the mutation may act to prevent o r reduce the occurrences o f  

these or other infectious diseases, much like sickle-cell anem ia does for the m alaria parasite.

The defective chloride channel impairs epithelial ion transport, leading to viscous 

secretions, reduced m ucociliary clearance and decline o f pulm onary function resulting from 

chronic P. aeruginosa infections in the endobronchial space (27). Recently, some 

investigators found that airway epithelial cells utilize CFTR as the receptor for specific
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endocytosis o f P. aeruginosa via P. aeruginosa LPS outer core. This m ay help to clear the 

bacterium  from healthy lungs through desquam ation o f  epithelial cells ( 1 0 0 . and references 

therein). Also, the defective C l' channel is believed to prevent release o f  antibacterial factors 

(e.g. hum an P -defensin-1 ) o r may cause inactivation o f these factors by the high salt content 

in the C F airways (6 6 ). For these reasons, in early  adulthood CF patien ts eventually succum b 

to chronic infections by various m icrobes, including Staphylococcus aureus, Haemophilus 

influenzae, Burkholderia cepacia and, especially. Pseudomonas aeruginosa (120, 124). 

M ucoid (biofilm) P. aeruginosa is by far the predom inant organism  in the lung o f most C F  

patients, and is the cause o f  high morbidity and m ortality associated w ith  C F  and one ml o f  

sputum  from  these patien ts can contain up to 107 to 10" P. aeruginosa co lony  form ing units 

(124). O ver 93% o f  C F  patients between the age o f  18 and 24 are in fected  w ith P. aeruginosa 

(27). Infection by m ucoid P. aeruginosa may start early in life and 20%  o f  infants with C F  

are colonized/infected w ith  P. aeruginosa during the first two years o f  life; earlier acquisition 

is associated with w orse pulm onary function and earlier mortality (110). C F  patients who 

harbor nonm ucoid P. aeruginosa and/or 5. aureus m aintain more than 90%  o f their expected 

lung function for m any years (100). Nonm ucoid P. aeruginosa pheno types can be seen early  

in the infection and often  displace other pathogens such as S. aureus, bu t it is the conversion 

o f  nonm ucoid P. aeruginosa (planktonic) to the m ucoid form (biofilm  enclosed 

m icrocolonies) during the infection that eventually causes deterioration o f  the host in chronic 

infections. The mucoid variant is LPS rough, serum  sensitive and exh ib its  low toxigenicity. 

T he conversion from nonm ucoid  to mucoid form s in vivo during the chron ic  infection can 

be reversed in vitro a fter several passages o f  the m ucoid variants on laboratory  media ( 1 2 0 . 

121). The mucoid exopolysaccharide producing form s display enhance ab ility  to bind to 

tracheal epithelial cells, in terfere with binding to m acrophage and o ther phagocytes, scavenge 

reactive bacterial oxygen interm ediates, impede chem otaxis o f  po lym orphonuclear 

leukocytes and impede diffusion o f  antibiotics to bacteria (17, 120). O nce colonization 

occurs, the same clone o f  P. aeruginosa can persist for decades from in itial colonization to 

death o f  the patient, and host deterioration is a resu lt o f  vicious cycles o f  bacterial growth and 

inflam m ation (100). S ince the im m une system is functional in C F patien ts and the 

im m unogenic exopolysaccharide alginate is a po ten t polyclonal B cell activato r, antibodies
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are produced that opsonize P. aeruginosa nonm ucoid (p lank ton ic) cells, but these antibodies 

do not opson ize m ucoid or biofilm  enclosed m icrocolonies (100). A ntibodies are produced 

against num erous bacterial antigens which cause a rise in im m une com plexes, resulting in 

stim ulation o f neutrophils to release more proteases in c lassic  type III hypersensitivity 

reactions (27). Im m une com plexes provoke the influx o f  large num bers o f  inflam m atory 

cells, particularly  polym orphonuclear leukocytes (PM N ) in to  the endobronchial space, and 

the break dow n o f  these cells releases viscous DNA, fu rth e r im pairing lung function. The 

recruited PM N s also ingest and kill P. aeruginosa cells, and release toxic oxygen 

interm ediates that further dam age lung tissues (120). N eu troph ils are the predom inant 

inflam m atory cells in infected bronchi o f CF patients, and  there is an e levated level of 

proinflam m atory  cytokines (T N F a  and IL-1) in b ronchial secretions; fu rther inflam m ation 

ensues w ith recruitm ent o f  m ore PM Ns and causes fu rther tissue dam age (120). Thus, 

nonsteroidal anti-inflam m atory agents (e.g. ibuprofen) can  be used to ease  C F  respiratory 

infections. P. aeruginosa infections in CF patients are d iffe ren t than o ther types o f  infections 

due to P. aeruginosa discussed above, in that higher serum  antibodies are inversely correlated 

with pulm onary status. Growth as biofilm  in C F  lungs a lso  protects P. aeruginosa from 

phagocytosis and com plem ent m ediated killing (120). T he  com bination o f  P. aeruginosa 

toxins and proteases, as well as failed phagocytosis w hich releases num erous hydrolytic 

com pounds (oxygen radicals and lysosomal enzym es) and  neutrophil-derived  elastase, all 

contribute to  significant chronic lung damage. P. aeruginosa proteases (see chapter 1.3) and 

neutrophil elastase cleave various protease inhibitors, such  as hum an a ,-p ro te in ase  inhibitor 

and secretory  leukocyte proteinase inhibitor, allow ing uncontro lled  protease action in the 

lungs o f  C F  patients resulting in lung damage (27). A lthough the role o f  T-lym phocytes in 

the lumen o f  the infected C F airways is not known, it is believed  that cleavage o f  T-cell CD2, 

CD4 and C D 8  by neutrophil uncontrolled elastase release can suppress antigen recognition 

and am plification (27). The com bination of defective m ucociliary  clearance, enhanced host 

m ucin secretion , bacterial production o f  mucoid causing  exopolysaccharide alginate and 

DNA release by lysis o f  bacterial and host cells, all con tribu te  to a viscous sputum  that 

eventually deteriorates lung functions o f  CF patients lead ing  to suffocation (120). Thus, 

respiratory tract disease in C F  patients is characterized by chronic progressive deterioration in
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pulm onary function with in term ittent exacerbations and rem issions o f d isease (120). Since P. 

aeruginosa is almost im possible to eradicate from C F  patients, the most optim istic  goal is 

long-term  suppression rather than eradication o f the infection, and other agents can be used 

to alleviate the suffering o f C F  patients. Protease inhibitors, as w'ell as D N ase, hold promise in 

prolonging lung function in C F  patients (27). In addition, nucleotides (U T P  and ATP) can be 

used to induce chloride secretion via o ther chloride channels besides C FT R , and amiloride. 

which blocks sodium channels, both have been shown to be effective and im prove 

m ucociliary clearance in C F patients (120).

1.3 Pseudomonas aeruginosa VIRULENCE AND PATHOGENESIS

A lthough P. aeruginosa is an opportunistic  pathogen, the d isease outcom e is often  fatal. Even 

when the im m une system is functional, for example in CF patients, these bacteria  persist for 

years and alw ays pose the potential threat o f  phase conversion to the p lanktonic phase, during 

which they secrete various harm ful extracellular hydrolytic com pounds tha t cause tissue 

dam age. The ability of P. aeruginosa to persist and infect various tissues o f  the body is due 

to many virulence determ inants. M ekalanos (79) defined virulence determ inants as those 

factors that contribute to infection, as well as to disease, excluding those that are required for 

m ultiplication on "non-living" m edia. P. aeruginosa virulence determ inants, and their 

m echanism s and actions are sum m arized in table 1.1. Loss o f  any o f these determ inants leads 

to decreased or lack of virulence. A cting in concert and expressed in a tim ely  m anner, these 

virulence determ inants allow colonization, persistent survival, invasion and dam age to host 

tissues; and each virulence determ inant contributes differently to the w ide scope o f  diseases 

caused by P. aeruginosa.

Several virulence com ponents are responsible for colonization, dam age to host cells, 

and inactivation o f  host defense (com plem ent, antibodies, im m une cells), allow ing the 

organism  to persists during acute o r chronic infections. All P. aeruginosa virulence factors 

are chrom osom ally encoded, w ith the exception o f cytotoxin (or leukocidin) which is carried 

on a tem perate phage. One pg  o f  this toxin is sufficient to be lethal to a 20 g Sw iss white
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Table 1.1. aeruginosa virulence determ inants.

Virulence factors Mechanism of action Potential role in virulence

Mucoid exopolysaccharidc alginate
(polyuronic acid)

Physical harrier Barrier to antibiotics, phagocytosis, 
bactericidal oxygen radicals, scavenging 
and binding of complement and 
antibody; allows establishment of chronic 
infections in CP

Proteascs
L.asA

LasB
Alkaline protcase

Lysine-specific proteasc

Exotoxin A

Exocn/.yme S

Siderophorcs
Pyochclin (pyocyanin) 
Pyovcrdin

Proteolytic nicking of clastin cross-linking 
peptides

Proteolytic degradation of LasA-nickcd 
clastin

(?)

ADP-ribosylation of eukaryotic elongation 
factor-2 , inhibition of protein synthesis

ADP-ribosylation of eukaryotic proteins 
vimcntin (cytoskelctal protein) and
p2|C-U ras ( o n c 0 g e n c )

Destruction of host defenses, and tissue 
invasion and damage; epithelial cell tight 
junction separation; degradation of 
fibrinogen and fibroncctin; cleavage of 
antibodies creating non-functional 
blocking antibodies; inactivation of a ,-  
antiprotcinasc, complement components, 
and cytokines; cleaves C3b receptors from 
neutrophils; stimulates mucus secretion 
(detrimental in CF patients)

Tissue destruction; toxic to macrophages; 
T-cell mitogen (superantigen); inhibits 
granulocyte and macrophage progenitor 
cell proliferation

Dissemination of organism; tissue 
destruction; adherence to epithelium

Inhibits ciliary beating; toxic to otherHigh-affinity binding of iron; scavenging 
of iron from host transferrin and lactofcrrin bacterial species and human cells;

enhances oxidative metabolism of 
neutrophils; inhibits lymphocyte 
proliferation
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Tabic 1.1. / ’. aeruginosa virulence determ inants (continued).

Virulence factors M echanism of action

00

Pili

Lipase

C ytotoxin (Icukocidin)

Phospholipasc C (heat-lnbilc hemolysin)

K liam nolipid (heat-stable hemolysin)

Flagellum

Distant attachment to host cells

Cleaves phospholipids of cukoryotic cells 
and lung surfactants(?)

Pore formation in cell membranes

Degrades phospatidylcholinc and 
sphingomyelin; formation of diacylglyccrol 
or ccramidc and phosphorylcholinc

Detergent like properties

Motility and adherence

Potential role in virulence

Initiation of colonization 

Tissue damage

Cytotoxic to neutrophils and 
lymphocytes; tissue inflammation and 
destruction; decreased granulocyte 
function

Destroys lung surfactant; tissue damage; 
generation of inflammatory mediators

Lethal to leukocytes, stimulates mucus 
secretion; inhibits ciliary beating; affects 
ion transport across epithelium; enhances 
phospholipasc C hemolytic activity

Chemotaxis; invasion; and initial 
adherence to host cells

Compiled from references (135, 140).



m ouse (140). Cytotoxin has also been show n to decrease granulocyte function (phagocytosis, 

killing, and chem otaxis) (5). Because the L D 50 o f  P. aeruginosa LPS in animal studies varies 

from 20 to 450  pg, P. aeruginosa lipopolysaccharides (LPS) has been suggested by som e to 

be less toxic as com pared to LPS o f Enterobacteriaceae (57. 75) and it is therefore not listed 

in table 1.1. How ever, others have reported the potency o f  P. aeruginosa LPS to be sim ilar 

LPS from  other Gram -negative bacteria, and anti-LPS antibodies can lead to protection (3). 

Indeed. IgG antibodies to LPS and cytotoxin can lead to better survival in P. aeruginosa 

bacterem ia (3, 140). Intravenous infusion o f  P. aeruginosa into experim ental anim als can 

cause shock and adm inistration of LPS (1 p g /g ) in burned m ice can be lethal (136). It has 

been dem onstrated that exotoxin A potentiates LPS action in anim al models, causing an 

increase in serum  T N F a  concentration and m ortality rates (92). Thus, even if P. aeruginosa 

LPS is less toxic as compared to enterobacterial LPS, its com bination with P. aeruginosa 

toxins can cause com parable, if not greater harm . P. aeruginosa LPS activates m ucin 

secretion by epithelial cells, which is detrim ental in CF patients, since mucin provides 

additional receptors for P. aeruginosa adhesion, and also obstructs airways and im pedes 

bacterial clearance (6 6 , and reference therein).

D am age to host cells caused by several virulence factors m ay destroy the ciliary' 

beating m echanism s which would otherw ise protect the epithelium , and also expose new 

receptors for bacterial adherence on dam aged cells (135). Several bacterial adhesins. 

including flagellar protein, exoenzyme S and alginate, all contribute to colonization o f  the 

host (135). Since fibronectin coats the surface o f  the m ucosa, increase in adherence to 

epithelial cells correlates with loss o f cell surface fibronectin, which is cleaved by P. 

aeruginosa proteases (139. 140). P. aeruginosa adheres to host asialoganglioside 1 and 2 

(aG M , and aG M :). but not to the sialylated (acidic sugar) hom ologues (100); how ever, no 

specific aGM , and aG M : adhesins have been identified. P. aeruginosa proteases cause 

hem orrhagic and necrotic effects w'hen injected under the skin, and in animal lungs the 

hem orrhage and necrosis resembles that seen in P. aeruginosa pneum onia (140). P. 

aeruginosa elastase has extremely broad in vitro substrate specificity  including: hum an lung 

elastin: im m unoglobulin complement factors C l ,  C3, C5, C 8 , and C9; human type III and IV 

collagen: hum an a ,-p ro teinase  inhibitor; Iam inin o f  basem ent m em brane: m ucins; hum an
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transferrin; and bronchial proteinase inhibitor (140). Degradation o f  hum an a ,-p ro te in a se  

inhibitor and Iaminin allow s endogenous serine proteases to cause tissue dam age and P. 

aeruginosa invasion, respectively. It has been suggested that Pseudomonas proteases supply 

the bacterium with nutrients by breaking dow n proteins (e.g. in burnt sk in). P. aeruginosa 

has two hemolysins, rham nolip id  and phospholipase C. The form er is a glycolip id  acting as a 

detergent to em ulsify eukaryotic cell m em branes and it is a ciliostatic factor. Thus, 

rham nolipids dam age host cells and prevent ciliary clearance o f  the o rganism  by lung 

epithelial cells. Besides its hem olytic action, destruction of lung surfactan t 

(phosphatidylcholine) by phospholipase C  can lead to alteration in host ce ll response and 

m etabolism  via diacylglycerol, and the generated phosphorylcholine can further induce 

alginate and more phospholipase C production (67, 117. 126). Purified phospholipase C 

from P. aeruginosa causes derm onecrosis, paralysis, increased vascular perm eability  and 

death in mice (LD S0 = 6  p g )  (7). In addition, non-hem olytic phospholipases have been 

discovered (133), but they are currently not well characterized. P. aeruginosa produces tw o 

A D P-ribosyltransferases, exotoxin  A and exoenzym e S. In the burnt m ouse model, 

exoenzym e S deficient m utants are 2000-fold less virulent than the parental strain (85). 

Clinically, exoenzyme S is produced at high levels in isolates from  acute pneum onia patients, 

but it is at low levels in bacterial cells recovered from  bum wound infections (138). The 

significance of this virulence determ inant in P. aeruginosa pneum onia w as further 

dem onstrated when purified exoenzym e S was adm inistered in tratracheally  into rat lungs, 

where extensive nectrotizing and lung dam age occurred. Purified exoenzym e S also caused 

vacuolization and m em brane dam age to m onolayer cultures o f  bronchial fibroblasts (137). 

The most toxic substance produced by P. aeruginosa is exotoxin A and purified  exotoxin A 

is lethal to various anim als (140). Sim ilar in its action to diphtheria toxin, exotoxin A o f  P. 

aeruginosa AD P-ribosylates eukaryotic elongation factor 2 and inhibits protein  synthesis in 

different organs in anim als (59, 91).
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1.4 Pseudomonas aeruginosa TREATMENT AND RESISTANCE TO 

ANTIMICROBIALS

There are few classes o f  antipseudom onal drugs that are available for clinical use, including 

(3-lactams, am inoglycosides, quinolones, and som etim es polym yxin and rifam pin. Polym yxin 

B was released for clinical use against P. aeruginosa infections in 1947 and was the only 

antibiotic available through the 1950s fo r this bacterium  (19). Polymyxin E (colistin) soon 

follow ed in 1961, but both polym yxins are relatively ineffective in im m unocom prom ised, 

bacterem ic. and patients with deep-tissue infection and w as associated with a high degree o f 

clinical toxicity. Less toxic drugs that are more active against P. aeruginosa soon follow ed 

with the release o f  gentam ycin in 1963 and carbenicillin in 1967. Still, the m ortality  due to P. 

aeruginosa bacterem ias continued to be higher than those associated with other G ram - 

negative bacteria  and increased used o f  these drugs w as follow ed by resistant organism s (19). 

Serum  levels o f  free drugs (unbound by serum  proteins) have been good predictors o f  the 

active drugs concentration at most extracellu lar tissue sites w ithin the body. H ow ever, 

penetration o f  antim icrobials into special sites (e.g. cerebrospinal fluid, hum ors o f  the eye, the 

prostate, and respiratory secretions such as sputum  and tracheal aspirate) are not predictable 

by serum  levels and sometimes inhibitory concentrations by available drugs are not 

achievable. Thus, the introduction o f a large variety o f  antipseudom onal antibiotics in the past 

17 years w ith enhanced pharm acodynam ic and pharm acokinetic  properties have contro lled  

P. aeruginosa infections significantly. How ever, antim icrobial resistance continues to em erge 

with their continued use, especially w hen used in m onotherapy. Hence, the continual research 

for drugs with high antipseudomonal activities, low selection o f  resistance, and good 

pharm acokinetic  properties is m andatory.

A  large variety o f P-lactam antibiotics are active against P. aeruginosa. T hese include 

carboxypenicillins (carbenicillin and ticarcillin), ureidopenicillins (piperacillin and azlocillin). 

m any third generation cephalosporins (ceftazidim e, cefem pim e, cefsulodin, and cefpirom e). 

the carbapenem s (im ipenem  and m eropenem ) and aztreonam  (m onobactam ) (19, 49. 141). 

Inhibition o f  grow th by P-lactam antibiotics is by interfering with the final step in the 

synthesis o f peptidoglycan, specifically by inhibiting the transpeptidase that catalyzes the
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cross-linking reaction (19). This is only one o f  several enzymes inhibited  by P-lactam s. 

collectively known as penicillin-binding proteins (PBPs). which are num bered according to 

decreasing m olecular w eights. In addition to transpeptidase, PBPs also  include 

carboxypeptidase and endopeptidase (141). Inhibition of PBP2 results in loss o f  rod shape 

and form ation o f large ovoid  cells; while inhibition o f  PBP3 results in filam ent formation 

w ithout septa (19). Thus, th is class o f antim icrobial agents inhibits cell wail synthesis and 

separation, and the bactericidal activity depends directly on the rate o f  grow th. In addition. P* 

lactam s have been found to  activate the endogenous autolytic system  o f  bacteria, a process 

that initiates cell lysis and death  (128). The difference in perm eability  o f  P-lactam s between 

P. aeruginosa and E. colt (12  to 100 fold d ifference) has been explained  by the small 

diam eter outer m em brane m ajor porins (C. D 2. and E) of P. aeruginosa. M ost strains o f  P. 

aeruginosa resistant to carbapenem s lost the D2 porin protein (19). T he prim ary mechanism 

for resistance to penicillins, cephalosporins and aztreonam  is enzym atic hydrolysis o f the P- 

lactam  ring by P-lactam ases. Plasm id encoded P-lactam ases in P. aeruginosa can render the 

organism  resistant to carboxy- and ureidopenicillins. but this type o f  resistance can som etim e 

(7%) be irreversibly inhibited by P-lactam ase inhibitors, such as c lavulin ic acid, sulbactam, 

and tazobactam  (19, 141). H ow ever, chrom osom ally-encoded P-lactam ase, which is resistant 

to P-lactam ase inhibitors, can occur in as m any as 40%  of cases w here m onotherapy treatm ent 

with antipseudom onal penicillins and cephalosporins is used (19) and som e P-lactam ase 

inhibitors can by extruded by M exAB-OprM  m ultidrug efflux pum p (74; see below). The 

MIC,,, and MICW (concentrations that inhibit 50%  or 90% o f the strains tested) for P-lactam s 

range from 2 to 32 mg/1 and 50 to 256 mg/1, respectively; and the activ ities o f  these agents are 

affected by inoculum  size, and  the minimal bactericidal concentrations (M BCs) tend to be tw o 

tim es higher than the M ICs (19). The bactericidal activity o f P-lactam s against P. aeruginosa 

is characterized by a rise in the killing rate w ith increasing concentrations up to a point o f 

m axim al effect (19). This point o f maximal effect is about four to five tim es the MIC. and 

beyond this point, increasing concentrations do not enhance the rate o r extent o f  killing. 

S im ilar observations have been made in anim al infection m odels (37, 134). Hence, dosing 

frequencies should be designed  to provide serum  concentrations above the M IC throughout 

the dosing interval and continuous infusion o f  P-lactam s would ensure that serum  levels
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exceed the M IC virtually all the tim e (19). There is no postantibiotic effect (term  used to 

describe the inhibition o f regrowth after serum concentration is below the MIC) o f  P-lactam s 

on P. aeruginosa, except for carbapenem s. Thus, high drug concentrations beyond four to 

five times the M IC do not kill P. aeruginosa faster, and bacterial regrowth occurs very' soon 

after serum or tissue levels fall below the M ICs (19). Unlike o ther P-lactam s (e.g. am oxicillin 

and phenoxym ethyl penicillin), antipseudom onal penicillins are not orally absorbed and are 

destroyed by gastric acid. Hence, to com bat P. aeruginosa infections, intravenous 

administration o f  4 g (piperacillin, azlocillin, and m ezlocillin) to 5 g (carbenicillin) o f  P- 

lactams are required to achieve clinically beneficial serum concentrations o f 330 to 450 mg/1 

(19). In addition, in vitro studies dem onstrated that piperacillin has activity against P. 

aeruginosa that is tw ice that o f azlocillin, four times that o f m ezlocillin and ticarcillin. and 

about 8  times that o f  carbenicillin (141). The antipseudom onal penicillins exhibit good 

distribution into extravascular tissues that requires only passive diffusion, but the extent o f 

penetration into certain fluids or tissues (cerebrospinal fluid, aqueous humor, prostate tissue, 

and respiratory secretions) is poor (19). The levels o f antipseudom onal p-lactam s for aqueous 

hum or are reported to  average 2 to 7% o f serum concentration. 4 to 30% for cerebrospinal 

fluid, 25 to 30%  for prostate tissue and 4 to 20% for respiratory secretions. The 

cephalosporins appear to exhibit a slightly better respiratory concentration profile than 

penicillins and concentrations o f ceftazidim e obtained in respiratory secretions are usually 

above the M IC S0 (19). The average half-life o f P-lactams in serum  is short ( 1  to 1.5 h), and 

the majority is elim inated by the kidneys and to a lesser extent by the liver. Carbenicillin and 

ticarcillin exhibit the greatest extent o f  renal elimination, with approxim ately 90%  o f a dose 

o f each recovered unchanged in the urine (19). Besides acting as a hapten to create allergic 

reactions (3 to 1 0 % frequency), the P-lactam s can exhibit a variety o f adverse effects, 

including diarrhea, rash, sodium  overload and hypokalemia (carboxypenicillins), neutropenia 

(ureidopenicllins and carbapenem s), throm bocytopenia (cephalosporins and aztreonam ). and 

seizure and nausea are associated with carbapenems (19). The frequencies o f these adverse 

effects range from  2 to 5 % o f  the cases.

The am inoglycosides antibiotics have been major agents used in the treatm ent o f P. 

aeruginosa infections. This group contains natural antibiotics (e.g. gentam ycin, tobram ycin,
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sisom icin) and semisynthetic derivatives (e.g. am ikacin, netilm icin, isepam icin) (18. 19). 

M onotherapy with am inoglycosides give better therapeutic results against P. aeruginosa than 

m onotherapy with P-lactams. The am inoglycosides exert activity  by binding irreversib ly  to 

the bacterial 30S ribosomal subm it, thus interfering with protein synthesis and bacterial 

grow th (28). Lysis o f bacteria follow ing exposure to am inoglycosides usually  occurs hours 

after the lethal event. However, the requirem ents for am inoglycosides to en ter the cytoplasm  

include an energy- and oxygen-dependent transport m echanism  that is inh ib ited  by 

anaerobiosis and low pH (28). The binding o f  am inoglycosides to the ou ter m em brane is 

initiated by ionic interaction which is linearly related to am inoglycoside concen tration . This 

binding disrupts the outer m em brane and increases further perm eability to am inoglycosides 

(19). T ransport o f  am inoglycosides across the cytoplasm ic m em brane occurs in tw o energy- 

dependent phases i) the slow  initial phase is dependent on the electrical potential across the 

cytoplasm ic membrane and ii) the second accelerated phase is triggered by b inding o f 

am inoglycoside to its ribosomal target (19. and references therein). At least 14 enzym es 

found in P. aeruginosa can inactivate various am inoglycosides. The m ajority are 

acetyltransferases that inactivate gentam ycin, tobram ycin, sisom icin and netilm icin  (109). 

Am ikacin and isepamicin are inactivated  by a subset o f  the 6 '-N -acety ltransferases encoded 

by transposons located on plasm ids (109. 116). In the United States, the percentage o f  strains 

contain ing a 2 ” -0-adeny ltransferase. a 3-N -acetyltransferase o r a 6 ’-N -acety ltransferase  

varied from 26 to 31%, while in Japan 8 8 % o f strains had 6 '-N -acetyItransferase activity  and 

in Chile 94%  o f strains contained 3-N -acetyltransferases (19). The M IC 50 o f  am inoglycosides 

is Iow\ ranging from 1 mg/1 for tobram ycin  and 4 mg/1 for gentam ycin, and the MIG*, is 4 

mg/1 for tobram ycin and 16 mg/1 for gentam ycin. The M IC 50 and MIC,*, for netilm icin , 

am ikacin, and isepamicin are double that o f  gentam icin (19). Due to pro longed postantibiotic 

effects o f am inoglycosides, once-daily  single high doses have dem onstrated equal o r better 

efficacy than those observed with m ore frequently divided dosing regim en. This regim en has 

been associated with less drug accum ulation in the kidney cortex and low er incidence o f 

nephro- and ototoxicity (19). Thus, these results support the practice o f  giv ing high dosages 

o f  am inoglycosides at extended in tervals. Em ergence o f  resistance can be prevented in vitro 

by obtaining peak concentrations at least 8  to 10 tim es the M IC, and in som e serious
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infections peak am inoglycoside levels at 8  to 10 lim es the M IC are requ ired  for recovery o f  

85% o f patients (19). Due to the hydrophilic nature o f  am inoglycosides, they are not 

absorbed orally, and 2 m g/kg (fo r tobram ycin, gentam ycin, and netilm icin ) or 15 mg/kg (fo r 

am ikacin and isepam icin) are infused intravenously over a period o f  30  m inutes. This am ount 

is much lower than that required  for 3 -lactam s, because serum pro tein  binding o f 

am inoglycosides is low. averaging around 1 0 %; hence, virtually all o f  the am inoglycoside 

present in serum is in the form  o f  free active drug (19). A m inoglycosides en ter extravascular 

and extracellular sites easily , and are found in prostate and respiratory secretions in levels as 

high as 96% of serum levels. How ever, they do not enter aqueous hum or, noninflam ed CSF 

or respiratory secretions to any appreciable degree (19). The average serum  half-life for 

am inoglycosides is about 1.5 to 2 h, and over 90%  can eventually be c leared  by the kidneys 

(19). Thus, nephrotoxicity can be as high as 8  to  14% of the cases, w ith  gentam ycin and 

tobram ycin being responsible for the more severe cases (19). O to tox ic ity  (hearing loss) 

frequencies can be quite high w ith amikacin ( 1 2 %) and gentam ycin ( 8 % ); and less frequently 

other type o f toxicities can occur, such as vestibular ototoxicity and neurom uscular blockade.

O ther com m only used antipseudom onal antibiotics are the quino lones, which inhibit 

the A subunit o f bacterial DN A gyrase (an enzym e that forms superco ils  in bacterial DNA) 

preventing the sealing o f  nicks in DNA, and m am m alian DNA gyrase is unaffected at 

therapeutic concentrations (1. 19, 58, 77). The tw o DNA strands w ind around each other in a 

right handed helix and DNA gyrase forms supercoil twists in the opposite  direction to the 

double helix (e.g. negative supercoil) (77). This is extrem ely im portan t to fit the 

chrom osom al DNA (>1300 p.m in length) into a cell that is 1 to 2 fim  in size. In addition, the 

negative supercoiling allow s the DNA to unw ind during replication and  transcription (77). 

Unlike the self-prom oted uptake pathw ay of am inoglycosides, crossing  o f  the outer 

m em brane by quinolones is m ediated by nonporin or porin pathw ays and  crossing o f the 

inner membrane occurs by sim ple  diffusion (19). Among the qu ino lones, ciprofloxacin is the 

most active drug against P. aeruginosa with an M IC 50 and MIG*, o f  0 .25  and 1 m g/1, 

respectively; follow'ed by norfloxacin with an M IC 50 and MIC„, o f  1 and  2 mg/1, respectively 

(19). O ther quinolones (fleroxacin , ofloxacin, tem afloxacin. sparfloxacin , and enoxacin) 

exhibited M IC 50 and MIG*, o f  approxim ately 1 and 4 mg/1. As with am inoglycosides,
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quinolones exhibit concentration-dependent bactericidal activ ities and  dem onstrate 

postantibiotic effects. Unlike the P-lactam s. the activities o f  qu inoione drugs are not altered 

by inoculum  size or the presence o f  hum an serum, and quinolones are capable o f  killing 

nongrow ing P. aeruginosa (19). These drugs have benefits over the am inoglycosides and P- 

lactams in that they are absorbed quite efficiently when adm inistered orally. For exam ple, 

when giving a 500 mg oral dose, 70% o f  the ciprofloxacin is absorbed , reaching peak serum 

concentrations averaging 2.3 mg/1, which is above the M IC 50 and MIG*, (19). Q uinolones also 

have advantages over am inoglycosides and P-lactams in that they reach high concentrations 

in intracellular and extracellular fluids, and in less accessible sites such as prostate and 

respiratory secretions, exceeding the serum  concentration by as m uch as 300 to 400% . The 

half-life in serum  is superior ranging from  4 to 17 h (19). All qu ino lones exhibit low serum  

protein binding, and range w idely in their degrees of renal and hepatic  elim ination (58). 

O floxacin and Iomefloxacin are recovered in the urine unchanged at 75-80% . w'hile the 

recovery rates are quite low with ciprofloxacin at 35%, norfloxacin at 30% and sparfloxacin 

at 9% (19). Like other antipseudom onal antibiotics, quinolones have several side effects. The 

m ajor concern is that quinolones im pair jo in t cartilage form ation in im m ature anim als; hence 

their use in children and pregnant fem ales is not recom m ended (19). O ther com m on adverse 

effects include nausea with frequencies o f  2  to 1 0 %. while headache, dizziness, irritability, and 

rash occur in 1-4% of cases (19). In addition, resistance o f  P. aeruginosa to quinolones can 

be found in as many as 10-20% o f patients. Primary m echanism s o f  resistance to quinolones 

is via mutations in DNA gyrase or m utations in the MexR regulator that regulates the mexE- 

mexB-oprM  efflux operon (58). However, unlike P-lactams and am inoglycosides, drug 

m odification o f quinolones as m echanism  o f  resistance has not yet been found.

O ther antipseudom onal drugs are sometim es used, including polym yxin B and E and 

rifam pin, but these drugs exhibit high toxicities and are only used in special cases and in 

com bination with other antipseudom onal drugs. Polymyxins exert antibacterial activity  by 

binding to the LPS and phospholip ids o f  cell membranes, resulting in leakage o f  intracellular 

m aterial (19). Polym yxins are elim inated unchanged by the kidneys, and are associated with 

high incidences o f nephrotoxicity (15 to 25% ) and neurotoxicity (19). Rifam pin efficiently 

penetrates into cerebrospinal fluid (uninflam ed) and aqueous hum or (50-100%  o f  serum
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concentration), but 80% o f it binds to serum proteins (19). Clinical trials w ith rifam pin 

dem onstrated improvements when the drug was added to  therapies in four patients in whom 

therapy with a  carbenicillin-am inoglycoside com bination  was failing. In ano ther study 

involving 123 patients, rifampin in addition to 3 -lactam  and am inoglycoside therapy did not 

significantly  improve m ortality (24%  for all three drugs and 17% for two drugs), but it 

increased the frequency o f  bacteriological cure (2%  failure for all three drugs and 14% 

failure for two drugs) (19). How ever, side effects o f  rifam pin include hepatoxicity , flu-like 

illness and interstitial nephritis; it also imparts an orange color to saliva, sw eat, urine, and tears 

(19). R ifam pin resistance can be due to m utations in the bacterial D N A -dependent RNA 

polym erase.

Since resistance often occurs with m onotherapy and leads to eventual failure o f 

therapy, com bination therapy is often utilized to give synergy and prevent em ergence of 

resistant P. aeruginosa. Synergy im plies that the com bined effect o f co-adm inistered  drugs is 

significantly  greater than the sum o f  their separate effects. For example, one m ethod of 

detecting synergy is that the M IC for each drug needs to  be reduced at least four-fold when 

used in com bination (19). Synergy between P-lactam s and am inoglycosides occurs at 

frequencies ranging from 37 to 65%  for strains tested, and am inoglycosides have been shown 

to enhance the penetration o f 3-lactam s (19). A ntagonism  is rarely observed w ith 3-lactam  

and am inoglycoside com binations. Double 3-lactam  com binations have very low frequencies 

o f  synergy, ranging from 4-22% , but antagonism  betw een som e P-lactam s has been observed 

and is attributed to induction o f 3-lactam ase by certain  3-lactam s. Synergy betw een P-lactam s 

and quinolones occurs at frequencies ranging from  10-36%, and often additive effects are 

observed in the absence o f  synergy (19). Lastly, synergistic  com binations o f  am inoglycosides 

and quinolones are rarely observed. Resistance can be reduced by com binations o f  an 

antipseudom onal P-lactam with an am inoglycoside o r a quinolone, but not w ith tw o P-lactam  

com binations (19).

The benefits o f synergy can  be dem onstrated in vivo in animal m odels, where 

endpoints o f  success include survival, decreased organism  counts and prevention o f  the 

em ergence o f  resistance (19). For 3-lactam  and am inoglycoside com binations, therapy was 

superior to m onotherapy in 50-60%  o f studies using survival as endpoint, 80%  o f  studies
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using organism  counts, and  in about 50%  o f  studies using prevention o f em ergence of 

resistance (19. and references therein). How ever, com bination therapies o f  (3-lactams and 

am inoglycosides proved no t to be better than single-drug therapy  in pneum onia m odels when 

the am inoglycoside was the  single drug rather than (3-lactam (19). Thus, any com parison 

m ust include susceptibility data, pharm acodynam ic and pharm acokinetic  p roperties, and 

efficacy in anim al models o f  infection.

Antimicrobial pharm acokinetics are altered dram atically  in C F  patien ts, and strains of 

P. aeruginosa dissociate in to  m ultiple different phenotypic form s often w ith d ifferent 

antim icrobial susceptibility patterns (127). Since the infection in C F  is chronic and P. 

aeruginosa is rarely ever eradicated , resistance to m ultiple antim icrobial agen ts develops 

frequently (25, 39, 127). M ucoid  strains are resistant to penetration o f  som e antibiotics. 

Patients with C F inactivate o r elim inate antim icrobials (e.g. am inoglycosides) m ore rapidly 

than norm al patients and require h igher dosages, because o f  expanded  venous plasm a volume 

and increased urine flow rate  (102). Parenteral doses o f an tim icrobials in C F  patients in 

Denm ark showed substantially  increased survival rates, but parenteral adm inistered  drugs 

penetrated poorly into sputum  (19). T herefore, investigators have adm inistered  antib iotics by 

the aerosol route, which appears to be safe and effective at delivering  a high dose o f 

antibiotics to the site o f infection. How ever, because o f the ubiquitous nature o f  P. 

aeruginosa, aerosol generating equipm ent must be sterile designed to  and crea te  small 

enough particles able to penetrate  deep in the lungs.

The com bination o f  low perm eability  o f  the outer m em brane o f  P. aeruginosa and 

potential o f  activation o f  several tripartite  multidrug efflux pum ps has produced  new  threats 

and has been treated with great concerns in recent years (43, 74, 84, 8 6 , 87, 122, 123). P. 

aeruginosa has an outer-m em brane perm eability  that is 12-100 fold low er than  that o f E. coli 

(43, and references therein). H ow ever, upon exposure to drugs, the periplasm ic 

concentrations o f many an tib io tics reach 50% of their external concentrations w ithin 10 to 30 

s in P. aeruginosa, a rate that is m uch slow er than in E. coli (8 6 . 87). Hence, the decreased 

outer m em brane perm eability for drugs is expected to result in a slow er accum ulation, but 

will nevertheless reach equilibrium  concentrations across the outer-m em brane ( 8 6 , 87). Thus, 

o ther drug elim ination m echanism s are needed to explain the h igh intrinsic resistance o f  this
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bacterium. In recent years, it was discovered that P. aeruginosa possesses several three- 

com ponent m ultidrug efflux systems that are m ade up o f  an inner-m em brane proton- 

dependent an tiporter (M exB , D, or F), a periplasm ic m em brane fusion protein (Mex A. C . or 

E), and an ou ter m em brane channel (OprM, J, or N) (8 6 . 87). These pum ps, arranged in 

three separate chrom osom ally-located operons. are norm ally regulated  by their 

corresponding regulator, and their constitutive expression is caused by m utations in the genes 

encoding these  regulatory proteins. The M exA B-O prM  com plex can pum p tetracycline (Tc). 

chloram phenicol (Cm ), quinolones (Qls), erythrom ycin  (Em ), azithrom ycin  (Az), sodium  

dodecyl sulfate  (SDS), crystal violet (Cv), novobiocin (Nov), rifam pin (Rif) and several (3* 

lactams (am picillin , carbenicillin , cefoperazone. cefepim e, cefpirom e, cefotaxim e, 

ceftazadim e, penicillin, and ticarcillin) (122, 123). th is efflux pum p is constitutively expressed 

in the com m only used laboratory strain P A O l. w hich w-as originally a clinical isolate. This 

pump can be further overexpressed by exposure to and selection o f  repressor mutations on 

nalidixic ac id  contain ing m edium  (nalB m utants) (84, 122, 123). Expression o f  two other 

well characterized  m ultidrug efflux pumps M exC D -O prJ and M exEF-O prN  can be achieved 

by exposure to norfloxacin, and the resulting strains contain m utations in nfxB and nfxC , 

respectively (84, 8 6 , 87). M exCD-OprJ can extrude Tc, Cm . Qls, N ov, Em, Az, SDS, Cv, Rif. 

and forth generation  cephem  but not conventional 3-lactam s or carbapenem s. However, the 

M exEF-O prN  system  can extrude carbapenems (im ipenem  and m eropenem ), as well as Cm  

and Qls (8 6 , 87, 122. 123). M ore recently, m ultidrug am inoglycoside efflux pumps have 

been discovered in a related bacterium Burkholderia pseudomallei (81) and a sim ilar pum p 

(M exXY) has recently  been described in P. aeruginosa (15). Thus, there exist even more 

threatening m echanism s o f  resistance than traditional single drug resistance mechanism fo r all 

classes o f  curren tly  available antipseudomonal drugs, nam ely P-lactam s, am inoglycosides, 

quinolones and rifam pin. In addition, muitidrug resistance can increase the M IC of certain 

drugs to an extent that renders the drugs absolutely useless. For exam ple, the carbenicillin 

M ICs o f 80%  o f  clinical isolates from the British Isles can be 2000 tim es higher than that o f  

pum p-deficient m utant strains (8 6 ). Therefore, fu ture  com binational therapy must be 

reconsidered and should reflect drugs that are effluxed  by d ifferent pum ps. Com binational 

therapies w ith drugs that are effluxed by the same pum p have the potential to select for
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m ultidrug resistance by a single m utation in one o f the regulatory proteins. H ow ever, the 

chances o f  getting resistance by com binational therapy with drugs that are extruded by 

different pum ps are significantly reduced, because such resistance in P. aeruginosa would 

require m ultiple mutations to cause expression o f  more than one pump.

1.5 CELL-TO-CELL COMMUNICATION IN BACTERIA

A m ong Gram -positive bacteria, including Staphylococcus aureus. Bacillus subtilis, 

Lactococcus lactus and Streptococcus pneumoniae, the com m on cell-density-dependent 

au to inducer molecules released for intercellular com m unication are peptide pherom ones 

(115). These peptides do not diffuse into the cell, but are sensed by tw o-com ponent 

regulatory  system s which involve a sensor and a response-regulator (65). O nce extracellular 

pherom ones are detected by the sensor, the signal is passed to and activates the cytoplasmic 

response regulator via phosphorylation o f specific am ino acid residues. In S. aureus, peptide 

pherom ones are involved in expression o f virulence exoproteins such as 5 -lysin ; while S. 

pneumoniae and B. subtilis peptide pheromones activate natural com petence. Antimicrobial 

peptides in L. lactus, B. subtilis, and S. epidermidis are also activated by o th e r sim ilar peptide 

pherom ones (65). Many G ram -positive bacteria can produce multiple pherom one signals, 

thus highlighting the im portance o f intercellular com m unication (65, 115).

O ther types of pherom one molecules have been identified in a varie ty  o f different 

organism s. Myxococcus xanthus utilizes amino acids and proteins to com m unicate 

intercellu larly , and this process is required for fruiting body developm ent (62). Streptomyces 

species produce y-butyrolactone as an intercellular signaling molecule fo r antibiotic 

production (115). Micrococcus luteus produces a protein for promoting g row th  and 

resuscitation o f cells from a dorm ant state (83). Hence, there are a variety o f  different 

m olecules produced in different m icrobes, but the com m on them e between all signifies the 

im portance for intercellular com m unication.

In Gram-negative species, intercellular com m unication involves cell density- 

dependent production o f A -acylated-L-hom oserine lactones (22, 34, 82, 99). Num erous 

G ram -negative bacteria have been shown to produce such intercellular com m unication
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m olecules, including Pseudomonas sp.. Vibrio sp.. Agrobacterium sp.. Erwinia sp.,

Rhizobium sp., Aeromonas sp.. Yersinia sp., Seratia sp. and Burkholderia sp. (34. 73. 82, 99). 

These autoinducers (AI) are d iffusable m olecules synthesized from  acyl-acyl carrier protein 

(acyl-ACP) and S-adenosylm ethionine by an AI synthase (see chap ter 1.8) and accum ulate in 

late-log to stationary-phase o f  grow th. Low basal levels of AIs are synthesized  in early-log 

phase grown cells, and accum ulate as cell density increases to reach a  threshold  level. These 

AIs are generally thought to be freely diffusable in and out o f  the cell. H ow ever, P. 

aeruginosa /V -[3-oxo]-dodecanoyl-L-hom oserine lactone is as substra te  fo r the M exAB- 

OprM  m ultidrug efflux pum p (30). T he  binding o f  these in tercellu lar-d iffusab le  

autoinducers to the am ino-term inus o f  the corresponding LuxR (e.g. RhlR  and LasR in P. 

aeruginosa; figure 1 .2 ) fam ily o f regu lato rs allow s activation o f  the helix-tum -helix  at the 

carboxy-term inus o f  these regulators, w hich leads to activation o f transcrip tion  o f the 

synthase gene and therefore further increased  AI production (36). A s w ell, the A l-regulator 

com plex activates various behaviors in d ifferent bacteria. Vibrio fischeri and Vibrio harx’eyi 

AIs, both being sym bionts o f  m arine anim als, can activate an operon o f  lum inescence genes 

(33, 35). Erwinia species AIs activate exoenzym e and carbapenem syn thesis, while P. 

aeruginosa AIs activate various v iru lence determ inants. This sim ilarity  betw een Gram- 

negatives, as well as m ultiple AIs in a single bacterial species (P. aeruginosa and V. fischeri) 

and its multi-gene regulatory role again  highlight the significance o f  in tercellu lar 

com m unication as a quorum  to synchronize a specific behavioral response.

1.6 QUORUM REGULATION OF VIRULENCE FACTORS IN P. aeruginosa

P. aeruginosa virulence regulation by a cell density-dependent m echanism  is the best 

understood among G ram -negative bacteria . A lm ost all virulence factors studied in P. 

aeruginosa so far are regulated via jV-butyryl-L-hom oserine lactone (C ,-H SL ) and/or jV-[3- 

oxo]-dodecanoyl-L -hom oserine lac tone  (3 -oxo-C ,;-HSL) au to inducer-dependen t 

m echanism s (figure 1.1 A). These include LasA  and LasB (elastases), T oxA  (exotoxin A), 

AprA  (alkaline protease). RhlAB (rham nosyltransferase), pyocyanin and biofilm  m aturation
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( I I .  22. 93, 94, 96, 99, 131). The hom oserine lactones (H SL s) C 4-H SL and 3 -oxo-C ,;-H SL 

bind to their corresponding regulatory proteins RhlR and L asR . respectively, to activate the 

transcription o f  various virulence genes (figure 1.2)(97). F u ranones produced by the 

m acroalga Delisea pulchra  have been found to inhibit H S L -dependent regulatory  system s by 

m im icking acylated-H SL s o f bacteria (figure 1.4C) (38) and  thus there is prom ise fo r the 

potential inhibition o f  A l-induced pathw ays.

Recently, tw o o ther classes o f  com pounds isolated by organ ic  extractions o f  P. 

aeruginosa c larified  culture supernatants have been described , 2-hepty l-3-hydroxy-4- 

quinolone and cyclic  peptides (diketopiperazines) the structures o f  which are dep ic ted  in 

figures 1.1B and C (53, 98). These com pound apparently p lay  a role in P. aeruginosa 

in tercellu lar com m unication. The diketopiperazines (D K Ps) can induce b iolum inescence in 

an E. coli HSL detection strain that contains luxR and the lux  operon  prom oter o f  Vibrio 

fischeri coupled to the biolum inescence operon (luxCDABE) o f Photorhabdus luminescens, 

and it was suggested that DKPs can interact with LuxR to ac tivate  the bioium inescence operon 

(53). How ever, no direct interaction o f  D K Ps with LuxR w as dem onstrated and the activation 

threshold o f  D K Ps (~1 m M ) was several o rder o f m agnitudes g rea ter than the 1 nM 

concentration o f  the natural HSL au to inducer (3-oxo-hexanoyl-H SL ) needed fo r activation 

o f bioium inescence. The authors (53) d id  not estimate the actual concentrations o f  DK Ps in 

the extracted culture supernatants and it is conceivable that the concentrations needed  for 

activation may not be achievable in an overnight culture o f  P. aeruginosa. A lthough these 

com pounds w ere extracted  from P. aeruginosa, these authors reported  no studies o f  the 

effects o f  DK Ps on the expression o f any  P. aeruginosa H SL  regulated  genes. In addition, no 

evidence was presented on the growth phase-dependent synthesis o r regulation o f  DK Ps, and 

such m olecules could  be constitutively synthesized and accum ulate  in P. aeruginosa cultures. 

Clearly, m ore studies are needed before such molecules can be assigned a role in intercellular 

com m unication as a quorum . Pesci ei al. (98) have dem onstrated  yet another cell-to-cell 

com m unication m olecule in P. aeruginosa, 2-heptyI-3-hydroxy-4-quinolone, and it is the 

first Pseudomonas quinolone signal (PQ S; figure L IB ). By u tiliz ing  las I and lasR  m utants, 

the synthesis o f  this m olecule was determ ined to be dependent on 3-oxo-C i;-H SL and LasR 

(figure 1.2). PQS could  be isolated from  strain PAO-JP2 (Alasl. isrhll) containing a truncated
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A) Homoserine lactones

W-butanoyl homoserine lactone

N-(3-oxo)-dodecanoyl hom oserine lactone

B) Quinolone

OH

2-heptyl-3-hydroxy-4-quinolone

C) Cyclic Peptides (diketopiperazines)

cydo(L’Pro-L-Tyr)

H — I

N— H

cydoU-Aia-L-Val)

F ig u re  1.1 C ell-cell com m unication molecules o f  P. aeruginosa.
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Figure 1.2. Model o f quorum-scnsing-dcpcndcnt gene regulation in /'. aeruginosa, showing the interaction of the two homoscrine- 
lactonc (HSL) autoinduccr (AI) systems in virulence gene regulation. Plus (+) indicates activation and minus (-) indicates repression. Basal 
levels o f 3 -o x o -C ,2-H S L s produced in log-phasc culture bind to LasR, and upon reaching stationary-phase, Vfr (a cyclic AMP receptor 
protein) activates further lasR expression. Activation of Iasi and lasR by LasR-3-oxo-Cl3-HSL and Vfr, respectively, increases the 
concentration of La.sR-3-oxo-C,3-HSL complexes to a threshold level that activates numerous genes indicated by (+) and also activates rhIR. 
Fine tuning control occurs via 3-oxo-Cl3-HSL which inhibits binding of C4-HSL to RhIR indicated by (-), until RhIR levels or C4-HSL 
concentrations increase significantly enough to alleviate this inhibition; this allows controlled liming of virulence gene expression of the Rhl 
system and a mechanism of control for this autoinduction cycle. A similar control of the Las system occurs via the negative regulator RsaL. 
The potential role of the recently discovered Pseudomonas quinolonc signal (PQS)for activation of lasB is also indicated. Abbreviations: 
xcpP and xcpR, genes that encode proteins o f the general secretory pathway; rpoS, stationary phase sigma factor; other abbreviations are 
explained in text. Diagram modified from Pcsci et al. (97).
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LasI protein that allow s for H SL-independent constitutive activation o f Lasl-dependent genes. 

Extracted PQS w as found to activate one o f  the virulence factors o f P. aeruginosa, lasB 

(elastase), as indicated in figure 1.2. How ever, the activation was weak at the concentration o f 

PQS ( 6  p.M) estim ated  to be present in stationary-phase cu ltu res o f  P. aeruginosa. The 

concentration o f  PQS required to give ha lf maximal activation o f  lasB was over 100-fold 

greater than individual 3-oxo-C ,:-HSL and C4-H SL concentrations required to give ha lf 

maximal activity  in their respective assays ( -1 0 0  pM  o f natural PQS versus 1 pM  o f  HSLs). 

Thus, this com pound is m ore potent than D K Ps but is still m uch less potent than H SL 

autoinducers. Pesci et al. (98) justify the im portance o f  PQS in intercellular com m unication 

by suggesting that although the concentration required to activate the P. aeruginosa virulence 

gene lasB was m uch higher than HSLs, the estim ated concentrations of PQS in stationary- 

phase of 6  pM  w as an underestim ation due to incom plete extraction o f PQS in clarified 

culture supernatant. How ever, this may not be the case, since PQS is even more hydrophobic 

than C4-HSL and should be efficiently extracted  by the sam e organic solvent (ethyl 

acetate)(90). H ence, it rem ains to be seen how important PQ S is for virulence gene activation 

in P. aeruginosa and w hether the concentrations needed fo r this activation will be achievable 

in stationary-phase culture. The two HSLs o f  P. aeruginosa (C 4-HSL and 3-oxo-C t;-H SL) are 

much more potent than DKPs or PQS in activation o f viru lence genes and their 

concentrations in stationary-phase culture exceed the concentrations required for m axim al 

activation o f viru lence genes by several fold (93, 94, 98).

P. aeruginosa virulence factors are every toxic and  are normally only expressed 

under conditions o f  high cell density (96, 97, 140). P. aeruginosa high cell densities can be 

dem onstrated in C F  lungs where 107-10s colony forming units per mi o f sputum  are 

commonly found (124). In this setting, m any virulence genes (e.g. toxA, lasA, and lasB) are 

expressed, presum ably  in a cell-density dependent m anner (figure 3.4) (125). In the burnt 

mouse model, bum  wound sepsis became irreversible after reaching a certain P. aeruginosa 

cell density (>10 5/g) (118). Fortunately, in healthy individuals P. aeruginosa acts as an 

opportunistic pathogen not because its virulence factors are not potent enough to infect a 

healthy host but because these extremely toxic factors (140) are tightly controlled w hen cells 

are present at low  densities. This tight regulation is required since expression o f som e o f  these
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virulence factors at low cell density could stim ulate the host immune response and thus would 

allow detection and developm ent o f  an effective host im m une response fo r  clearance o f the 

bacteria. Conversely, the expression o f virulence genes at high cell density  allows a 

synchronized overw helm ing assault on the host and therefore allows circum vention o f  the 

host defense response.

1.7 BIOSYNTHESIS OF FATTY ACIDS AND ACYLATED HOMOSERINE

LACTONES IN Pseudomonas aeruginosa

Unlike type I fatty acid biosynthesis (Fab) in eukaryotes where acyl chain extension 

and modification occurs on a large m ultifunctional protein, bacteria in general contain type II 

dissociated fatty acid synthase system s in which several individual proteins catalyze acyl chain 

elongation and m odification (20). However, Mycobacterium tuberculosis is  one known 

exception, containing both type I and type II system s (31, 64). The Fab proteins in bacteria 

(type II) are believed to be dissociated and no evidence exists as to w hether formation o f a 

m ultienym e complex occurs w ithin cells. How ever, such m ultienzyme com plexes may exists 

inside bacterial cells and may be disrupted upon cell lysis. Central to all steps in Fab is the 

acyl carrier protein (ACP) which carries various acyl chain lengths with d ifferent 

m odifications and delivers the acyl chains to various Fab proteins (105). T hus, if Fab 

m ultienzym e complexes do not exist, these proteins m ust either have very high activity or be 

present in large num bers inside the cell to allow  recognition o f the various mixtures o f fatty 

acids carried on ACP. Regardless, a high output o f the pathw ay is essential considering the 

fast growth rates o f bacteria and the requirem ents o f the acyl-interm ediates for synthesis o f 

num erous cellular com pounds, including lipid A, phospholipids, lipoproteins, protein-bound 

biotin and lipoic, acid and acylated HSLs (20). The Fab pathway is well established in E. coli 

and offers a starting point for its study in o ther bacteria. Using the E. coli pathway as a 

starting point, we were able to clone various fa b  genes and show functions for various Fab 

enzymes in P. aeruginosa (chapters 5 and 6 ) (51, 52, 70).

W e have been able to quickly establish the P. aeruginosa Fab pathw ay (figure 1.3). 

The first committed step in Fab involves the synthesis o f  malonyl-CoA from  acetyl-CoA,
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Figure 1.3. Saturated and unsaturated fatty acid and acylated homoserine lactone biosynthcscs in P. aeruginosa. Solid arrows indicate 
catalyzed reactions involved in the elongation and modification cycles of fatty acid synthesis and the shunting of acyl-ACP intermediates 
into the synthesis o f A/-butyryl-L-homoserinc lactone and /V-(3-oxo-dodecanoyl)-L-homoserine lactone. Dashed arrows indicate committed 
steps leading to the synthesis of unsaturatcd fatty acids. The function of FabH is still uncertain in the P. aeruginosa Fab pathway as 
described in the text. FabJ reflects a possible difference in the P. aeruginosa pathway with respect to the E. coli pathway as described in text. 
Abbreviations: ACP, acyl carrier protein; ADP, adenosine diphosphate; ATP, adenosine triphosphate; CoA, cocnzyme A; FabA (and FabZ), 
P-hydroxyacyl-ACP dehydratase; FabB, (l-kctoacyl synthase I; FabD; malonyl-CoA:ACP transacylasc; FabF, (i-kctoacyl synthase II; FabG, 
P-kctoacyl-ACP reductase; FabH, p-kctoacyl synthase III; Fabl; enoyl-ACP reductase; 5-MTA, mcthylthioadenosinc; NAD* and NADH, 
oxidize and reduce form of nicotinamide adenine dinuclcotide; NADP* and NADPH, oxidized and reduced form of nicotinamide adenine 
dinucleotide phosphate; SAM, S-adenosylmcthionine; Lasl, /V-(3-oxo)-dodccanoyl homoserine lactone synthase; Rhll, /V-butyryl 
homoserine lactone synthase.
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requiring one molecule o f  ATP. This reaction is catalyzed by acetyl-CoA  carboxylase 

(A ccA BCD ), which is a m ultiprotein complex consisting o f  the a -  and (3-subunit o f 

carboxyltransferase (AccA and AccD), the biotin carboxyl carrier protein (A ccB), and biotin 

carboxylase (AccC) (8 . 20). The activated interm ediate is then transferred to A CP by 

m alonyl-C oA :A C P transacylase (FabD). The initiation o f  Fab occurs by condensation of 

m alonyl-A CP with acetyl-CoA , which in E. coli is catalyzed by J3-ketoacyl-ACP synthase III. 

Unlike E. coli, the P. aeruginosa FabH homologue is not found in the fatty acid gene cluster 

with acpP  (encoding ACP) to date and the P. aeruginosa FabH hom ologue has not yet been 

positively identified. Only one FabG (P-ketoacyl-A CP reductase) exists in P. aeruginosa as in 

E. coli, as dem onstrated by the inability to isolate a P. aeruginosa fabG  knockout mutant. 

This enzym e catalyzes the reduction o f  3-oxo-fatty acids utilizing NADPH as the reductant 

(see chapter 8 ). However, another FabG homolog o f  P. aeruginosa term ed RhlG  has been 

identified and it is involved in rham nolipid synthesis (13). FabA and FabZ are P- 

hydroxyacyl-A C P dehydratases catalyzing the conversion o f  P -hydroxyacyl-A C P to trans-2- 

enoyl-A C P for different chain  lengths o f fatty acids. H ow ever, FabZ. as in E. coli (47). seems 

to have specificity for shorter chain length fatty acids (C 4 to Cs). while FabA has a higher 

specificity for longer chain length fatty acids (C 10 to C M) (see chapter 8 ). The importance o f 

FabZ in short chain fatty acid  biosynthesis may lie in that short chain fatty acids are essential 

in lipid A synthesis, and hence the fabZ  genes in E. coli and P. aeruginosa are located in the 

same cluster as LPS biosynthetic genes (103). The last enzym e in the fatty acid cycle, an 

enoyl-A C P reductase (FabI), reduces the double bond o f  rran j-2 -enoyl-A C P  to a fully 

saturated acyl-A C P and utilizes NADH. Genetic evidence indicates that there m ay yet exist 

another enoyl-A C P reductase, term ed FabJ. in P. aeruginosa (51) (see chapter 6 ). This is the 

first evidence in any bacterium  for separate enzymes catalyzing the enoyl-A C P reductase 

reaction. Subsequent condensation steps in fatty acid elongation utilize FabB and FabF, P- 

ketoacyl-A C P synthase I and II. respectively. Each round o f  the Fab cycle adds tw o carbons 

to the grow ing acyl chain. Thus, to synthesize butyryl-A C P and 3-oxo-dodecanoyl-A CP for 

HSL biosyntheses, one round and five rounds o f the Fab cycle are required, respectively.

Unsaturated fatty acid  biosynthesis in E. coli is essential, since phospholipids contain 

C l6 and C ,s m onounsaturated fatty acids (c/r-9-hexadecenoic acid and ci's-l 1-octadecenoic
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acid) attached to the second carbon o f glycerol and varying am ount o f c/'s-l 1 -octadecenoic 

acid (c/j-vaccenic) acid attached  to the first position of glycerol, depending on growth 

temperature (20, 69). U nsaturated fatty acid  biosynthesis in E. coli is initiated at the level o f 

(3-hydroxy-decanoyl-ACP (figure 1.3). It is dehydrated to rran j-2 -d ecen o y l-A C P  and 

isomerized to c/s-3-decenoyl-A C P. This product then bypasses the reduction step catalyzed 

by FabI to conserve the double bond, and is further elongated to c /j-9 -hexadeceno ic  acid and 

c / j - 1  1-octadecenoic acid by the action o f  FabB (not FabF) and the rest o f  the Fab enzym es. 

Thus, E. coli m utants o f fabA  o r  fabB  are viable, as long as unsaturated  fatty acids such as 

oleic acid (c/5 -9 -octadecenoic acid) are supplied  in the growth m edium . Hoang and 

Schweizer (52) have dem onstrated  that P. aeruginosa fabA  and fa b B  m utants survive in 

m edia supplemented w ith oleic acid. This dem onstrated that FabA  and FabB in P. aeruginosa 

are not necessary for saturated  fatty acid synthesis but rather are m ore im portant for 

unsaturated fatty acid biosynthesis. Our ab ility  to isolate a P. aeruginosa fabF  m utant 

indicated that this enzym e is not required for unsaturated fatty acid  biosynthesis and that 

FabB can replace the m issing FabF synthase function (69). As w ith E. coli, P. aeruginosa 

fabF  mutants contained reduced levels o f  c is-11 -octadecenoic acid  and grew' at 42°C but not 

at 28°C, a tem perature at w hich m em brane fluidity is essential (23. 24, 69).

Because o f the essential nature o f  the Fab pathway, it offers several attractive targets 

for various antim icrobial agents. Some natural fungal derived an tim icrob ial agents (cerulenin 

and thiolactom ycin) have been described that inhibit the Fab pathw ay, i.e. the reactions 

catalyzed by P-ketoacyl-A C P synthases (K A S; figure 1.4A) (45, 46 , 80. 8 8 , 132). Cerulenin 

irreversibly inhibits FabB and FabF (KAS I and II), but this an tim icrobial agent is o f  no 

therapeutic value since it also inhibits eukaryotic fatty acid synthase system s. However, 

thiolactomycin, first isolated by a Japanese group in the early 1980s from  a Nocardia species, 

has activity towards type I Fab system s but does not inhibit eukaryotic  type II Fab systems 

(45, 80, 8 8 ). Subsequently, thiolactom ycin was found to inhibit the Fab system  of E. coli and 

P. aeruginosa (46) and overexpression o f  KAS I (fabB) o f E. coli im parted  resistance to 

thiolactom ycin (129). Thiolactom ycin  has been shown both in vitro and in vivo to inhibit all 

three KAS enzym es o f E. coli but overexpression o f  fabH  (encoding KAS III) did not confer 

resistance. Since. FabF (K A S II) is not essential FabB (KASI) therefore seem s to be the m ajor
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target for thiolactom ycin (20). FabA can be irreversibly inhibited  in vitro by the acetyienic 

substrate analog S-decenoyl-iV-acetylcysteam ine but in vivo saturated fatty acid synthesis 

continues norm ally in the presence o f  th is com pound (29 , 50), presum ably since FabZ  can 

replace FabA in saturated fatty acid synthesis. Inhibitors o f  FabI have also been described, 

nam ely diazaborine and triclosan; but these synthetic com pounds are quite  toxic to 

eukaryotic cells (figure 1.4) (78. 130). The crystal structure  o f  the £. coli FabI along with the 

inhibitor triclosan has recently been elucidated  (48, 72). A lthough the Fab pathw ay offers 

several potential targets for Fab inhibitors, m ore research is needed to find com pounds that 

not only inhibit the bacterial Fab cycle but are also re la tive ly  non-toxic to eukaryotic  systems.

A) Inhibitors of (Mcetoacyl-ACP syn tasss (FabB and FabH)

Q o

NH,

Cerulenin

H ,C

WO CH,
Thiolactomycin

B) Inhibitors of trans-2-enoyl-ACP raductasa (FabI)

H<?

H.C
H ‘ CH.

Diazaborine

HO.

Tnclosan

C) Inhibitor of autoinducer signaling (R proteins)

O

Br

Dehsea pulchra furanone

F ig u re  1.4. Inhibitors o f  the fatty acid  biosynthetic pa thw ay  and autoinducer signaling.
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At various stages the butyryl-ACP and 3-oxo-dodecanoyl-A C P acyl intermediates 

shunt o ff the Fab cycle and react individually with S-adenosylm ethionine (SAM ) in reactions 

catalyzed by Rhll and LasI to produce C4-HSL and 3-oxo-C ,,-H SL , respectively (figure 1.3 

and 1.5A) (see chapters 6  and 8 ). Jiang et al. (61) presented data suggesting that the acyl 

chain o f  butyryl-HSL in R h ll reactions may be derived from  butyryl-C oA  (obtained during 

fatty acid degradation) rather than butyryl-ACP, and indeed Rhll could synthesize C4-H SL  

from butyryl-CoA and SA M . However, these studies w ere done using high substrate 

concentrations (0.5 mM) and large quantities ( 8  m g) o f  relatively unpure Rhll protein per 

reaction. Thus, contam inating proteins possibly contributed significantly  to the reactions and 

observed products. Agrobacterium tumefaciens HSL [7V-(3-oxo-octanoyI)-L-HSL] was the 

first HSL to be entirely synthesized in vitro utilizing purified T ra l (3-oxo-C g-HSL synthase), 

SAM  and an E. coli c larified  cell lysate (82). These authors proposed a ping-pong 

m echanism  for the synthesis o f  HSL catalyzed by T ra l (figure 1.5B), w here the acyl chain o f  

acyl-A C P is first transferred to T ral via covalent bond form ation to a cysteine residue and 

then ACP leaves before SA M  binding. However, site-directed m utagenesis studies with 

autoinducer synthases (R hll and Luxl) indicated that cysteine residues on these proteins are 

not required for activity (44, 89). Recent results by Parsek et al. (90) indicated that the 

m echanism  of HSL synthesis rather occurs via a bi ter m echanism , where tw o substrates (acyl- 

ACP and SAM) bind to into the enzyme before the three products leave (ACP, Acyl-HSL and 

M TA). However, there are conflicting results within this publication that suggest the 

m echanism  may in fact could  also be a ping-pong m echanism . Hence, the scheme presented 

in figure 1.5B reflects my curren t hypothesis. In this m odel, the A C P leaves the enzym e-acyl 

com plex before SAM  enters, although cysteine may not be involved in form ing a thioester 

with the acyl chain. U npublished data from our laboratory, where ACP release is m easured in 

a R hll reaction (figure 1.5A) using Ellm an’s reagent seem s to support this hypothesis. These 

unpublished data also show ed that Rhll may be able to cleave acyl-A C P in the absence o f 

SAM , indicating yet another potential function for R hll. H ow ever, m ore research is needed to 

confirm  this observation. H ence, the elusive m echanism s by w hich autoinducer synthases 

function await structural studies.
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Figure 1.5. Proposed mechanism of acylated homoserine lactone biosynthesis. Autoinduccr synthases catalyze the cyclization of the 
lactone ring from 5-adcnosylmethionine (SAM) and transferring of acyl groups to produce acylated-HSLs and 5’-mcthylthioadenosinc 
(MTA). (A) Steps involved in synthesis of 3-oxo-C„-HSL from 3-oxo-C,j-ACP and SAM by 3-oxo-C,2-HSL synthase (Lasl). (B) Proposed 
ping-pong mechanism for autoinduccr synthases where acyl-ACP binds to the synthase. ACP leaves the acyl-cnzymc (E-acyl) intermediate 
before SAM binding to form a SAM-E-acyl complex. Subsequent lactonization and transacylation will form and release HSL as indicated in 
(A), and MTA is the last product to leave the enzyme. Abbreviations: ACP, acyl carrier protein; E, enzyme; HSL, homoserine lactone; Lasl, 
3-oxo-Cl2-HSL synthase; MTA, mcthylthioadcnosinc; SAM, 5-adcnosylmethioninc.
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1.8 GOALS OF RESEARCH AND PREVIEWS OF CHAPTERS

At the onset o f the studies presented in this dissertation, very little was know n about 

the b iosynthesis o f  fatty acids in P. aeruginosa. Only the fabAB  operon o f  P. aeruginosa 

was cloned and characterized, and its role in unsaturated Fab was dem onstrated (52). In 

addition, the com m itted step in Fab involving A ccA BCD  in P. aeruginosa was partially  

characterized (8 ). Since the orig ins o f  the acyl-chains o f  H SLs were still d isputed. I 

hypothesized that the acyl chains o f  HSLs are derived from  Fab. The follow ing specific aims 

were pursued to test this hypothesis:

I) To purify  the histidine-tagged fatty acid b iosynthetic (Fab) enzym es and the two 

hom oserine lactone (H SL) synthases o f  P. aeruginosa (chapters 4. 5, and 8 ).

II) To assem ble the Fab pathw ay in vitro and couple the Fab enzym e(s) to  the  HSL 

synthases leading to the production o f  (V-butyryl-L-homoserine lactone and N-(3- 

oxo)-dodecanoyl-L -hom oserine lactone (chapter 8 ); thus, defining the P. aeruginosa 

Fab pathw ay and HSL biosynthetic pathways.

III) To develop  a prom oter-reporter gene fusion technology for studying au to inducer 

regulated  genes in P. aeruginosa (chapter 3).

In the process o f  achieving these specific aim s, several technologies were developed 

including:

VI) D evelopm ent of a gene-rep lacem ent system  for iso lation o f unm arked fa b  m utations

and H SL synthase m utants (chapter 2).

V) E ngineering o f  low-copy num ber expression vectors and host strains for expression

and purification of inso luble proteins (chapter 4).

IV) D evelopm ent of enzym atic system s for synthesis o f  defined acyl-A CP substrates 

representing various stages o f the Fab cycle for studies o f certain Fab enzym es 

(C hap ter 7).
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The research presented in this dissertation for the first tim e biochem ically defines the Fab and 

HSL pathw ays o f P. aeruginosa. This research also  will facilitate future screens for novel 

inhibitors o f  Fab enzymes and HSL synthases, aim ed at inhibiting growth and virulence gene 

expression o f  P. aeruginosa.
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CHAPTER 2

A broad-host-range Flp-FRT  recombination system for site-specific excision 

of chromosomally-located DNA sequences: application for isolation of 

unmarked Pseudomonas aeruginosa mutants

(Presented in T ung T. Hoang, RoxA nn R. K arkhoff-Schw eizer. A lecksandr J. K utchm a and 

H erbert P. Schw eizer. 1998. Gene 212: 77-86)

The technologies described in th is paper facilitate m anipulations o f  the bacterial 

chrom osom e and  are not only useful in P. aeruginosa, but also in m any o ther bacteria. I have 

developed and utilized this technology for the purpose o f  making unm arked m utations of 

genes involved in the autoinducer and fatty  acid biosynthetic pathways (refer to  chapters 3  

and 6 ). I acknow ledge the contribution o f  Dr. RoxA nn K arkhoff-Schw eizer fo r her help with 

testing of the gene-replacem ent vectors and A lecks Kutchm a for sequencing the pabC  gene.

2.1 ABSTRACT

An improved m ethod for gene replacem ent in Pseudomonas aeruginosa was developed. The 

m ethod em ploys several new gene rep lacem ent vectors that incorporate (/) the 

counterselectable sacB marker, (ii) a lacZa  allele for blue-white screening, (Hi) the pUC18/19 

vectors multiple cloning site with 1 0  unique restriction sites. (iv) an oriT  for conjugation- 

m ediated plasm id transfer and (r) carbenicillin . gentam icin (Gm) and tetracycline  selectable 

m arkers. A cassette was constructed that contains a G m r selectable m arker next to the green 

fluorescent protein structural gene, w'ith both m arkers being flanked by Flp recom binase 

target (FRT) sites. The FRT  cassette w as used to insertionally inactivate the c loned  P. 

aeruginosa pabC  gene encoding am inodeoxychorism ate lyase. A fter conjugal
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transfer into P. aeruginosa, plasmid integrants were selected  and deletion o f unwanted DNA 

sequences was prom oted by sucrose counterselection. T he FRT  cassette was excised with high 

frequencies (close to 100%) from the chrom osom e after conjugal transfer o f a Flp 

recom binase-expressing plasmid; this sacfi-contain ing  plasm id was subsequently cured by 

sucrose counterselection, resulting in an unm arked P. aeruginosa ApabC  strain.

2.2 INTRODUCTION

Analyses o f cloned genes and their products from bacteria in the environm ents o f  their native 

chrom osom es necessitate methods that enable the genetic exchange o f  m utated, plasm id- 

borne DNA with the respective genomes. O ur laboratory was the first to develop a gene 

replacem ent system  for Pseudomonas aeruginosa that allow ed for positive selection o f all 

steps involved in the gene replacem ent process (18). T his system  included the Bacillus 

subtilis sacB gene as counter-selectable m arker (18), allow ing fo r positive selection o f the 

segregation o f  true m utants from the m ore frequently occuring  m erodiploids on m edium  

containing 5% sucrose. This selection process greatly facilitated  the genetic exchange not 

only o f selectable m arkers but also screenable markers, e .g ., lacZ- o r .rv/£-based gene fusions 

(22, 23), and Ts-conferring alleles (unpublished data). T he latest im provem ent included a 

gene replacem ent vector, pEXlOOT, which was genetically engineered to facilitate the cloning 

and genetic m anipulation o f  virtually any DN A fragm ent (22). This was achieved by 

incorporating into a single vector (/) the counterselectable sacB  m arker, (//) a lacZa  allele for 

b lue-w hite screening on XGal-containing m edia; (///) an oriT  for conjugation-m ediated 

plasm id transfer and (iv) unique cloning sites for Sw al and the rare-cutting m eganuclease I- 

SceI. By site-specific mutagenesis and subcloning, most restriction sites within the vector 

were elim inated giving greater access to restriction sites w ithin the cloned fragm ent, thus 

facilitating the construction o f insertions, deletions and fram eshifts.

Although in its present form this vector is very versatile and has been used by many 

laboratories to introduce marked and unm arked mutant a lleles into the P. aeruginosa 

chrom osom e, it suffers from some draw backs: (/) even though the presence o f very few 

restriction enzym e cleavage sites facilitates m utagenesis o f  cloned fragm ents, lack o f  a MCS 

ham pers cloning o f  previously m utagenized fragm ents; (ii) the curren t replacem ent vector
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utilizes A pras the selectable m arker and f3-lactams are not applicable in m any o ther bacteria. 

Being the sole selectable plasm id m arker, it also precludes the use o f A p r/C b r conferring 

cassettes in insertional m utagenesis experiments (23). O ne goal of the present studies was to 

further extend the usefulness o f this vector system  by addressing these shortcom ings.

Besides construction o f versatile suicide delivery vectors, efforts aim ed at 

optim izations o f existing gene replacem ent system s m ust also  include developm ent of 

methods that allow generation o f  chrom osomal insertions o f  heterologous DNA segments 

eventually devoid o f  any selection marker, as is curren tly  required for m etabolic engineering 

o f novel phenotypes fo r environm ental applications and developm ent o f  live vaccine strains 

(6 ). Useful methods previously em ployed in other bacteria  to excise unw anted  m arker 

sequences from the chom osom e involve various site-specific  recom bination system s, in 

particular the Cre-lox system  o f  the phage/plasm id PI (1. 24). the ParA -res system  o f  RP4 

(12), the TnpR -res system  o f  the y5 transposon (2) and the Saccharomyces cerevisiae FIp- 

FRT system  (3). These system s are useful tools for genetic  engineering due to the high 

specificity o f the respective recom binases, which enables directed operations in vivo on DNA 

m olecules as large as bacterial or eukaryotic chrom osom es. O f  all o f these system s, the Flp- 

FRT recom bination system  (16) is perhaps the m ost versatile, since it is the least restrictive in 

term s o f host-range. functioning in bacteria (3). yeasts (16). plants (13) and mam malian cells 

( 8 ). The Flp enzyme is a site-specific recombinase w hich prom otes recom bination at a 

specific 13-bp site w ithin a 65-nt sequence, term ed FRT (see figure 2 .2B )(5).

In this study, we adapted the S. cerevisiae Flp-FRT system  for use in bacteria other 

than E. coli. This included construction of a new Qm'-FRT cassette and a broad-host-range 

(bhr) Flp recom binase-expressing vector.

2.3 MATERIALS AND METHODS

2.3.1 Bacterial strains, plasmids, media and culture conditions. The bacterial strains and 

plasm ids used in this study are listed in table 2.1. LB m edium  was used as the rich medium 

for both E. coli and P. aeruginosa. The minimal m edium  used for P. aeruginosa was 

VBM M . VBMM is VB medium containing 0.3% citrate and is selective for P. aeruginosa
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since E. coli cannot utilize citrate (11). For grow th o f pabC  m utants. VBM M  was 

supplem ented with 10 p.g PABA per m l. A ntibiotics were used in selection media at the 

follow ing concentrations: for E. coli. A p (100 pg/m l); Gm (10 fig /m l): Tc (10 p g /m l): and for 

P. aeruginosa, Cb (500 fig/ml); Gm  (100-200  ng/m l); Tc (50 pg /m l). Lactose pheno types 

were screened  on LB plates containing 40  jig  Xgal per ml. H em olysin  production o f  P. 

aeruginosa cells was screened on sheep  blood agar plates (BBL M icrobiology System s, 

Cockeysville, M D). Sucrose resistant colonies were obtained by streaking  P. aeruginosa 

m erodiploids o r cells containing p lasm ids w ith sacB  on VBM M  or LB o r PIA (D ifco, Detroit. 

MI) p lates supplem ented with 5% sucrose.

2.3.2 DNA manipulations. Restriction enzym es, T4 DNA ligase, T 4  polynucleo tide kinase 

and T4 D N A  Pol were purchased from  G ibco-B R L (Gaithersburg, M D ) and used as  

recom m ended by the supplier, except T 4  D N A  Pol which was used fo r  blunt ending DN A 

fragm ents in the respective restriction enzym e incubation buffers in the  presence o f  100 p.M 

dNTPs (17). Taq and Taq' Pol were purchased  from  Qiagen (Santa C larita . CA) an d  

Stratagene (La Jolla, CA ). respectively, and w ere used as recom m ended by the suppliers.

Small scale  isolations o f  plasmid D N A  from  E. coli and P. aeruginosa w ere achieved utilizing 

the Q IA prep  spin m iniprep kit (Q iagen, Santa C larita, CA), and D N A  transform ations were 

done as previously  described (11). D N A  restriction fragments were e lu ted  from agarose  gels 

by utilizing the G eneclean procedure (B IO  101, San Diego. CA). F o r genom ic S ou thern  

analysis, chrom osom al P. aeruginosa DN A was isolated utilizing the IsoQ uick nucleic  acid 

extraction kit (ORCA Research, Bothell, W A), digested with various restriction endonucleases, 

electrophoresed on a 1% agarose gel in 0 .5 x TB E buffer and transferred  to Photogene nylon 

m em branes (G ibco BRL, G aithersburg. M D) as previously described (17). Plasmid DN A was 

biotinylated by random  hexamer p rim ing  follow ing the N EBlot™  Phototype™  kit protocol 

(New England Biolabs, Beverly, M A). Follow ing transfer and ultraviolet fixation (17 ). the 

m em branes were probed with the b io tiny lated  DNA fragment accord ing  to the Photo type™  

detection k it protocol (New England B iolabs, Beverly, MA). A utom ated nucleotide 

sequencing was perform ed as previously described ( 1 1 ).
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2.3.3 Plasmid constructions. Details on the construction o f  selected plasm ids not evident 

from the inform ation given in table 2 . 1  are as follows.

To obtain the gene replacem ent vectors pEX 18A p and pE X 19A p. 1,791-bp Pvu\ 

fragm ents from  pUC18 or pUC19 (26). respectively, were gel-purified and ligated to the large 

Pvu\ fragm ent o f  pEXlOOT (22), from  w hich the overlapping Sphl and  N siI had been 

elim inated by digestion with Nsil, follow ed by blunt-ending and ligation. The vectors 

pEX 18Gm  and pEX18Tc were obtained from pEX 18Ap in several steps. First, tw o primers 

(A PU 2, 5 ’ -G TTG  A AT ACTC AT ACTCTTC and APD, 5 '-catcgaTTG TC A G A C C A A G - 

1T1A C TC A T) were synthesized. These prim ers are com plim entary to  nt 5630-5650 (APU2) 

and 4780-4760 (capital letters o f APD; low er case letters m ark nt that w ere inserted to 

generate a Clal site [underlined]) o f  pEX 18A p. Prim ers APD and A PU 2 were used to prime 

synthesis from  pEX18Ap DNA in a 50 p i reaction m ixture containing lx  Taq' buffer 

(S tratagene, LA Jolla, CA), 200 pM  o f  each dN TP, 30 pm ol o f each prim er. - 1 0  pmol 

plasm id DNA and 2.5 u Taq' Pol (Stratagene, La Jolla, CA). The reaction m ixture was 

subjected to the following therm al cycles: 1 cycle at 96°C for 1.5 m in; 30 cycles (95°C, 1 min; 

58°C, 25 s; 72°C, 2.5 min) and a final extension at 72°C for 5 min. A sim ilar reaction was set 

up with pEX 19A p template DNA. All reactions yielded single, linear 5-kb fragm ents which 

w ere treated (20 min; 37°C) with 2.5 u T4 DNA Pol in the presence o f  100 pM  dN TPs and 

purified by agarose gel electrophoresis. For construction o f  pEX 18G m /pEX 19G m  and 

pEX 18Tc/pEX 19Tc, the 5-kb PCR fragm ents from the pEX 18A p/pEX 19A p reactions were 

ligated to a 830-bp blunt-ended SacI fragm ent from pUCGM  (20) o r to  a 1,348-bp blunt- 

ended Cla\-Sty\ fragment from pA L T E R -1 (Prom ega, M adison, W I), respectively . Only those 

isolates containing the a a c C l and tet genes in the same transcriptional orientation as the 

orig inally  present bla gene were retained.
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Table 2.1. Bacterial strains and plasmids (cont.)

Releveant genotype or description Source or reference

pMMC6 Ap'; source of inducible Flp rccombinasc (5)

pUCGM Ap', Gm': source of Gm' cassette (2 0 )

pUC 18/19 Ap1; cloning vectors (26)

pU C 19l8 Ap'; cloning vector with duplicated pUC 18/19 MCS (2 1 )

pUCP2()T Ap'; mobilizablc broad-host-range cloning vector (23)

pEXISAp* Ap'; oriT sacIV, gene replacement vector with MCS from pU C I8 This study

pEX ISG m ' Gm'; oriV sacIV, gene replacement vector with MCS from pUC18 This study

pEX l 8 Tc* Tc'; oriT sacIV, gene replacement vector with MCS from pU C I8 This study

pFGSI Ap1, Gm'; replacement of a 1.9-kb Hpal fragment from the tel genes

of pCPI6  with a 0.83-kb Smal fragment from pUCGM This study

pFLPI Ap'; ligation of a blunt-cndcd 2.5-kb pMMC6  Cla\+Xbal fragment

into the blunt-ended Aft III site of pGEM-T«riT This study

pFLP2 Ap'; 2.6-kb HainYU-Sphl fragment from pALB2 ligated between the

same sites of pPS908 This study

pPS6 8 l Ap'; 6.7-kb fragment containing the P. aeruginosa acpP region Laboratory collection
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Table 2.1. Bacterial strains and plasmids (cont.)

Rclcvcant genotype or description Source or reference

pPS698 Ap'; 3-kb HamUl-Hindlll pahC '-orf fragment from pPS6 8 l ligated

between the same sites of pU C I8 This study

pPS747 Ap'; pUCP2()T with 0.7-kb Pstl-Xha\ fragment from pGFPmutl This study

pPS838 Ap', Gm'; 1.5-kb blunt-ended pFGSI Hind\\l-Sma\ fragment

ligated into the blunt-ended pl)CI918 EcoRl This study

pPS854 Ap'; rcligatcd 2.9-kb reverse PCR fragment from pPS838 This study

pPS856 Apr, Gm'; 0.83-kb blunt-ended S/icI fragment from pUCGM

ligated into the /TcyjRV site of pPS854 This study

pPS858 Ap', Gm'; blunt-ended pPS747 Psll-Xbal fragment

ligated into the blunt-ended AYoRI site of pPS856 This study

pPS908 Ap'; 2.5-kb blunt-ended pMMC6  Clal-Xbal fragment

ligated into the Swiol site o f pUCP2()T This study

pPS953 Ap', Gm'; replacement of a 1.3-kb pPS698 Slid fragment

with a 1.8-kb blunt-ended pPS858 AVrcl fragment This study

pPS955 Ap', Gm'; ligation of a 3.6-kb Hamlll-HindlH fragment

from pPS953 between the same sites of pEX 18Ap This study

* The corresponding pEX19Ap, pEXIOGm and pEXI9Tc vectors contain the pUCI9 MCS.



The Gm'-GFP FRT  cassette contained on pPS858 was assem bled in several steps.

First, two primers (FSGA, S’-tagaattcC A T T G A G T A A G T lm  AA GCACATC and FSG B. 5 '-  

gatatcCA TTG CT-G TTG A CA A A G G G A A TCA ) w ere synthesized and phosphorylated by T4 

polynucleotide kinase. These oligos primed just inside the FRT  sequences contained on 

pPS838 and either introduced an EcoKl site (underlined lower case letters in FSGA) or an 

EcoRV site (underlined low er case letters in FGSB). The phosphorylated FSGA and FSGB 

oligos were used to prime synthesis from pPS838 D N A  in a reverse PCR reaction as described 

above. However, the reaction m ixtures were subjected to the follow ing thermal cycles: 1 cycle 

at 96“C for 40 s; 30 cycles (95°C. 40 s: 54°C, 12 s; 72°C. 2 min and 20 s) and a final extension 

at 72°C for 5 min. The single 2.9-kb reaction product was gel-purified and then religated to 

form pPS854. The final vector. pPS858. was derived from pPS854 by insertion o f  the G m '- 

encoding cassette from pU C G M  and the GFP cassette from pPS747 in successive steps, as 

detailed in table 2 . 1 .

2.3.4 Gene replacement and in vivo marker excision in P. aeruginosa. For gene 

replacem ent, the previously sacfi-based described strategy (2 2 ) was employed.

For isolation o f  AplcH  mutants, a 3.4-kb BamHl fragm ent from pAH-1 containing an 

unm arked 2-kb 5m aI-deletion o f the plcH  coding sequence (15) was cloned into the B am H I 

site o f all pEX vectors. T he recom binant plasmids were conjugated from E. coli SM 10 into 

PA O l and C b \ Gm r or Tcr plasm id-integrants were selected on VBM M  medium containing 

the appropriate antibiotic. M erodiploids were resolved by plating on VBMM medium 

containing 5% sucrose. The hem olysin phenotypes o f  sucrose' m utants were screened on 

blood agar plates and putative AplcH  mutants show ing no zones o f  hemolysis after 36 h were 

coun ted .

For isolation o f a A(pabC-orf) mutant, pPS955 was conjugally transferred from E. 

coli SM 10 into PA O l (18). follow ed by selection o f  G m 'co lon ies on VBMM + G m  m edium . 

The m erodiploid colonies were plated on VBMM + PA BA + Gm m edium  containing 5% 

sucrose. The chrom osomal restriction patterns o f  sucrose', putative A(pabC-orf)::Gm'-G F P 

FRT m utants was verified by genom ic Southern analysis utilizing as the probes either the 

biotin-labeled 3-kb chrom osom al insert o f pPS698 (pabC-orf probe) or the biotin-labeled
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0.83-kb insen  o f pU CG M  (aacCl or Gm  probe). Strain PA O 205 containing the correct 

insertion was retained fo r the excision experiment.

Deletion o f the chrom osom ally-integrated G m r-G FP m arkers by FIp recom binase- 

catalyzed excision was achieved by conjugally transferring the F lp-expressing pFLP2 from E. 

coli SM 10 into P. aeruginosa PAO205 at 37°C. The m ating m ixtures w ere suspended in I ml 

PBS (14). Aliquots (100 p i)  o f  the undiluted. 10'1, 10': and 1 0 °diluted (in PB S) cell 

suspension were plated on VBM M  + PABA + Cb medium and incubated at 37°C until single 

colonies were discem able. 20 single colonies were screened fo r G m ' on V B M M  + PABA +/- 

Gm plates. Plasmid pFLP2 was cured by generously streaking cells from four patches 

containing G m 'colonies on VBM M  + PABA medium supplem ented with 5%  sucrose, 

followed by incubation at 37°C. Loss o f  pFLP2 was tested by patching 20 sucrose" colonies 

on VBM M  + PABA +/- C b m edium , and then verified by subjecting  eight LB -grow n sucrose". 

C b ' and G m ' cells to p lasm id m ini-prep isolation and agarose gel electrophoresis o f 10 pi 

aliquots o f  “D N A " (using a replicative Cb"-conferring plasm id as a positive control).

Excision events w ere initially assessed by perform ing colony PCR on four Gm" 

isolates utilizing two aacCl -specific prim ers (Gm-Up, 5*-TG G A G CA G CA A CG A TG TTA C 

and Gm -Down, 5 ’-TGTTA G G TG G CG G TA CTTG G ). To do this, cells from  an entire patch 

were transferred to a m icrofuge tube containing 50 p i H;0  and the cell suspension was boiled 

for 5 min. Lysates (5 p i)  w ere then transferred to tubes contain ing (in 45 p i)  lx  PCR buffer 

(Q iagen, Santa Clarita, C A ), 200 pM  o f  each dNTP and 30 pm oles o f each G m -U p and Gm- 

Down primer. The reaction m ixtures were denatured in a therm al cycler at 96°C for 5 min 

before addition o f 2.5 u Taq Pol (Q iagen, Chatsworth, CA) and subjecting the m ixtures to 34 

cycles o f  amplification (96°C. 35 s: 54°C, 20 s; 72°C, 1 min) follow ed by a final extension at 

72°C for 5 min. Five pi o f  the 50 pi reaction mixtures were analyzed on an agarose gel.

The mutants were then further verified or by isolating chrom osom al DNAs from the 

same four colonies used in PCR analysis and by perform ing genom ic Southern analyses 

utilizing the above described biotin-labeled pabC-orf and aacCl probes.
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2.4 R E SU LT S AND D ISC U SS IO N

2.4.1 Construction of new gene replacement vectors. To ex tend  the usefulness o f  the 

sacfi-based  gene replacem ent system , several new  vectors w ere constructed  (figure 2 . 1 ). 

Besides incorporating all the features o f  pEXlOOT, the vectors a lso  contain a MCS in lacZa  in 

two orientations with respect to lacZpo. each containing 10 unique restriction sites. To 

expand the use o f  the vectors to o ther bacteria w here the Apr/C b r m arker may not be 

applicable, derivatives were constructed that e ither contain G m ro r T cr selectable m arkers.

To test the usefulness o f  these vectors for introduction o f  unm arked mutant alleles 

into the P. aeruginosa chrom osom e we decided to m utate plcH, encoding heat labile 

hem olysin, a phenotypic trait that can easily  be scored on blood agar plates (15). The sam e 

unm arked AplcH  m utant allele was cloned into all pEX vectors, the recom binant plasm ids 

w ere conjugated into PA O l and C br. G m ' o r T cr p lasm id-integrants w ere selected. Sucrose ' 

selection yielded unm arked AplcH  m utants at frequencies ranging from  5 to 25%, as 

indicated by lack o f zones o f  hem olysis on blood agar plates. S elected  putative m utants were 

analyzed by colony PCR utilizing nested prim ers and all o f these  lacked the plcH  coding 

sequence (data not shown).

2.4.2 Design of an FRT cassette vector and construction of a GnT selectable FRT cassette.

The recently described FRT  cassettes (3) were not useful in P. aeruginosa for various reasons. 

First, the Km' cassette was not useful because o f  the high in trinsic resistance of P. aeruginosa 

to Km. Second, the T n /0 -d e riv ed  Tc' cassette, although potentially  useful, does confer T cr 

only when present in single copy or in a few copies per cell. T hus, insertions o f this cassette 

into multicopy plasm ids cannot be m onitored by T cr. In addition, both o f  these cassettes 

contain redundant DNA sequences and they cannot be easily iso lated  due to lack o f 

duplicated flanking restriction sites.

Our goals therefore were to develop an FRT  cassette vecto r that (i) would allow easy 

excision o f the cassette from its vector and that (ii) would contain a basic FRT cassette 

possessing unique restriction sites for insertion o f  desired m arker genes, thus allowing
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pEXIOOT (5846 bp) pEX18Gm (5831 bp)

Seal SpellSacIIPvul

EcoRV
aacClbla

sacB sacB
Stul onon

lacZa
V T1T2 oriT

lacZa
X  J l T2 oriT\-Scel.

Smal EcoRl
l-Scel Pvul

pEX18Ap (5842 bp) pEX18Tc (6349 bp)

let sacB

on

oriT

Seal
Pvul

bla
sacB

ori

lacZa
> < J l T2

oriT

EcoRl

F ig u re  2.1. M aps of gene replacem ent vectors. P lasm ids are drawn to scale. The 
locations o f  genes and their transcriptional orientations are shown, including the double 
transcriptional term inators T, and 7\. and 5S rRNA gene from  E. coli. The restriction sites of 
the M CS in all plasmids, in counterclockw ise order, are: EcoRl-Sacl-Kpnl-Smal-BamHl- 
Xbal-Sall-Pstl-Sphl-Hin&lll. In the corresponding pE X 19A p, pEX19Gm , and pEX 19Tc 
vectors, the order o f  the sites o f  the M CS is reversed. The nt sequences o f pEXIOOT, 
pE X ISA p, pEX 18G m  and pEX 18Tc were deposited in G enB ank and were assigned the 
accession num bers U 17500, A F004910, AF047518, and  AF047519, respectively .
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construction o f custom ized FRT cassettes. To do this. pPS854 (figure 2.2A ) was constructed 

as detailed in M aterials and M ethods (section 2.3.3). and in table 2.1. T his plasmid contains 

the FRT  sites flanked, in inverted order, by unique recognition sites for e ight enzymes that 

can be utilized to liberate the FRT  cassette from the vector backbone.

A) pPS854 (2955 bp)

//(Vidlll Sad

■ EcoKl
F R T ^ ^ l— EcoRV 

" Xbal

H in d ll l^ -  Sad

C) pPS858 (4541 bp)

B) Sequence of FRT cassette

//m dl II ■► Sad

Xbal

FRT
bla

GFP

on
EcoRl

FRT

Xbal
W in d in g  Sad

Sacl Xbal
GAGCTCGAATTGGGGATCTTGAAGTTCCTATTCrGAAGTTCrTATTCTCTAOAAACTA

EcoRI
TAGGAACTTCAGAGCGCTTTTGAAGCTGATGTGCTTAAAAACTTACTCAATGGAATTC

EcoRV
TAGATATCCATTGCTGTTGACAAAGGGAATCAGGGGATCTTGAAGTTCCTATTCCGAA

• » * * » • • • * * * * *  • # •
Xbal Sacl

GTTCCTATTCTCTAGAAAGTATAGGAACTTCAGAGCGCTTTTGAAGCTAATTCGAGGTC

F ig u re  2.2. Physical maps o f  FRT cassette vectors and sequence o f  FRT  cassette. Plasm ids 
are draw n to scale. (A) The basic FRT cassette vector pPS854 was derived as described in 
M aterials and M ethods, section 2.3.3. The locations o f  selected restriction enzym e cleavage 
sites and genes are shown. (B) Nt sequence o f the region located betw een the Sacl sites o f  
pPS854. Asterisks underline the FRT sequences. (C) pPS858 was derived from pPS854 by 
insertion o f the G m ' determ inant from pUCGM (20) and the GFP  from pPS747 (table 2.1) 
into the EcoRI and EcoR V  sites, respectively. Hindlll --> S acl, ///ndlll-Sp/iI-E.yrl-Sa/I-.X '^al- 
BarnHl-Smal-Kprtl-Sacl.
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The region separating the FRT  sites ( 6 8  bp) contains unique £ c o R I and £coR V  restric tion  

sites, separated by 2 bp (figure 2.2B). T hese tw o sites facilitate the construction o f 

custom ized FRT  cassettes by insertion o f  selectable and/or screenable markers, o r addition  o f  

o ther desirable features, e.g., polystop codons o r transcription term ination/initiation 

sequences. The FRT  cassette can easily  be excised from  its vector since the two FRT  s ites are 

flanked, in inverted order, by unique S ac l, Kpnl, Sm al. BamHl. Sail. Psil. Sphl and Hind  III 

sites.

This FRT cassette vector was then used to construct pPS858 (section 2.3.3: figure 

2.2C). Plasm id pPS858 carries a FRT  cassette containing the selectable Gm r m arker and  the 

screenable GFP; the G FP gene is transcribed from  the a a c C l prom oter. It should be noted 

that although the G F P  m arker has proven useful to m onitor loss o f  the entire G m r-G F P  

cassette in £ . coli. its use in P. aeruginosa may be lim ited to cells grown under conditions 

where the production o f  endogenous fluorescent pigm ents is restricted , e.g., in the presence 

o f  high concentrations o f  iron. It proved not useful for the experim ents described in this 

study due to the intense fluorescence o f  P. aeruginosa cells grow n on VBMM m edium . 

Alternatively, the FRT  cassettes could be equipped with the w idely applicable xylE  screenable 

m arker (2 1 ).

2.4.3 Construction of a bhr Flp recombinase-producing plasmid. None o f  the h itherto  

available Flp recom binase-producing vectors w ere either m obilizable o r able to replicate in 

bacteria o ther than £ . coli, thus necessating construction o f  such vectors.

Since som e recom binases are sufficien tly  active to prom ote excision when transiently  

expressed in the bacterium  o f interest from  a non-replicative. m obilizable plasm id ( 1 2 ), we 

first constructed pF L P l (table 2.1). T his plasm id contains the recom binase structural gene. 

FLP. under transcriptional control o f  the strong but regulatable rightward A prom oter, a p R.

In addition, FLP is fused to the initiation codon o f  the cro structural gene, encoding the 

efficiently translated a  Cro anti repressor. Since the insert also contains c / s57, the gene 

encoding the therm o-labile a  repressor, all the elem ents required for efficient and regulated  

transcription, and translation o f Flp are present (5). W hen transform ed into £. coli m obilizer
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strain SM10, pF L P l was efficiently transferred between E. coli strains. However, w hen 

utilizing this p lasm id in excision experim ents from  the P. aeruginosa chrom osom e w e 

observed excision o f  the FRT  cassette on ly  at very low frequencies (0.5 to 1%) (19).

A lthough the exact reasons for this observation  remain unknow n, it w as presum ably because 

in the absence o f any selective pressure w e could  not control the num ber of recipient cells 

that tem porarily received  the Flp-producing, non-replicative p F L P l . Since changes o f  

various param eters know n to effect conjugation efficiencies, e.g .. tim e o f  conjugation, grow th 

rate o f  bacteria, m edia composition, etc.. d id  not lead to m arked and consistent im provem ents 

o f excision frequencies, we decided to construc t pFLP2 (figure 2 .3). T his replicative bhr 

plasm id contains the Flp-expressing cassette from  pMMC6 , is m obilizab le  and cu rab le  from  

its host by sucroser selection since it carries the counterselectable sacB  marker. Its use and 

effectiveness is described  in the next paragraph.

2 .4 .4  Iso lation  o f  a n  u n m ark e d  P. aeruginosa ApabC m u ta n t.  To examine the usefulness 

o f  the tools described in this study, we decided  to isolate an unm arked ApabC  m utant. The 

putative P. aeruginosa pabC  gene is one o f  the genes delim iting a fatty acid b iosynthetic  

gene cluster that is currently  being studied in ou r laboratory (chap ter 5). In E. coli. the pabC  

gene product, am inodeoxychorism ate lyase, is required for PA B A  synthesis and pabC  

m utants are PABA auxolrophs (9). As is the case in E. coli, the P. aeruginosa pabC  gene lies 

next to a gene (orf) that encodes a putative protein o f unknown function  (figure 2 .4A ) and 

w hose inactivation in E. coli did not result in a detectable phenotype (9).

A defined pPS955-bom e A (pabC-orf) was constructed as described  in table 2.1. and 

the deletion was returned to the P. aeruginosa chrom osom e as illustrated  in figure 2.4A .

A fter conjugal transfer o f  the non-replicative pPS955 from E. coli SM 10 into P A O l, 

m erodiploids were obtained by selecting G m r. From  these, co lon ies having undergone AI 

were selected as sucrose'. Gm ' and C br. T he unm arked A (pabC-orf) m utant PAO206 w as 

then derived from the G m  '-GFP integrant PA O 205 by F lp-catalyzed excision o f  the G m r-G FP  

m arkers. During its expression in the recipient, Flp recom binase acted  a t the FRT  sites to 

catalyze excision o f  the Gm '-GFP elem ent (m arked w’ith A2) at very high frequencies (all 20
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colonies tested were Gm '), leaving behind a short EET-containing sequence. It should be 

noted that although Flp production from  pFLP2 is under control o f  the tem perature-labile a

S eal

bla
rmdIII 
- Sphl 
^ P s t l

rep
ORI

oriT pFL P2
(9,297 bp)

EcoRi

sacBKpnl
8 5 7

FLP

BamHl
Xbal

F ig u re  2.3. Physical map o f  the bhr Flp vector pFLP2. O nly selected restriction enzyme 
cleavage sites are shown. Expression o f FLP is driven by the strong, rightw ard A promoter 
(located in the FLP-cls57 intergenic region) and is regulated by the Ts, c /s57-encoded a  
repressor. Efficient Flp translation is achieved by its fusion to the A Cro ATG  initiation 
codon (5). The nt sequence o f pFLP2 was deposited in G enB ank and assigned the accession 
num ber A F 048702.

repressor (5). com plete excision w as observed even at 30“C, corroborating sim ilar 

observations previously made by C herepanov and W ackem agel (3). The pFLP2 vector was 

efficiently cured from the G m 'ce lls  by sucrose selection; all 20 o f  the G m ' colonies tested had 

lost the plasm id as indicated by their Cb'phenotypes and absence o f  DNA in plasm id mini- 

preps. Since basal levels o f Flp expression seemed sufficient for com plete excision, all steps
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involved in the excision process, i.e., conjugal transfer o f pFLP2 and selection o f  Cbr 

exconjugants, were perform ed at 37°C.

Successful execution o f  the steps labeled A1 and A2 in figure 2.4A was m onitored by 

colony PCR analysis utilizing aacCl -specific primers, as detailed  in section 2.3.4.

A)
bla sacB

MpabC-orf)
FRT GmR GFP FRT

OriT 1
pPS955

pabCTorf*-
PA 01 wild-type chrom osom e

First homologous recombination event 
selected on Gm-containing medium

FRT GmR GFP FRT 

pabC' 'ori

ori£(T sacB bla
ORI

FRT GmR GFP FRT

pabC |

A1 pabC+orf*

Second homologous recombination event selected 
plating on media containing 5% sucrose ♦ Gm

PAO205 chromosome
I 'orf

^  Ftp-catalyzed excision ot Gm^-GFP element 

PAO206 chrom osom e
A (pabC-orf)

B)
Hd St

 L

C)

St Ba

orf pabC 
3 kb •

Hd Ba

GFP Gnv

3.5 kb

Hd Ba

1.7 kb

3. & 4.

1 2 3 4 M  1 2 3 4 M

Gm pab

F ig u re  2.4. Strategy for isolation o f  an unm arked A (pabC-orf) mutation. (A) For gene 
replacement, the previously described racfl-based  strategy ( 2 2 ) w as employed, as detailed in 
M aterials and M ethods, section 2.3.4. Colonies having undergone A1 were screened as 
sucroser, Gm' and Cb'. T he unm arked A {pabC-orf) mutant w as then derived from the G m r- 
GFP integrant by Flp-catalyzed excision (A2) o f  the Gm '-GFP m arkers. The orf indicates a 
P. aeruginosa gene o f  unknow n function. (B) Genomic organization  o f  the PA O l pabC "- 
o r f  region (1.) and o f  A (pabC-orf) m utants PAO205 (2.) and PA O 206 (isolates 3. and 4.). 
The relative positions o f  BamHl (Ba) and Hindlll (Hd) sites, as well as the lengths o f BamHl- 
F/m dlll fragments expected after digestion o f the respective chrom osom al DNAs are show n. 
The SmI (St) sites shown in (1.) delim it the A (pabC-orf) m utation and the X in (3. and 4.) 
marks the position o f  the FRT  sequence in the unmarked A (pabC-orf) strain. (C) G enom ic 
Southern analysis. Nylon m em branes containing electrophoretically  separated genom ic DNA 
fragm ents from the isolates depicted in panel B were either probed  with a biotinylated DNA 
pabC-orf fragm ent (panel labeled pab) o r with a aacCl fragm ent (panel labeled Gm), as 
described in M aterials and M ethods. DNA in lanes 1, 2, 3 and 4  correspond to BamHl- 
Hindlll fragments from the strains shown in B). Lane M show s (top to bottom) biotinylated 
X / / tn d ll l  (4.3, 2.4, and 2 .04 kb) m arkers and a biotinylated 1.35-kb <(>X Haelll m arker.
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All four PAO205 colonies analyzed  showed a single fragm ent o f  -5 5 0  bp. w hich was absent 

from the parental strain PA O l and two isolates o f the putative PAO206 excision  m utants (data 

not shown). To further verify the genetic make up o f  the the putative unm arked A (pabC-orf) 

m utants, genom ic Southern analysis was performed (figure 2.4B  and C). F rom  the results 

presented in figure 2.4C it is evident that both deletion even ts produced the desired  restriction 

patterns. Probing with a pabC-orf specific probe (panel labeled pab ) revealed deletion o f a 

1.3-kb region from the PA O l w t chrom osom e in both the A(pabC-orf)::Gmr-GFP insertion 

m utant PA O205 (lane 2) and the unm arked A (pabC-orf) m utan t PAO206 (lanes 3 and 4).

The size o f the 3-kb fiam H I-///nd III fragm ent observed in w t P A O l (lane 1) w as increased to 

a 3.5-kb fragm ent (3 kb m inus 1.3-kb genomic DN A plus 1.8-kb Gm '-GFP fragm ent) (lane 

2) in the insertion mutant PA O 205, and reduced to 1.7 kb (lanes 3 and 4) in the unm arked 

deletion m utant PAO206. Probing with a aacCl-specific p robe  (panel labeled Gm ) revealed 

the presence o f  the 1.8-kb G m  '-GFP FRT cassette only in the A(pabC-orf)::GmT-GFP 

insertion m utant PAO205 on a  3.5-kb flam H l-////id III fragm ent (lane 2). As expected, the 

aacCl sequences were absent from  wt PA O l genom ic D N A  (lane 1) and they w ere deleted 

from the excision m utant PA O 206 (lanes 3 and 4).

2.4.5 Isolation of other mutations in P. aeruginosa and E. coli. Clearly, the efficiency 

and adaptibility  o f the procedure m ake it ideal for routine isolation o f unm arked 

chrom osom al m utants in various bacteria. To date, utilizing the gene replacem ent vectors and 

strategies described above, we have utilized it for isolation o f  unm arked P. aeruginosa 

A{pabC-orf) (this study), Aasd  (10) and A(mexAB-oprM) (19) m utants. The sam e procedure 

was also utilized for construction o f  an unmarked E. coli A asd m utant strain (ou r 

unpublished data), except that a  plasm id with a Ts ori was u tilized  as the su icide delivery' 

vector.

2.5 CONCLUSIONS

(i) This paper describes an efficien t procedure for isolation o f  unm arked m utant alleles in 

the P. aeruginosa chrom osom e, utilizing a com bination o f  versatile gene replacem ent
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vectors and a bhr version o f the S. cerevisiae F\p-FRT recombination system . W ith a 

few m odifications, the method is also applicable in o ther bacteria, e.g., E. coli.

(ii) Supporting this system  are several new m obilizable gene replacem ent vectors. They 

contain  the MCS and the lacZa from the popular pU C 18/19 cloning vectors and 

facilitate the cloning and m anipulation o f  DNA fragm ents, followed by their transfer 

into the P. aeruginosa chromosome. Since they are available with Ap (Cb). G m  and Tc 

selectable m arkers, they will be applicable in a wide range o f  bacteria.

(iii) A versatile FRT cassette vector was constructed. This high-copy num ber, pU C -based 

vector contains unique £coRI and £coR V  restriction sites flanked by two FRT sites. 

B ased on this vector, a FRT cassette w'as constructed that provides a G m ' selectable and a 

G F P  screenable marker. In concert w ith a new ly constructed Flp recom binase- 

expressing bhr vector, several unm arked P. aeruginosa mutants, as well as an unm arked 

E. coli m utant, were constructed.

(iv) T he technique described in this paper provides a m ethod for gene replacem ent/m  vivo 

excision that complements existing, sim ilar techniques ( 1 , 1 2 ) but has the added 

advantage that the Flp-FRT system  is functional in all bacterial systems studied to 

date.

(v) In bacteria, such as the pseudomonads, that exhibit high intrinsic resistance to m any 

antib iotics one could envision em ploying a single FRT cassette with a w orkable 

selectable m arker for isolation o f consecutive chrom osom al mutations in the sam e 

strain . The only possible draw back to such an approach may be that recom bination

betw een FRT sites placed in the same chrom osom e could lead to a deletion or 

inversion o f  a large chromosomal segm ent, depending on the orientation o f  the FRT 

sites and the distance between them (25). A lthough such large rearrangements are 

unlikely, especially when selecting m utants on m inimal media, it is advisable when 

integrating a cassette into a second gene in the same host to place the second cassette 

in the sam e orientation as the First. W ith the advent o f  genom e sequencing such 

experim ents will be possible and optim ized FRT cassettes will be valuable tools for 

m icro- and m acro-m anipulations o f  entire bacterial chrom osom es (25).
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CHAPTER 3

Integration-proficient plasmids for Pseudomonas aeruginosa', site-specific integration and 

use for engineering of reporter and expression strains.

(Presented in T ung T. Hoang. Alecks J. K utchm a. A nna Becher, and Herbert P. Schweizer. 

2000. Plasmid 43 :59 -72 )

The w ork presented in this paper describes for the first tim e a method that I 

developed to in tegrate genes into P. aeruginosa chrom osom e for purposes o f studying gene 

regulation, using  stably integrated single copy chrom osom al gene fusions. B esides from  the 

various possible applications o f this technology, this paper dem onstrates the utilization o f  the 

technology fo r studying autoinducer regulated  genes and  protein expression in P. 

aeruginosa. I thank  A.J. Kutchma for help with the construction o f  chrom osom al rhlA::lacZ 

fusions and A nna Becher for help with construction o f  m ini-C TX -/acZ .

3.1 ABSTRACT

An improved m ethod for integration o f  exogenous DNA fragm ents at a defined site within 

the genome o f  Pseudomonas aeruginosa was developed. The m ethod relies on two 

integration-proficient vectors, m ini-C TX l and m ini-CTX 2. These tw o vectors contain (i) a 

tetracycline {let) selectable marker, (ii) an o r/T -for conjugation-m ediated  plasm id transfer,

(iii) the pM B I-derived  origin o f replication, (iv) a m odified 0C T X  integrase lint) gene, (v) a 

versatile m ultiple cloning site (MCS) flanked by T4 transcriptional term ination sequences (£2 

elem ents) and (vi) the <{>CTX attachm ent site. The M CS and £2 elem ents are flanked by yeast 

Flp recom binase target sites which allow in vivo excision o f  unw anted plasmid backbone 

sequences, including  ter and ini, from the genom e o f in tegrants by Flp recom binase. In the
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m ini-C TX 2 vector int transcrip tion is driven from  the strong trc prom oter w hich is regulated 

by the Lac repressor that is encoded  by lacP  a lso contained on the p lasm id . Upon conjugal 

transfer. m ini-C TX l and m ini-C TX 2 integrated  at frequencies o f  lO'* and 10", respectively. 

T he usefulness of the integration vectors for gene fusion analyses was dem onstrated  by 

chrom osom al insertion o f  au to inducer (A l)-regu la ted  lasB-lacZ and rhlA-lacZ  fusions into 

w ild-type and AI synthase m utants. In w ild-type, the fusions responded in a cell density- 

dependent m anner and expression o f  both fusions was either greatly reduced  o r abolished in 

AI synthase mutants. Lastly, an expression cassette  containing the T7 polym erase gene under 

Lac repressor control was constructed , in tegrated  into the P. aeruginosa chrom osom e and 

used to express the hexahistidine-tagged P. aeruginosa AI synthase Rhll.

3.2 INTRODUCTION

W ith the advent of genom e sequencing, new and im proved technologies are  needed for 

analysis o f  the many unknow n gene sequences that are rapidly em erging from  these projects. 

G ene fusion analyses provide a useful technology for initial transcriptional analyses o f  genes 

o f  unknow n function o r o f genes w hose products are difficult to assay (26. 29). M any 

plasm id-based systems are available for constructing such gene fusions (15, 28) but plasm id 

system s suffer from inherent problem s. A lthough higher-copy num ber vectors may be 

useful for identification o f w eak prom oters, their use inherently does not reflec t the natural 

situation and titration effects involving single-copy, chrom osom ally-encoded transcriptional 

regulators m ay lead to im properly regulated  gene expression. Furtherm ore, genom ic DN A 

and plasm id DNA differ in their extent o f  supercoiling, a state o f DNA w hich has been show n 

to play a m ajor role in regulation o f  gene expression (10). To circum vent such problem s, in 

E. coli /.-based  systems have therefore been developed for single-copy chrom osom al 

in tegration o f  gene fusions (15, 28). A lthough chrom osom al gene in tegration can be 

achieved in bacteria other than E. coli with the help  o f suicide vectors, such attem pts suffer 

from  som e potentially serious draw backs. First, integration of non-replicative plasm ids leads 

to m erodiploid formation and they are unstable unless selective pressure is m aintained.

Second, although stable integrants can be obtained  by gene replacem ent (24) such strategies 

are not applicable when analyzing essential genes. Third, integration via hom ologous
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recom bination does not allow  for routine integration o f DNA sequences at a defined, neutral 

site. The E. coli 7l system has also proven to be useful for genetic engineering o f  strains, e.g. 

the construction o f host stra ins for regulated expression from  the T7 prom oter (31). Initial 

attem pts at developing a phage-based  system  for efficient and stable in tegration o f  exogenous 

sequences into the P. aeruginosa genom e were based on 0CTX  (33). A lthough this system 

allow ed efficient integration o f  the arrP-containing plasmid into the genom e via a suicide 

plasm id containing attP. it w as not very userfriendly because it involved co-transform ation 

with an integrase-expressing plasm id, it did not allow for easy cloning o f  exogenous DNA 

due to lack o f  a versatile M CS and it did not allow for rem oval o f unw anted plasm id- 

backbone sequences. To develop  a more versatile integration-proficient. <pCTX-based system 

for P. aeruginosa, we adapted an approach that was previously described fo r m ycobacterial 

integration vectors (30). T his approach includes (i) inclusion o f  the int gene on the same 

vecto r containing attP and (ii) inclusion o f  a MCS for facilitated cloning o f  D N A  fragments. 

W e further improved our system  by the engineering of FRT sites that allow  subsequent in vivo 

rem oval o f  unwanted plasm id sequences from the genome ( 1 1 ).

3.3 MATERIALS AND METHODS

3.3.1 Bacterial strains, plasmids, PCR primers, media and culture conditions. The

bacterial plasm ids and PCR prim ers used in this study are listed in table 3.1. DH5aF* (Gibco 

BRL, G aithersburg, MD) and JM 109 (35) were used as cloning hosts and M C 4 1 OOAascf 

(laboratory' collection) as host for rmZ-based vectors. Strains SM 10 (9). S M IO /acP  [SM 10 

m ade lacF' using a previously described m ethod (23)] or MOB1 (M C 4 1 OOAascf with the 

transduced m obilizer region from  SM 10) were used as m obilizer strains. P. aeruginosa 

isolates were derived from w ild-type P A O l. The unmarked A r/i// m utant PA O 210 was derived 

by deletion o f  an internal 245-bp  Nco\ fragm ent from the PA O l chrom osom e utilizing the 

pPS856-derived FRT cassette and the Flp-recombinase procedure previously described (11). 

The sam e procedure was used to derive Alasl m utant PA 0214  by transfer o f a 187-bp FcoR l- 

Psil deletion to the PA O l chrom osom e and to finally construct the Alasl Arhll m utant 

P A 0 2 1 6  by recom bining the 245-bp Arhll m utation into the chrom osom e o f  A last strain
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T ab le  3.1. Plasm ids and Primers

Plasmid Relevant properties Reference or

or primer origin

Plasmids

p A L T E R -1 T cr: site-directed m utagenesis vector Pro m eg a

pE B l A pr; bh r vector contain ing  T7 po lym erase  structural 

gene under LacI contro l

(3)

pFLP2 A pr; source o f  Flp recom binase ( 1 1 )

p i  0 0 0 A pr; source o f  <j>CTX attP site (33)

pIBH A pr; source o f  0CTX  integrase (33)

pSE380 A pr: source o f  lacP  and trc prom oter (2 )

pU C19 A pr: cloning vector (35)

pU C P20T A pr: bhr cloning vector (25)

pU C P20T  asd Asd+; pU CP20T with P. aeruginosa asd gene as sole L abo rato ry

selectable m arker
collection

p U 0 5 8 -2 4 G m '; source o f  P. aeruginosa rhlAB and rhlRI genes U. O chsner

pPSlOOl A pr, Tcr; 1,292-bp b lunt-ended ////id lll-B am H I

fragm ent contain ing int from  pIB H  cloned  into Smal 

site o f pA L T E R -1; EcoRI. Pstl and  Smal sites removed 

from int with C TX -Eco. CTX-Pst and CTX -Sm a 

m utagenic prim ers

T h is study

92

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



T a b le  3.1. Plasm ids and prim ers (cont.)

P C R  P rim ers 4

C T X -Eco G A A C CT GGCGG A gT T  CA T G A T CTGG

CTX -EcoV CT CT G G C T CG Ac A T CA  A ACGC AACC

CTX -K pn A TCCTCGG T ACtGA AACCGCGCGCA

C TX -Pst GCT GCGCGCACT cC  AGCAGCAGGC

C TX -Sm a TCCCG GA CTCACCgCG GG TGA AAA GC

C TX -X ho CC A T T C ACtCGTG A G G  A A A T CG ACC

D E 3-D (fiam H I)-TTTG G A TC CTTA CG CG A A C G C G A A G TCCG A

D E3-U (fiam H I)-C CC G G A TCC A C A A TG G TG C A A A A A A G A G A G T

Int-S tart (Nco I ) -G  A ACC AT G G C A G  ACGG AGT CG A G G T ACGCG

p C G A G TG G TTTA A G G CA A CG G TCTTG A
4 ser-up

p AGTTCGGCCTG GTG GA ACAACTCG
1 ser-down

R hll-D 2 (fiam H I)-A G eeA tCC TCA CA C CG CCA TCG A C A G CG TA C

R hll-U 2 (AW el)-GGcatATGATCGAATTCCTCTCTGAATCGC

Tet-D ow n (Nco I ) -CTTCC ATG G TCA G G TCG  AG GTGGCCCGGCTCC

T et-E coV TTG CG G G A TA TtG TCCA TTCCG A C

4
Prim ers are printed 5 ’ to 3 ’ ; lowercase letters either indicate non-m atching oligonucleotides 

to form  the indicated m otif as underlined o r  oligonucleotides that in troduce other non-m otif 
changes.

P A 0214 . All deletion constructs were verified by genomic Southern analyses and by PCR 

am plification o f the chrom osom al segments containing the deletion, fo llow ed by autom ated 

nucleotide sequencing. The A asd cloning host HPS11 was derived from  HPS1 by PI 

transduction (27) o f  the A(molA-asd) m utation from strain SH 309 (21) into HPS1 (23). 

which had been tem porarily m ade recA* using a previously described m ethod (5). The P.
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aeruginosa expression strain PA O -T7 was created by integration o f  m ini-C TX -T7 at the attB 

site o f  Aasd strain P A O l8 6  (12), fo llow ed by Flp-m ediated excision o f  the plasm id 

backbone. E. coli and P. aeruginosa strains were routinely grow n in LB m edium  (G ibco 

BRL) o r peptone-trypticase soy broth (PTSB : 57c peptone, 0.25%  tryptic soy broth) (Becton 

D ickinson, Sparks, M D) at 37°C with shaking to ensure adequate aeration. P. aeruginosa 

exconjugants were selected on PIA (B ecton  Dickinson). A ntibiotics were used in selection 

m edia at the follow ing concentrations: for E. coli, ampicillin (Ap, 100 jj.g/ml): gentam icin  

(Gm , 10 |ig /m l); tetracycline (Tc, 5 p.g/ml); and for P. aeruginosa, carbenicillin (Cb, 500 

p.g/ml); G m  (100-200 p.g/ml); Tc (50-200 ng /m l). Lactose phenotypes were screened on LB 

or PIA plates containing 40 p.g/ml X G al.

3.3.2 DNA manipulations and genetic techniques. Routine D N A  procedures including 

PCR, restriction enzym e digestions, purification  o f  DNA fragm ents, ligations, and 

electroporation and transform ation w ere done as previously described (11). P lasm id DNAs 

were purified using the QIAprep spin m iniprep kit (Qiagen. Santa C larita. CA). The sacB 

sequences were cured from P. aeruginosa by plating on LB or PIA m edium  containing 5% 

sucrose and DN A sequences were excised  in vivo from the chrom osom e by Flp recom binase 

encoded on pFLP2 ( I I ) .  Plasmids w ere transferred from E. coli m obilizer strains to P. 

aeruginosa in biparental matings (24). For determ ination o f  in tegration efficiencies, the 

donor strain E. coli SM 10 harboring m in i-C T X l o r mini-CTX2 w as grown overn ight in LB 

m edium  containing 5 p.g/ml Tc and the recipient PA O l was grow n in LB m edium . D onor 

and recip ien t cultures were diluted 50-fold  into fresh LB m edium  w ithout antib io tics and 

grow n to exponential phase. Equal volum es (0.7 ml) of donor and recipient w ere m ixed, the 

cells pelleted in a microfuge and resuspended in a minimal volum e ( -2 5  p.1) o f  LB. The 

m ixtures were pipetted on a small ( 1  cm  diam eter) cellulose acetate filter (Sartorius, 

Edgew ood, NY) placed on a LB plate w ith o r w ithout 1 mM IPTG. A fter overnight 

incubation at 37°C. the filter was transferred  to 1 ml o f LB m edium  and the cells were 

suspended o ff the support by vigorous vortexing. Exconjugants w ere selected by plating 100 

p.1 aliquots o f the undiluted cell suspension on PIA medium containing 200 pg /m l Tc. Total 

P. aeruginosa counts in the cell suspension were determined by plating serial dilu tions (in
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LB) on PIA m edium . Insertion at the atiB locus was verified by colony PCR o r genom ic 

Southern analysis. Colony PCR was perform ed as previously described (11). For genom ic 

Southern analysis, chrom osom al P. aeruginosa DNA was isolated utilizing a genom ic 

isolation kit (O rca Research, Bothell, W A), digested with various restriction endonucleases, 

electrophoresed on a 1% agarose gel in 0 .5 x TBE buffer and transferred  to Photogene nylon 

membranes (G ibco BRL) as previously described (20). Plasmid D N A  w-as biotinylated by 

random  hexam er prim ing follow ing the NEBlot™  Phototype™  kit protocol (N ew  England 

Biolabs, Beverly, MA). Follow ing transfer and ultraviolet fixation (20), the m em branes were 

probed with the biotinylated DNA fragm ent according to the Phototype™  detection kit 

protocol (New England B iolabs). For verification o f m ini-C TX l integration at the attB locus, 

the tRNASer region o f  two isolates was am plified from 100 ng o f  genom ic DNA. The PCR 

fragments were gel-purified using G eneclean and autom ated nucleotide sequencing was 

performed as previously described (13).

3.3.3 Plasmid constructions. Details on the construction o f selected plasm ids not evident 

from the information given in table 3.1 are as follows.

Several plasm ids served as sources for the functional elem ents o f the integration 

vectors m ini-CTX l and m ini-C TX 2 (figure 3.1)(details can be found in table 3 .1). The 

plasm id backbone including the tel gene and ori were derived from  pUCP26 (35) (the N- 

term inal sequences o f the let gene located between the Clal and Nru\ sites were derived from 

pPSlOlO to elim inate the E coR V  site) and the oriT (origin o f  transfer) was obtained from 

pG E M -T -onT  (25). The FRT sequences. MCS and Q transcriptional term inators were derived 

by combining sequences from pPS854 (11), pW SK29 (32) and pAC£2 (24), respectively. 

Finally, plOOO and pIBH served as a sources for the 0CTX attP site and int, respectively (33). 

The EcoRI, EcoRV, Kpnl, Pstl, Smal and Xhol sites found in the int gene were elim inated by 

site-specific m utagenesis using the Altered Sites™ mutagenesis kit (Prom ega, M adison. W l) 

and CTX int m utagenic prim ers introducing single base changes (tab le 3.1) w hile not altering 

the integrase am ino acid prim ary sequence. The segment containing the lacP, P,,r and the ori
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F ig u re  3.1. M aps o f the integration vectors m in i-C T X l. m ini-C T X 2 and m ini-C T X -T 7. 
Plasm ids are not drawn to scale. BamHl —> Sacl depicts the location and orientation o f  a 
BamM-Kpnl-Sacl-EcoRl-Pstl-Smal-BamHl-Spel-Xbal-Noll-Sacl M CS dow nstream  o f  T7 
pol. Similarly. Kpnl — > fiam H I show s a Kpn\-Apa\-Xho\-Sal\-Cla\-Hind\\\-Spe\~Pst\-Sall- 
Xbal-BamHl M CS upstream o f lac I. The locations o f  genes and their transcriptional 
orientations are show n, including the T4 transcription term inators (£2); lacZ', w hich encodes 
the 161 NH;-term inal amino acids o f  lacZ  w hich exhibit P-G al a  peptide activity; and  T7 pol, 
the structural gene for T7 polym erase. T he nucleotide sequences o f  m ini-CTX  1 and m ini- 
CTX2 have been deposited in G enB ank, and w ere assigned the accession num bers A F 140576 
and A F 140577, respectively.
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o f m ini-CTX 2 was excised from pSE380 (2) on a 2.652-bp Ncol-Rcal fragm ent. The mini- 

CTX-T7 vector was derived in tw o steps. First, a 4 .419-bp fragment contain ing lacl. P,a.LV« 

and the T7 pol was PCR am plified from  pEB l tem plate DNA and subcloned into the B am H l 

site o f  pUC19 after digestion with Bam H l. Second, the /ac /-P ;<i<UVJ-T7 pol gene cassette was 

subcloned into mini-CTX2 as an E coR I-f/m dlH  fragm ent to form m ini-C TX -T7. The asd- 

based expression vector pPS1032 was constructed by ligation o f  a 4 ,214-bp  Asel-Hindlll 

fragm ent derived from pU C P20Tasd  to a 449-bp Asel HindlU fragm ent from  pET-15b 

(Novagen. M adison, WI). This generated an expression vector that contained asd  as sole 

selectable m arker, an ori for m aintenance in E. coll. an oril60l) and Rep fo r replication in P. 

aeruginosa, an oriT for interspecies conjugal transfer, and the T7 prom oter and H is6 - 

encoding dom ain with unique cloning sites. The source o f  the lasB-lacZ transcriptional 

fusion used in this study was pLPB L (B.H. Iglewski and L. Passador. U niversity  o f  Rochester). 

A  rhlA-lacZ transcriptional fusion was derived from  pLPBL in several steps. First, a BglU site 

was introduced upstream o f the lasB regulatory region on pLPBL by tailing an EcoRI site 

with a non-phosphorylated Bglll linker (5 ’- C A G A TCTG A A TT) (22); th is procedure 

resulted in pPS959 which contains a unique Bglll site  flanked by two EcoKl sites. Second, 

the region containing the rhlA regulatory  region (18) was excised from p U 0 5 8 -2 4  on a 623- 

bp Bglll-BamHl fragment and cloned into pLITM U S29 (New England B iolabs) to form 

pPS963. Finally, a rhlA-lacZ transcriptional fusion was derived by replacing a 434-bp Bg/II- 

Bam H I fragm ent on pPS959 containing the lasB regulatory region with a 624-bp BglII- 

7/z/zdIII fragm ent, yielding pPS964. For transfer into the P. aeruginosa genom e, the lasB- 

lacZ and rhlA-lacZ fusions were then subcloned betw een between the EcoKl and EcoRV sites 

o f m ini-C T X l on -3 .8-kb  E co R I-D ra l fragments (the D ra l site is located 59-bp downstream  

of lacZ early in lacY), yielding pPS1041 and pP S I052 , respectively.

3 .3 .4  (3-G alactosidase assays. For (3-Gal activity assays, samples were prepared similarly 

to a previously described m ethod (1). Briefly, cells were grown overnight at 37°C in PTSB 

m edium  with shaking. O vernight cultures were subcultured into fresh PTSB m edium  at a 

ratio o f  1:200 and were grown under the same conditions. At the indicated tim e points, 

aliquots were rem oved and centrifuged at 13,000 rpm  in a m icrofuge for 5 min. Cell pellets
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were resuspended in an appropriate volume o f  0.1 M phosphate buffer (pH 7.0) to  obtain a 

final optical density at 540 nm of 0.2 to 0.5 and then stored at -20°C until use. Sam ples were 

assayed in triplicate after SDS/chloroform perm eabilization o f  the cells and P -G a l activities 

were assayed and units calculated as previously described (17). The t distribution was used to 

establish 95% confidence limits.

3.3.5 Stability of lasB-lacZ  integrants. A single colony o f  strain PAO230 was picked and 

used to inoculate a LB culture which was grow n fo r 24 h at 37°C. The culture was diluted 

106-fold into fresh LB m edium  and grown at 37°C for 24 h. This procedure was repeated 

until the cells had grow n for an estimated 100 generations. The cells were then plated on LB 

agar for single colonies and genomic DNAs w ere isolated from  10 different colonies. The 

presence o f  the lasB-lacZ  fusion was verified by using the biotinylated -270-bp  PCR 

fragment obtained by am plification with P ^ .^  and P«rdo»„ as the probe in genom ic Southern 

analyses. The isolates were also plated on LB-X G al agar to phenotypically verify the 

presence o f lasB-lacZ.

3.3.6 Protein techniques. Expression o f recom binant proteins from T7 prom oter-based 

expression vectors in P. aeruginosa by IPTG induction was achieved and whole cell extracts 

were prepared as previously described (14). P roteins were analyzed by electrophoresis on 

0.1% SDS-10% PA G E using a previously described m ethod (16), and visualized by quick 

staining with C oom assie Brillant Blue R-250 (4).

3.4 RESULTS

3.4.1 Construction and properties of integration vectors. O ur intent was to develop a 

gene integration system  for P. aeruginosa that w ould allow for routine integration o f  genetic 

elements in single-copy at a defined location w ithin the chrom osom e without disruption o f 

any functional sequence. M oreover, the integrated genetic elem ent should be devoid  o f  any 

antibiotic selectable m arker and transcription o rig inating  from w ithin the integrated 

sequences should not influence neighboring chrom osom al genes. To this end, the m ini-CTX
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vectors were constructed (figure 3.1). These sm all vectors contain a pC T X  attachm ent site 

and the cognate int gene. These two elem ents direct the non-replicative plasm id to the 

corresponding attB site  at a defined location in the P. aeruginosa chrom osom e either a fter 

or/T -m ediated  conjugation, o r by electroporation or transform ation. A versatile MCS not 

only facilitates cloning o f  DNA segments bu t also  allows chrom osom al integration o f  these 

segm ents in a defined and predictable o rien tation . Flanking o f  the M C S by strong T4 

transcriptional term inators (19) not only m inim izes transcription o f neighboring 

chrom osom al DNA from  prom oters located w ith in  integrated DNA segm ents but our 

evidence also indicates that they probably a lso  prevent transcription o f  integrated genes from  

chrom osom al prom oters (see below). F inally, the presence o f  FRT sites on both sides o f  the 

cloned DNA segm ent allow s for efficient in vivo Flp recom binase-m ediated excision o f  

unw anted DNA sequences. Since it is know n that increased transcrip tion o f  transposase o r  

integrase genes can lead to increased transposition  o r integration efficiencies, we also 

constructed  m ini-CTX2. Besides possessing all the pertinent features o f  m in i-C T X l. in th is 

vector the int gene is transcribed from the strong  F,rr. its transcription is regulated by the Lac 

repressor and its translation initiation is facilitated  by a strong consensus RBS.

3.4.2 Chromosomal integration of mini-CTX vectors. To test their integration 

efficiencies, the m ini-C TX  vectors were con jugally  transferred into P. aeruginosa strain 

P A O l. Since they canno t replicate in P. aeruginosa, selection o f Tcr exconjugants yielded 

derivatives containing the plasm id integrated into the chrom osom e, presum ably  via integrase- 

m ediated recom bination at the attB site (figure 3.2, step 1 ). The in tegration frequencies 

obtained with m ini-C T X l were about 1.2 x 10* (table 3.2). As expected, increased 

transcription o f the int gene from Puc and/or im proved translation o f the integrase from an 

optim ized RBS increased the integration effic ieny  about 10-fold to a round  1 x 10 7. The 

addition o f IPTG to the m ating mixture show ed no effect on integration efficieny, 

presum ably since the non-replicative plasm id does not persist long enough  in P. aeruginosa 

to allow  accum ulation o f  repressing amounts o f  Lac repressor. Finally, excision o f the 

unw anted plasmid D N A  sequences located betw een the FRT sites was achieved by expressing 

Flp recom binase from a conjugative plasm id, pFLP2 (figure 3.2. step 2). This step results in
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an unm arked integrant, ensures that plasm id-associated prom oters - that could potentially 

interfere with transcription o f integrated genes - are deleted, and potentially  contributes to the 

stability o f  integrated DNA segm ents by concom itant deletion o f the int gene. However, 

integrants were stably m aintained in the absence o f  Tc selection w ithout excision o f  the 

p lasm id backbone.

tRNASer

attB

o a  Q

oriT
FRT

int

t t i

PAO Chrom osom e

attP FRT

on let
mini-CTX1

tRNASer J®Integrase-mediated recombination

attB"P tet - int oriJ  S a c \—~~Kpn\ attP"B
~ — — — — o — - ■ □ —  Tcr Integrant

FRT FRT

tRNASer
J<D 3Flp recom binase-m ediated excision 

unwanted plasmid sequences

attirp

FRT

Integrated mini-CTX 
MCS and flanking 
sequences

F ig u re  3.2. M ini-CTX -m ediated integration at the attB site o f P. aeruginosa. The two 
steps leading to isolation o f  unm arked integrants are illustrated. Step 1 dep icts the integrase- 
m ediated integration of the non-replicative m ini-CTX plasm id at the attB site after transfer 
into a P. aeruginosa recipient strain. This event is selected for by p lating on Tc-containing 
selective m edium . Note that the tR N A 5"  sequence is not interrupted by the integration event 
(see figure 3.3). Step 2 shows the Flp-m ediated excision o f  plasm id sequences leading to 
rem oval o f  genes and associated prom oter sequences that m ight interfere with expression o f 
genes cloned into the MCS, especially  gene fusions. Sacl —> Kpnl depicts the location and 
orientation o f the m ini-C TX l M CS (for details see figure 3.1).
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Table 3.2. Frequencies o f mini-CTX chrom osomal integration

Frequencies o f  T cr integrants

- IPTG + IPTG

m ini-C TX l
1 . 2  x 1 0 ' 8 NDa

m ini-CTX2 1.46 x 10 ' 7 0.97 x 10 ' 7

3 ND, not determined

3.4.3 Characterization of chromosomally-integrated mini-CTX sequences. In order to 

verify integration o f  m ini-C T X l sequences at the P. aeruginosa attB region, this region was 

PCR-am plified from chrom osom al DNA isolated from w ild-type PA O l and several o f  the 

m ini-CTX integrants after Flp-m ediated excision by em ploying prim ers P*r.up and P„.r^own 

(Figure 3.3). W hereas these primers am plified a - 270-bp fragm ent from P A O l, they 

am plified a -1 .160-bp  fragm ent from the integrants. This 1,164-bp PCR fragm ent was 

sequenced in its entirety (figure 3.3). As expected, the m ini-CTX -derived sequences were 

integrated at the attB region, which is overlapping the end o f  the tRNA5"  gene. The mini- 

CTX  MCS was flanked by the transcriptional terminators from  the £2 element, and the T3 and 

T7 prim er binding sites which were derived from pW SK29. The mini-CTX-derived 

sequences extend past the single FRT site end with the attP/B site. The sequences beyond 

attP/B contain the chrom osom al tRNAs"  transcriptional term inator. The same analysis was 

perform ed with m ini-C TX 2 integrants and the same results w ere obtained (data not show n). 

These results confirm ed the events depicted in figure 3.2 - i.e. that the mini-CTX sequences 

integrated at the attB region and that Flp recom binase rem oved the unwanted plasm id 

sequences.
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F ig u re  3.3. Sequence o f  the attB  region after m in i-C T X l in tegration and Flp-m ediated 
excision. The integration vecto r m ini-C TX l w as in tegrated  and the plasm id-backbone was 
excised using Flp recom binase as depicted in figure 3.2. T he attB reg ion  was PCR am plified 
from two integrants using the prim ers PKr.up and (boxed) and the nucleotide sequences
o f the fragm ents were determ ined using the sam e prim ers except fo r 1 0  nucleotides upstream  
o f  P^r.uP which were taken from  G enB ank accession num ber D 13407 to  illustrate the 
beginning o f  tRNAScr whose sequence is delim ited by vertical arrows. P rim er binding sites are 
boxed and the directions o f  synthesis using these prim ers are indicated w ith arrows. Inverted 
arrow s m ark the locations o f  the T4 transcription term ination signals (Q.) and the tRN A Scr 
term inator. Hybrid a ttB ”P sequences are bold-faced and the FRT sequence  is underlined. 
The restriction sites o f  the m in i-C T X l MCS are also m arked.
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3.4.4 Chromosomal integration and characterization of gene fusions. To test the 

feasibility o f  the mini-CTX system  for construction o f  single-copy, chrom osom ally located 

gene fusions, we first integrated a rhlA-lacZ transcriptional fusion into w ild-type P A O l. To 

test the effects o f orientation in the chrom osome on transcription, the rhlA-lacZ  fusion was 

cloned as a EcoR\-Dra\ fragm ent betw een the E coR I-E coR V  or £coR I-5m aI sites o f  mini- 

C T X l, yielding pPSI052 and pPS1053, respectively. Upon integration o f these two plasmids 

into the P. aeruginosa chrom osom e and excision o f  the p lasm id  sequences, the fusion 

constructs were therefore either oriented in the same transcriptional orientation as tRNA5"  or 

in the opposite orientation, respectively (for orientation o f  the M CS see figure 3.3). When (3- 

Gal activities were measured in the tw o fusion constructs and plotted as a function o f  cell- 

density, the two graphs were superim posed indicating that lacZ  transcription is neither 

significantly  influenced by the tR N A 5"  prom oter nor by any o ther chrom osom ally-located 

prom oter (data not shown). The correct physiological response pattern o f a  lasB-lacZ  fusion 

was assessed by integrating it into w ild-type or into strains containing m utations in either PAI 

synthase I (Alast), PAI synthase II (ArhlF) or both (AIasi Arhll), and P~Gal expression was 

m easured as a function o f cell density  (figure 4.4). In the lasP rhlP  w ild-type background. 

lasB-lacZ was expressed in the typical cell-density dependent manner. The lasB-lacZ  fusion 

show ed very low activity in the A /as/ m utant and even less in the Arhll m utant. This finding 

is consistent with previous studies that showed that rhll insertion mutants show ed very little 

elastolytic activity in plate assays as well as in eiastase assays (18). As expected, no lasB-lacZ 

activity w-as present in the AlasI Arhll mutant background. A lthough the lasB-lacZ  fusion 

was oriented in the same orientation as tRNA5", it showed barely detectable activity in the 

AlasI and AlasI Arhll mutant backgrounds, indicating that the T4 transcriptional terminators 

effectively term inate transcription originating from the tR N A 5"  gene prom oter. When 

integrated into the same strains, a rhlA-lacZ fusion responded in a sim ilar m anner, although - 

as expected - its expression was not im paired in a AlasI m utant (data not show n).
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F ig u re  3.4. Activity o f  a lasB-lacZ transcriptional fusion in tegrated  in various m utant 
strains. The indicated stra ins harboring the lasB-lacZ fusion were grow n in PTSB medium. 
A t the times shown, sam ples were withdrawn and after the A ^ ,*  was read (panel A) (3-Gal 
activities (panel B) were m easured. Samples were assayed in triplicate and the i distribution 
was used to establish 95%  confidence limits.

3 .4 .5  S tability  o f ch rom osom aH y-in teg ra ted  sequences. For assessm ent o f the stability of 

chrom osom ally integrated sequences in the absence o f  selective pressure, strain PAO230 

{lasB-lacZ) w'as grown in LB m edium  for 100 generations at 37°C. W hen plated on LB + 

XGal indicator medium, all colonies tested after 100 generations w ere blue indicating the 

presence of the lasB-lacZ  fusions. To verify the presence o f the lasB-lacZ  sequences, 

genom ic DNA was isolated from  ten Lac* isolates and hybridized w ith a probe spanning the 

P. aeruginosa attB site. The results shown in Figure 3.5 show that all ten isolates tested still 

had the lasB-lacZ fusion integrated at the attB site, as indicated by the -7 .5 -k b  Spltl fragm ent 

seen in the digests o f the m utant DNAs when com pared to the -3 .4  kb Sphl fragment seen in 

the DNA derived from w ild-type P A O l. This result dem onstrated that the DNA segments 

integrated at the chrom osom al attB site via the m ini-C TX  vector w-ere stably maintained in the 

absence of selective presssure.
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F ig u re  3.5. S tability  o f  a lasB-lacZ  fusion in the absence  o f  selection. Nylon m em branes 
containing e lectrophoretically  separated genom ic Sphl D N A  fragm ents were probed with a 
biotinylated PCR fragm ent spanning the attB  region. P A O l denotes the lane containing 
DNA from w ild-type and  PAO230 denotes the lanes con ta in ing  DNA from PA O l lasB-lacZ  
fusion strains grown fo r 100 generations in the absence o f  selection. Lane M show s (top to 
bottom ) biotinylated X H indlll (23.1, 9.4, 6 .6 , 4 .4 and 2.3 kb - the latter two are barely 
visible) markers.

3 .4 .6  Construction o f a 17  polymerase-expressing P. aeruginosa host strain and

expression  of a fusion protein. T o  provide another exam ple  for the usefulness o f  the mini- 

CTX system, we constructed  an expression cassette and in tegrated  it into the P. aeruginosa 

genome. This cassette contains (i) a T7 pol gene which is transcribed from P lWUV5 and (ii) the 

lacl gene encoding Lac repressor fo r regulated expression o f  T7 pol. The cassette w as 

cloned into m ini-C TX 2 and integrated into the genom e o f  A asd  strain PA O l 8 6 , fo llow ed by 

Flp-m ediated excision o f  the plasm id-backbone. The resu lting  strain PAO-T7 was 

transform ed with pPS1049 , a T7 prom oter-based expression  vector containing the P.
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aeruginosa rhll gene fused to a His6 -encoding dom ain . As evidenced from figure 3.6. His6 - 

Rhll expression was readily induced by addition o f  IPTG to the grow th m edium  and no 

expression was detected in uninduced cultures. D uring the characterization o f  the cloned 

/a c /-P licLV5-T7 pol segment, we discovered that the  lacl gene was not described from the lacP 

prom oter but instead most likely from a prom oter that was assem bled during construction of 

pEB 1 (3) o r its precursors. Nonetheless, lacl transcrip tion in the integrated cassette must be 

effcient as evidenced by tigh t regulation o f  rhll gene expression in the absence o f IPTG 

(figure 3.6).

I P T G
kDa M - +
200-------
116-------

9 7 .4 /----- - ..

66.2-

45- *>MM i
31--__

mam.T O . ^ p - « H is 6 - R h l l

21.5- ,
4MB#

1 4 .4 - ^
6.5-

F ig u re  3.6 . Expression o f  a His6 -Rhll fusion pro tein  in P. aeruginosa. Cells o f PAO-T7 
harboring the expression vector pPS1049 were grow n in LB medium. W hen cells reached 
m id-log phase -  0 .8), the cultures were d iv ided  and either left uninduced (-IPTG) or
w ere induced by addition o f  1 mM IPTG (+IPTG ). G row th was continued for another 3 h 
before w hole cell extracts w ere prepared and separated  by SD S-PAG E electrophoresis. The 
position o f  the His6 -Rhll fusion protein is indicated. Lane M shows (top to bottom) 
m olecular w eight markers from  Bio Rad Laboratories (myosin, P-Gal, phosphorylase b, 
bovine serum  albumin, ovalbum in, cabonic anhydrase, trypsin inhibitor, lysozym e and 
aprotinin) and their sizes are given in kDa.

3 .5  C O N C L U SIO N S

W e have developed several integration-proficient vectors designed for efficient and stable 

integration o f  exogenous sequences at a defined location within the P. aeruginosa genome. 

The vectors include versatile MCS for cloning o f  D N A  fragments. Because the 0CTX xis
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gene is not present in the integration vectors, integrated sequences are stably m aintained in 

the absence o f selection.

The usefulness o f the integration vectors for gene fusion studies w as dem onstrated by 

constructing PAI-regulated lasB-lacZ and rhlA-lacZ fusions. When integrated in various 

defined PAI synthase mutants, these gene fusions showed the expected expression patterns. 

Unlike the parental multicopy vector-based fusions, the integrated, single-copy fusions 

show ed no detectable background activities, irrespective o f  their orientations in the genome.

A chrom osom ally-integrated lasB-lacZ fusion was shown to be stably m aintained fo r 100 

generations in the absence o f selective pressure.

Though integration o f m ini-CTX plasm ids containing chrom osom al DN A fragments 

could also occur via RecA-mediated hom ologous recom bination, we have not yet observed 

integration o f m any m ini-CTX-based plasm ids via m erodiploid form ation. This m ay be 

because Int-m ediated integration o f  a/rP-containing plasm ids is more efficien t than RecA- 

m ediated recom bination of such plasm ids at the hom ologous chrom osom al loci, or because 

the lasB-lacZ and rhlA-lacZ segments tested in this study contained relatively  short (500-600 

bp) hom ologous chromosomal sequences. Nonetheless, we always check putative integrants 

via colony PCR utilizing the P ^ p  and P ^ 0.„ prim er pair, and com binations o f  these primers 

with prim ers designed to the integrated DNA sequences.

The general usefulness o f these integration vectors for strain construction was 

dem onstrated by construction o f  a cassette containing lacl and the T7 pal gene that allows for 

regulated expression from T7 prom oter-containing bhr vectors in P. aeruginosa s tra ins. 

A lthough we have previously described the construction and use o f a sim ilar expression 

cassette in P. aeruginosa for regulated expression from P/ar-containing plasm ids, it was based 

on a transposable element that could only be random ly integrated into the genom e (14). 

Sim ilarly, the only other T7 prom oter-based expression system described fo r P. aeruginosa 

was less userfriendly because it necessitated a two-plasm id system and antib iotic  selection (3). 

We anticipate that the mini-CTX plasmids will facilitate engineering o f various P. aeruginosa 

host strains for other expression systems that are currently only available fo r E. coli.

In conjunction with an ajrf-based expression vector and a A asd host strain , H is6 -Rhll 

could be expressed in a system that necessitated no antibiotic selection. This system  may be
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useful for large-scale expression o f  recom binant proteins o r fo r expression of proteins in 

situations where antib io tic selection is not feasible. The new ly described integration system 

will be especially useful for introducing P~G al, GFP or o ther reporters during studies o f 

biological systems in w hich plasm id constructs cannot be easily  m aintained by antibiotic 

selection, e.g. anim al m odels or bacterial biofilm s (6 ).

To facilitate construction  o f  chrom osom ally-located, sing le-copy  GFP and (3-Gal 

transcriptional fusions, we have constructed the m ini-C TX -G F'P (G enB ank accession num ber 

A F140578) and m in i-C T X -/acZ  (G enBank accession num ber A F 140579) vectors. Both o f 

these vectors are curren tly  used by us and others for construction o f  single-copy, 

chrom osom ally-located GFP and lacZ fusions, respectively, and  details w ill be presented 

elsewhere.

Prelim inary resu lts  from  our laboratory indicated that the attP  based vectors may 

integrate into other Pseudomonas sp.. W ith appropriate m odifications, they may thus be 

useful for the genetic eng ineering  o f  strains destined for envirom ental release. Since our 

integration vectors are equipped with FRT sites, they will a llow  engineering of strains 

eventually  devoid o f  any  selection m arker, as is currently requ ired  for metabolic engineering 

o f  novel phenotypes fo r environm ental applications and developm ent o f  live vaccine strains 

(7 .8).
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CHAPTER 4

Construction and use of low-copy number T7 expression vectors for purification of 

problem proteins: purification of Mycobacterium tuberculosis RmlD and Pseudomonas 

aeruginosa LasI and Rhll proteins, and functional analysis of purified Rhll

(Presented in Tung T. Hoang. Yufang M a, Richard J. Stem , M ichael R. M cNeil and H erbert P. 

Schweizer. 1999. Gene 237: 361-371)

This work established technologies for expression and  purification o f very insoluble 

proteins. The two P. aeruginosa autoinducer synthases w ere purified  utilizing newly 

engineered expression strains and vectors. In addition, it dem onstrated  that the preferred 

substrates for the short chain autoinducer synthase (Rhll) are derived  from the fatty acid  

biosynthetic pathway. I thank Dr. Yufang Ma for am plifying and cloning o f Rm lD, Dr. 

Richard Stem  for help with the engineering of an expression strain  and Dr. M ichael M cN eil 

and for assistance w ith GC-M S.

4.1 ABSTRACT

Purification o f proteins from  Escherichia coli under native conditions is often ham pered by 

inclusion body form ation after overexpression from T7 prom oter-based expression vectors. 

This is probably due to the relatively high-copy num ber o f the C olE l-based  expression 

vectors. To circum vent these problem s, the low-copy num ber pV iet and pNam expression 

vectors were constructed. These vectors contain the pSC lO l origin o f replication and allow  

the expression o f oligohistid ine and intein chitin-binding dom ain fusion proteins, 

respectively. Since pV iet and pNam do not replicate in E. coli B strains, an E. coli K -12 host
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strain [SA I503(D E3)] was constructed. This strain  is defective in the Lon and O m pT  

proteases and allow s IPTG -inducible expression o f  recom binant proteins from  the T7 

promoter. The new vectors were successfully tested by purification o f  three very insoluble 

proteins (Rm lD , LasI and Rhll) under non-denaturing  conditions, and all three p ro te ins 

retained enzym atic activ ity . The purified hexah istid ine (His6 )-tagged Pseudomonas 

aeruginosa Rhll protein was subjected to m ore detailed  analyses which indicated tha t (i) only 

butyryl-acyl carrier protein  (ACP) and S -adenosylm ethionine (SAM ) were requ ired  for 

synthesis o f jV-butyryl-L-hom oserine lactone: (ii) w hen present at physiological 

concentrations, butyryl-coenzym e A and N A D PH  were not substrates for R hll: (iii) R hll was 

able to synthesize iV-hexanoyl-L-hom oserine lactone from  hexanoyl-A C P and SA M ; (iv) Rhll 

was able to direct synthesis o f  W -butyryl-L-hom oserine lactone from  cro tony l-A C P in a 

reaction coupled to purified  P. aeruginosa FabI (enoyl-A C P reductase).

4.2 INTRODUCTION

W ith the advent o f  genom ic sequencing (for a  com prehensive listing o f  finished and 

unfinished m icrobial genom es see the TIGR w eb  site at www.tigr.org), functional analyses o f 

many annotated and unknow n proteins in the database are essential to confirm  o r identify  the 

role o f these proteins. O ften, an important s tep  tow ard achieving these goals is the 

construction and use o f  expression vectors fo r ob tain ing purified and functional pro teins. 

H aving obtained the genom ic sequence, this can  easily  be done by designing prim ers, 

followed by PCR am plification and cloning o f  the gene o f interest into various expression  

vectors that allow  subsequent purification via affin ity  chrom atography, e.g. N r* agarose 

chrom atography o f  oligohistid ine-tagged p ro te ins (32) or chitin agarose chrom atography  o f 

proteins containing fused CBD s (6 ). The p rom oter o f  choice in the expression vectors is 

often the T7 RN A polym erase-dependent T7 p rom oter (32). W ith the com plete sequence o f 

M. tuberculosis (7) available and the P. aeruginosa genom e sequence nearing com pletion , we 

have been interested in purifying various p ro teins by overexpression in E. coli to study  their 

function in the respective pathways.
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In an effort to define the pathw ays for AH L biosynthesis in P. aeruginosa and L- 

rham nose biosynthesis in M. tuberculosis, o u r laboratories began pu rify ing  proteins involved 

in these pathways by overexpression in E. coli, utilizing various com m ercially  available T7 

prom oter-based expression system s, including the pET vectors from  N ovagen (M ilwaukee, 

VVI), allowing expression and purification o f  H is6 -tagged fusion pro te ins, and the pTYB 

vectors from New England Biolabs (B everly. M A), which allow  expression  and purification o f 

untagged proteins via intein-C B D -tagged fusion proteins. W hereas m any o f  these T7 

prom oter-based (32) expression system s have been successfully used by us for expression 

and purification o f  several M. tuberculosis and P. aeruginosa recom binan t proteins in E. coli, 

overexpression o f some proteins in these system s presented significant problem s with 

inclusion-bodies, p resum ably  resulting by expression from these re la tive ly  high-copy num ber 

vectors. When present in inclusion bodies, m ost o f the expressed p ro te ins were lost by co- 

pelleting with o ther ce llu lar debris during centrifugation o f the cell lysates. A lthough some 

o f  the proteins could be solubilized, recovered  and purified from  the inclusion bodies (27), 

they had little to no activity . To solve the insolubility  problem, we a ttem pted  various 

recom m ended conditions to  reduce the level o f expression, including expression  for shorter 

tim e and expression at room  tem perature, reducing the levels o f  the inducer IPTG , and 

adding up to 10% glycerol o r 0.5%  Triton X -100 to the cells before lysis. D espite many 

repeated attempts, we failed to purify active M. tuberculosis dT D P-L -rham nosyl synthase 

Rm lD and the two P. aeruginosa AHL syn thases. LasI and Rhll, u nder non-denaturing 

conditions, using either pE T -15b and pE T -16b  from  Novagen or p T Y B l from  New England 

B iolabs. We attributed at least part o f th is problem  to the high copy num ber o f  the 

expression vectors. Typically , the T 7-prom oter based expression vectors contain the C o lE l- 

derived replicon and therefore each cell w ill harbor from 20 to >100 p lasm id  copies. Upon 

induction with IPTG o f  the com m only used E. coli B host strain B L 21(D E 3). sufficiently 

large am ounts o f T7 RNA Pol are expressed to transcribe the inserts o f  m ost, if  not all, o f 

these plasmids.

During our attem pts at Rhll purification , we confirmed previous observations by Jiang 

et al. (15) who had shown that Rhll becom es insoluble when overexpressed  in a pET system. 

T hese authors were only able to purify R h ll in inclusion bodies and obtained  protein with
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little activity, as evidenced by the necessity  for adding large am ounts ( > 8  mg) o f  Rhll protein 

to their assays. O ther laboratories have reported the purification o f  two AHL synthases. LuxI 

from V. fischeri (29) and Tral from  A. tumefaciens (22, 29), but only as fusions to m altose 

binding protein and in the presence o f  strong denaturants, i.e. urea or guanidine 

hydrochloride, respectively. Parsek et al. (24) recently reported the purification o f  active 

recom binant Rhll from  its native host, P. aeruginosa, but the yield was rather low. Although 

functional proteins can be obtained using these purification m ethods, they are not applicable 

to all proteins and the results may be variable for some proteins.

In this study, we successfully purified  three otherw ise highly insoluble proteins under 

native conditions, by expression from  the pSC lO l-based  low -copy num ber plasm id pViet in 

our new ly engineered E. coli K-12 host stra in  SA 1503(D E3).

We utilized the purified His6 -tagged R hll to address som e controversial issues 

regarding Rhll substrates and co-factor dependency that m ay have arisen from  experim ents 

utilizing protein derived from inclusion bodies. Previous studies by other laboratories with 

AHL synthases from  various bacteria have indicated that the respective enzym es only require 

an acyl donor, m ost likely acyl groups carried  by ACP, and SA M  as a source o f  the HL 

moiety (22, 29, 33). In a recent report, Jiang et al. (15) claim ed that the P. aeruginosa BHL 

synthase, Rhll, was an exception in that it could  utilize butyryl-C oA  as the acyl donor and that 

NADPH was required for this reaction. T hese results were subsequently disputed by using 

Rhll purified from  P. aeruginosa (24). T o  further address the substrate requirem ents o f Rhll, 

we tested H is6 -tagged Rhll purified from E. coli with physiologically  relevant concentrations 

o f  various substrates and co-factors, and show ed that only SA M  and butyryl-A CP are 

required for BHL synthesis. In addition, R hll catalyzed the synthesis of HHL from  hexanoyl- 

ACP and SAM . W hen coupled to purified enoyl-A C P reductase (FabI), Rhll was able to 

direct synthesis o f  BHL from crotonyl-A C P, indicating that the crotonyl-A CP derived from 

m alonyl-A CP and acetyl-CoA via the fatty acid biosynthetic pathw ay is the m ost likely 

substrate for Rhll.
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4.3 MATERIALS AND METHODS

4.3.1 Bacterial strains, plasmids, media and culture conditions. The bacterial strains and 

plasmids used in this study are listed in table 4.1. Strains D H 5 a  and JM 109 w ere used as the 

routine cloning hosts. LB m edium  (Difco. Detroit, M I) w as the rich m edium  used in all 

experim ents. A m picillin (Ap; Sigm a, St. Louis. M O) w as added to liquid and  solid media at 

100 pg/m l. R outine expression for each protein was done by inoculating 0 .5  to  1 1 o f LB + 

Ap broth w ith 5 to 10 ml o f  an overnight culture grown at 37°C. The new cultures were 

grown at 37°C w ith shaking a t 220 rpm  to an A o f  0 .5 -0 . 8  ( -3  h). The cu ltures were then 

transferred to RT (-25°C ) and shaken for another 10 to 15 m in before add ition  o f  IPTG to 

final concentrations o f  0.25 to 0.7 m M . Expression was a llow ed to continue at RT for 6  to 8  

h.

4.3.2 DNA manipulations and vector constructions. Plasm id DNA w as prepared using 

Qiaprep Spin M iniprep colum ns or Q iafilter Plasmid M idi colum ns (Q iagen, Santa Clarita, 

CA). Restriction enzym es, dN TPs, T4 DNA Pol, T4 DN A ligase and prim ers were purchased 

from G ibco-B R L (G aithersburg, M D) or New England B io labs (Beverly, M A ) and used 

according to the m anufactu rer's  recom m endations. Taq Pol w as purchased from  Qiagen. 

Previously described procedures were used for preparation o f  P. aeruginosa and M. 

tuberculosis chrom osom al D N A s (2, 11), and for perform ing DNA transform ations (10. 18). 

DNA fragm ents w ere purified from agarose using the G eneclean  III procedure (BIO  101, San 

Diego, CA).

The expression vectors pV iet and pNam were constructed  in three steps (figure 4.1). 

First, the 2.1 kb Nrul-Sspl fragm ent o f  pET-15b, contain ing the T7 prom oter, the H is6 -tag 

region with c loning sites, the T7 transcription term inator and the lacl gene, w as ligated to the

3.2 kb SspI fragm ent o f pW SK 29 (36). containing the p S C lO l ori (21, 35) and the bla gene 

to yield pET-101 (figure 4.1. step 1). Second, the 3.3 kb Ndel-BglU  fragm ent, blunt-ended 

with T4 DNA Pol (containing the pSC lO l origin o f  replication and the lacl gene) and the 1.7 

kb Bglll fragm ent, also blunt-ended with T4 DNA Pol (contain ing  the T7 prom oter, His6 -tag 

region. T7 transcrip tion term inator and the bla gene) o f  pET-101 were ind iv idually  isolated.
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T able 4.1. Bacterial strains and plasmids

Strains or 

Plasm ids

Relevant properties R eference  

o r  source

E. coli

A D 202 araD139 A(argF-lac) ompT::Kmr flhD5301

fruA25 relA l rpsL l50 rbsR22 deoC l ( 1 )

B L 2K D E 3) {a(D E3)J F” om pThsdSB, (rB'm B~) dcm gal (3 2 )

D H 5 a {<!>80A/acZAM 15} A(lacZYA-argF)U  169 recA 1

end A 1 h s d R ll  [rK'm K+ ] supEAA ihi-1 gyrA relAl G ibco-B R L

J M 109 [F , traD36, proAB, lacP] endAl recAl gyrA96 thi

h sd R ll  (rK‘ . m K+ ) relAl supE44 A(lac-proAB) (3 8 )

S A 1500 Ion-100(del?) / /  his-87 relA l rspL181

spoTl thi-1 (9 )

S A 1503 lon-l00(del?) a" his-87 ompT::Km! relAl

rspLI81 spoT l thi-1 T his study

SA I503(D E 3) (a(D E 3)} lon-100(del?) his-87 ompTr.Km'relAI

rspL181 spoT l thi-1 T his study

S 0874 A (sbcB-rfb) (2 3 )

S0874(D E 3) {a(D E3)J A (sbcB-rfb) T his study

C. violaceum

C V 026 m in i-T n5  m utant o f ATCC strain 31532 ( 2 0 )

P. aeruginosa

P A O l p ro to tro p h ic (1 4 )
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Table 4.1. Bacterial strains and plasmids (cont.)

Strains or 

Plasmids

R elevant properties Reference 

or sources

M. tuberculosis

H37Rv viru len t ATCC

Plasmids

pE T -15b A pr; N H ;-terminal His6  tag vector Novagen

pE T -16b A pr; NH .-term inal His6  tag vector Novagen

pTY B l A pr; intein-CD B-based expression vector for New England-

purifica tion  o f  untagged proteins Biolabs

pW SK29 A pr; pSC  101-based low-copy num ber cloning vector (36)

pE T -16b -rmlD A pr; PCR-am plified Ndel-Xhol rmlD fragm ent

c loned  into Nde 1 + XhoI cu t pET-16b This study

pViet A pr; low -copy num ber His6  tag expression

vecto r This study

pN am A p'; low -copy num ber intein-CD B expression

vecto r This study

pViet -rmlD A pr; Ndel-Xhol rmlD fragm ent o f  pET-16b-rmlD

subcloned  into pViet cut with the same enzymes This study

p P S 1074 A pr: PCR-am plified Ndel-Sapl rhll fragm ent

cloned  into pNam cut with the sam e enzymes This study

p P S 1077 A pr; PCR-am plified Ndel-BamHl Iasi fragm ent

c loned  into pViet cut with the sam e enzymes This study

p P S 1079 A pr; PCR-am plified Ndel-BamHl rhll fragm ent

cloned  into pViet cut with the sam e enzymes This study

1 2 2
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F ig u re  4 .1 . C onstruction o f  pViet and pNam. D etails on the constructions o f  these 
plasm ids are  given in chapter 4.3.2. Step 1: replacem ent o f  a 2.1-kb N rul-Sspl fragm ent o f 
pET-15b (contain ing  the C o lE l-derived  ori) with a 3 .2-kb Sspl fragm ent from  pSClO l 
(containing the pSC  101-derived ori). Step 2: deletion o f  the BglW-Ndel fragm ent from pET- 
101 (to ensure a unique NdeI site in the MCS). In the process o f  ligating  the blunt-ended 
Ndel and Bglll ends, one BglU site was regenerated, and orientation o f  the  bla gene and the 
His6  tag w ith respect to la d  was confirmed by restriction digests. Step 3: subcloning o f the 
intein-CB D  region from pT Y B l on a 2.3-kb Pvul-Xbal fragm ent. O n ly  im portant restriction 
sites are indicated  for each plasm id. Plasmid segm ents are patterned fo r  easier distinction o f 
the derivation o f  individual fragm ents, but are not draw n to scale. The Sac\->Kpn\ MCS on 
pW SK29 is equivalent to the one found on pB luescript-SK  (Stratagene. L a  Jolla, CA). 
A bbreviations: bla, ^-lactam ase encoding gene; cbd, gene encoding the C B D  from Bacillus 
circulans; H is6 . H is6  tag-encoding region from pE T -15b; lacZa, gene encod ing  a-pep tide o f 
(3-galactosidase; lacl, gene encoding lac repressor; ori, origin o f  rep lication ; int, intein- 
encoding gene from  Saccharomyces cerevisiae: P ^ , phage T7 gene 10 prom oter; T, T7 
transcription term inator. The nucleotide sequences o f  pN am  and pV iet w ere deposited in 
GenBank and assigned the accession numbers A F147463 and A F147464, respectively.
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Ndel

Sspl

PWSK29
(5 4 3 4  bp)

pET-101
(5 7 5 6  bp)

Xholt BamHI Hjndlll 

Sspl

PSC101 
on

A

pET-15b
(5708  bp)

PSC101Hindlll
BamHI 2

Hindlll

BamHI

(4 9 8 5  b p )

EcoRV

PSC101
Pstl

Sapl 
Xhol '

EcoFU

pNam
(6 2 7 8  bp) Xbal

Notl ___
Nsil Sail —

Nrul —
Nhel '

Ndel
Sapl

. Xhol

EooRI

Noll

pTYB1
EcoRV (7 2 8 0  b p )

Ndel '  v  Sail 
Nhel Nrul
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These fragm ents were then ligated together to give pV iet, elim inating the sm all Nde\-Bgl\\ 

fragm ent o f  pET-101 (figure 4.1, step 2). T he 2.3 kb Pvul-Xbal fragm ent o f  p T Y B l. 

containing the M CS and intein-CDB and T7 transcription term inator, was subcloned  into the 

4 kb Pvu\-Xba\ fragm ent of pV iet to y ield  pNam .

The M. tuberculosis rmlD gene and the P. aeruginosa lasl and rhll genes were 

am plified from genom ic DNA tem plates by PCR. For am plification o f  rmlD , tw o  prim ers 

(rs83, 5 ’ -GG A A T TC C ATATGG C G G G C  A G G TC  AG A A and r s l l 2 .  5 -C C G C T C G A G T 

C A G TC  A C G C G TTG A G G G TA A ) in troducing Ndel and Xhol sites (underlined), respectively, 

were synthesized. PCR reactions contained in a 50 p.1 reaction m ixture lx  Taq buffer 

(Q iagen), 200 p.M o f each dNTP. 30 pm ol o f  each prim er, 0.5 p.g o f  genom ic M. tuberculosis 

H 37R v DNA and 2.5 u Taq polym erase. T he reaction m ixture was subjected to  the following 

therm al cycles: 1 cycle at 94°C for 5 m in: 35 cycles (94°C, 1 min: 58°C, 25 s; 72°C. 1 min) 

and a final extension at 72°C for 10 min. T he PCR product was gel-purified, d igested  with 

Ndel + Xhol and ligated into pET-16b to y ield  pET-16b-rmlD. For am plification o f  the P. 

aeruginosa lasl and rhll genes, m utagenic prim ers were designed that would in troduce Ndel 

sites at the respective ATG initiation codons and BamHI sites dow nstream  o f the  respective 

coding regions. The prim er sets were lasIU . 5*-G TG C A TA T G A TC G TA CA A A TTG G TC 

G G C G  (the Ndel site is underlined) and lasID , 5 -A C A  G G A TCCCCGTCATG AA ACCGC 

CA G  (the Bam HI site is underlined) for lasl. and rh ll-N del. 5 ' -C A C G G G G A C T TG CATATG 

A T C G A A TT (the Ndel site is underlined) and rhllD , 5 ’-AG G G ATCCTCA CA CCG CCATC 

G A C A G C G G T (the BamHI site is underlined) for rhll. PCR conditions were: 1 cycle at 96UC 

for 2 m in: 35 cycles (95UC, 1 min: 58°C, 25 s: 72°C, 45 s) and a final extension at 72°C for 10 

min. Individual PCR fragments were gel-purified , digested with Ndel + Bam HI and ligated 

into pV iet to yield pPS1077 and pPS1079, respectively. Plasm id pPS1074 was constructed 

by PCR am plifying the rhll gene from P A O l chrom osom al DNA, using two prim ers, the rhll- 

N del prim er described above and rhlI-Sap2 5 ’-A C G G C GCTCTTCCGCACACCGCCATCG 

A C A G C G G TA C  (introducing the underlined Sapl site). The PCR fragm ent w as then 

purified, digested with Ndel + Sapl and cloned into pNam  cut with the same enzym es.

125

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



4.3.3 Strain constructions. E. coli SA1503(DE3) was engineered for the expression o f 

genes from pViet and pN am . A PI lysate (30) was prepared o f  E.coli K-12 strain AD202 and 

used to transduce the ompT::KmTm utation into strain SA 1500. which already contains the 

Ion- 100 mutation. The resulting strain SA1503 was Iysogenized with aD E 3  using the /.DE3 

lysogenization kit from N ovagen (M ilwaukee, WI) to yield SA1503(DE3). Strain S0874 was 

also  Iysogenized w-ith XDE3 using the same kit.

4.3 .4  Purification of RmlD, Lasl and Rhll. Protein purification was done as previously 

described (27). Briefly, cells from a 1 1 induced culture o f  S<j>874(DE3)/pViet-rmlD  (RmlD). 

SA 1503(D E3)/pPS1077 (L asl) o r SA 1503(D E3)/pPS1079 (R hll) were harvested  and 

resuspended in 10 ml o f  20 mM  Tris-H C l, 0.5 M NaCl, pH 7.9 (M CAC-0 buffer), with 1 mM 

PM SF (Sigma, St. Louis, M O ). Cell suspensions were lysed by 2 to 3 passes through a pre­

ch illed  French Press m inicell at 19,000 psi. Cell lysates were ultracentrifuged at 260.000 x g 

(1 h. 4°C) and the supernatants were applied to colum ns with 1.5 ml bed volum es o f Ni:*-NTA 

agarose resin from Qiagen. w hich had been equilibrated with 5 bed volum es o f  M CAC-0 

buffer. The colum ns were w ashed with a minimum o f  15 bed volumes o f  M CA C-0 buffer, 

and then with a minimum o f  15 bed volumes o f M CA C-0 buffer containing 40  mM 

im idazole (Sigm a). Proteins were eluted with three bed volumes o f M CA C-0 containing 200 

m M  imidazole, and 1 ml aliquots were collected. Glycerol was added to betw een 15 and 30% 

(v/v), depending on the enzym e, before small aliquots w ere frozen at -70°C fo r future use. 

A lthough washing with 40  m M  im idazole was the standard for most o f our proteins, the actual 

concentration may have to be adjusted 50 mM for o ther proteins. All colum ns steps were 

perform ed at 4°C.

For purification o f an untagged Rhll protein using the intein-CBD system , a 500 ml 

SA 1503(D E3)/pPS1074 culture was grown in LB + Ap m edium , induced and  a clarified 

lysate was prepared as described above. Untagged Rhll w'as eluted from a chitin  agarose 

colum n using the cleavage buffer (20 mM Tris-HCl at pH  8.0, 50 mM NaCl, 0.1 mM EDTA, 

40 mM  DTT) recom m ended by the m anufacturer (New England Biolabs), but contained 

0.4%  (v/v) Triton X-100 and 5% glycerol.
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4.3.5 Protein methods. For protein analysis, whole cell extracts o f  uninduced and IPTG - 

induced cultures were prepared as previously described (16). P rotein  concentrations w ere 

determined using the B radford dye-binding assay (Bio Rad Laboratories. Hercules. CA). 

using bovine serum  album in as the standard. Proteins were analyzed by electrophoresis on 

0 . 1 % SDS-10% PA GE as previously described (19) and visualized by quick  staining with 

Coomassie Brilliant Blue R-250 (5).

4.3.6 AHL in vitro synthesis reactions. P. aeruginosa ACP was purified  as previopusly 

described (17: chapter 5). Acyl-A CPs were synthesized by incubation o f  A C P with butyric- 

anhydride, crotonic-anhydride or hexanoic-anhydride (Sigma) to ob tain  butyryl-A CP, 

crotonyl-ACP or hexanoyl-A C P. respectively (12, 37). The acyl-A C Ps w ere quantitated using 

the Ellman reagent (3. 12). The purification and characterization o f  the P. aeruginosa FabI 

was described elsew here ( 1 2 ).

Rhll reactions (500 p i)  contained buffer (22) [10 mM T ris-H C l. pH 7.4, 330 mM 

NaCl. 15% glycerol, 0.7 mM DTT, 2 mM EDTA. 25 mM MgSO.,. 0.1 m M  FeSCL] and, unless 

indicated otherwise, contained 10 pM  o f  acyl-CoA or acyl-ACP, 100 p M  SA M , 200 pM 

NADPH and 1 pg  o f R hll. The R hll-Fabl coupled reactions also con ta ined  200 pM  NADH 

and 1 pg  o f FabI. Reactions were carried out for 1 h at 37"C, stopped  by addition o f  250 p i 

o f ethyl acetate and extracted three tim es w ith 250 pi o f ethyl acetate. T he  ethyl acetate was 

then evaporated by rotatory vacuum evaporation. The residues w ere d isso lved  in 10 pi o f 

acetonitrile and 3 pi aliquots were spotted onto reverse-phase C,„ T L C  plates (W hatman, 

C lifton. NJ). 50 pm oles o f  BHL or 10 pm oles o f  HHL standards w ere applied  to each TLC  

plate as positive controls. W hen necessary, TLC plates were developed in 60%  (v/v) methanol 

in water to separate BH L and HHL as previously described (15). For detection  o f  AHLs. 5 ml 

o f an overnight culture o f  strain CV 026 grown at RT in LB m edium  w as dilu ted  into 50 ml o f 

0.3%  LB agar kept at 45°C and the agar m ixture was used to overlay the dried TLC. A fter 

solidification o f  the overlay, the TLC plate was incubated at RT in a w et box until spots were 

clearly discernable. The presence o f A H Ls in the extracted reactions was scored by 

appearance o f a violet spot (2 0 ).
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HPLC and GC-M S were used to confirm  the identity o f BHL. Large scale (10 ml) 

reactions were perform ed in M ore buffer. 10 pM  butyryl-A C P, 100 p M  SA M . 200 pM 

NADH and I pg Rhll. The sam ples were extracted three times with 0 .5  volum es o f ethyl 

acetate and dried as described above. C 18 reverse-phase HLPC was utilized with a 10-60% 

(v/v) m ethanol-w ater gradient to fractionate BH L from  other com ponents o f  the reaction. 

HPLC fractions were spotted on TLC and the presence o f  BHL in the fractions was detected 

using the CV026 overlay m ethod as described above. BH L-containing fractions were pooled 

and subjected to HPLC developed isocratically w ith 48%  m ethanol. F ractions were again 

analyzed using the CV 026 bioassay, and sam ples contain ing the m ost B H L w ere then 

subjected to positive-ion GC-M S using a H ew lett-Packard HP5970B m ass selective detector as 

described previously (25).

4 .4  R E SU LT S AND D ISC U SS IO N

4.4 .1  Construction of low-copy number expression vectors and host strains. To

construct low-copy num ber expression vectors, w'e equipped the pE T -15b and pTY B l vectors 

with the pSC lO l replicon. This replicon was chosen (i) because it is w ell characterized (21. 

35), (ii) because plasm ids contain ing this replicon can be m anipulated using  standard 

procedures, even though the copy num ber is only - 5  (36). and (iii) because Sankar et al. (28) 

had suggested  that low -copy num ber T7 expression vectors helped m in im ize toxic effects o f 

proteins expressed in E. coli. T he  resulting pV iet and pNam  expression vectors (figure 4.1) 

still contain all the features o f  the parental plasm ids including unique M CS that allow in- 

fram e fusions o f target proteins to H is6  or intein-C B D  dom ains, and the T7 transcription 

term inator for increased plasm id stability. The decreased copy num ber o f  the new vectors 

leads to decreased P-lactam ase production, thus m inim izing destruction o f  the Ap in the 

grow th m edium  which can pose selection problem s when using high-copy num ber T7 

expression vectors (32). A lthough pS C lO l-based  plasm ids, including the  parental p\VSK29 

vector, norm ally replicate in E. coli B strains such as BL21(D E3)(28), w e noted that our 

pSC 101-based vectors no longer replicated in this com m only used expression  strain, 

presum ably due to deletion o f  a region that is essential fo r replication in this strain. This
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necessitated engineering o f a new E. coli K-12 host strain. SA 1503(D E3) (table 4.1). This 

was achieved in two steps. First, an ompT m utation was transduced into the Ion strain SA 1500 

to derive the ompT Ion strain SA1503. Next, the strain SA 1503 was Iysogenized with ADE3 

to derive the T7 expression strain SA1503 (D E3). By lysogenization with /.D E3. expression 

strains can be tailored to individual needs, e.g. we constructed A(sbcB-rfb) strain S 0874(D E 3) 

(table 4.1) as a host fo r purification o f the m ycobacterial R m lD  to minimize potential 

contam ination with the E. coli homologue.

4.4.2 Expression and purification of His6-tagged RmlD, Lasl and Rhll, and untagged 

Rhll. T o evaluate the new expression vectors, they were used to express and purify the lasl. 

rhll and rmlD  gene products. These genes encode proteins that are extremely insoluble w hen 

overexpressed in E. coli and lose activity when purified from  inclusion bodies (15) (our 

observations) using standard procedures (27).

W hen the resulting His6  expression vectors pPS1077 and pPS1079 were transform ed 

into SA 1503(D E3) and pViet-rmlD into S<j>874(DE3). the L asl, R hll and RmlD His6  fusion 

proteins w ere expressed to significant levels follow ing IPTG induction (figure 4.2. panel A). 

When necessary, the m odest level o f leakyness observed under uninduced conditions with 

some constructs, e.g. Rhll (figure 4.2A). could be controlled by transform ing SA 1503(D E3) 

with pLysS o r pLysE, plasm ids expressing different levels o f  the T7 RNA polym erase 

inhibitor lysozym e (32). All three His6 -tagged proteins w ere successfully purified from  cell 

extracts by N i:* agarose affinity chrom atography under native conditions (figure 4.2B), 

although m odest inclusion body formation was som etim es still observed, mainly with Rhll. 

When necessary, inclusion body formation in at least the lacY* strains could be further 

m inimized by reducing IPTG levels in the presence o f glucose to inhibit expression o f the 

chrom osom al lacY  gene by catabolite repression. Upon elu tion from the colum n, the 

proteins precipitated  w ithin 3 h at 4°C, unless glycerol was added to between 15 and 30%

(final concentration). A fter addition o f glycerol im m ediately following elution, small 

aliquots o f  each protein could be stored at -70°C for extended periods o f time without 

evidence o f  precipitation. The yield for these proteins ranged from  0.6 to 1.2 mg per 1 1 o f 

culture afte r 6 - 8  h o f induction at RT. We obtained 1 mg o f  Rhll from 1 1 of E. coli culture,
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which is a great improvement over the 0 .36 mg o f  Rhll obtained from I I o f  P. aeruginosa 

culture (24).

(A)

200 _
116 _

97.4 — S S  S « a

M- f  I - L .
21.5 _
14.5 _  = =  S s  

6 5  _

(C)
0.1% 0.4%
SOS M Triton X-100

intein-CBD w

Rhll -►

F ig u re  4.2. Expression and purification o f Lasl, Rhll and RmlD. L asl and Rhll were 
expressed in SA1503(DE3) and Rm lD was expressed in S<[)874(DE3). P rotein patterns were 
analyzed by electrophoresis on 0.1%  SD S-10%  PAGE and proteins w ere stained with 
Coom assie Blue. (A) Total cellular proteins in cell extracts from uninduced (-) versus IPTG 
induced (+) cultures containing a plasm id expressing the respective protein. The relative 
positions o f broad-range protein m arkers [from Bio-Rad (Hercules, C A )] are indicated on the 
left in kDa and the proteins were (top to bottom ) m yosin, (3-galactosidase, phosphorylase b, 
bovine serum  albumin, ovalbum in, carbonic anhydrase, trypsin inhibitor, lysozym e, aprotinin; 
the same markers were used in lanes m arked M in panels (B) and (C ). (B) Purified His6 - 
tagged Lasl, Rhll, and RmlD. A pproxim ately 1 ug  o f  each protein was loaded. (C) SDS 
and 0.4%  Triton X-100 eluted fractions o f  Rhll from chitin agarose colum ns. SDS elutes all 
proteins, including the intein-CBD fusion protein and untagged Rhll. T riton  X -100 elutes 
untagged Rhll only.

We also assessed the use o f  pN am  as an intein-CBD expression vector but 

concentrated on Rhll. After transform ation o f  SA 1503(D E3) with pPS1074, expression o f
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RhII-intein-CBD was induced with IPTG and cell extracts were prepared. Rhll-intein-C BD  

was efficiently bound by the chitin agarose colum n. However, c leavage and elution o f  Rhll 

could not be achieved w ith the recom m ended cleavage buffer (20  m M  Tris-HCl at pH 8.0. 50 

mM  NaCl, 0.1 mM ED TA . 40  mM DTT) unless it was supplem ented with 0.49c Triton X -100 

and 5% glycerol. Som e R hll eluted from  the colum n in the p resence  o f  Triton X -100 and 

glycerol (figure 4.2C); it was active and  rem oval o f  the nonionic detergent was unnecessary 

since it did not affect the enzym e’s activity  (data not shown). T he  low yield o f Rhll w-as m ost 

likely not due to inefficient D TT-m ediated cleavage o f the R hII-intein-C B D  since elution w ith

0.1%  SDS yielded large am ounts o f  R hll (figure 4.2C). B ecause purified  His6 -tagged R hll 

readily precipitated unless supplem ented with glycerol (see above), the most likely 

explanation was that a fte r  overnight cleavage from the intein-CB D  fusion, Rhll precipitated 

on the column, unless the cleavage buffer was supplem ented w ith  T riton  X-100 and glycerol. 

S im ilar problems were also  observed w ith Lasl and RmlD, tw o o th er very insoluble proteins, 

but not with ACP, a very soluble protein who was successfully purified  using pNam  (12). 

Efforts are currently under w ay to m inim ize precipitation o f  c leaved  protein on the colum n.

4.4.3 Functional analysis of His6-tagged Rhll. Although the purified Lasl w'as active in 

in vitro /V -(3-oxo)-dodecanoyl-L-hom oserine lactone synthesis assays (13) and the activity  o f  

purified RmlD was show n by its ability to convert dTD P-glucose to dTD P-rham nose when 

incubated with RmlB, R m lC  and NADP*(31), we concentrated on  characterization o f  Rhll in

this study.

As shown in figure 4.3A , purified Rhll was capable o f synthesizing  BHL from low- 

concentrations (10 pM ) o f  butyryl-A C P (spot 12). When butyry l-A C P was substituted with 

10 pM  butyryl-CoA, no BH L was synthesized (spot 5). The p resence o f  excess (500 pM ) 

butyryl-CoA resulted in barely detectable levels o f  BHL form ation (spot 7). No BHL 

synthesis was observed w ith 10 pM  butyryl-C oA  (spot 1), 10 p M  butyryl-C oA  and no SAM  

(spot 2). no butyryl-C oA  (spot 3), and 10 pM  butyryl-CoA but no R hll (spot 4). BHL 

synthesis from butyryl-A C P did not require NADPH (spot 11). H ow ever. BHL synthesis 

required Rhll (spot 8 ). SA M  (spot 9) and an acyl-A C P donor (spo t 10).
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(A) BHL Synthesis Reactions

1 2 3 4 5 6

8 10 11 12

(B) HHL Synthesis Reactions

1 2 3 4 5 6

F ig u re  4 .3 . In vitro synthesis o f  butyryl hom oserine lactone (BHL) and hexanoyl 
hom oserine lactone (HHL) from  defined  substrates using  purified  Rhll. T he extracted 
reactions w ere spotted  onto C „  reverse phase TLC plates and  A H Ls were detected  by the 
C V 026 agar overlay  method (see chap ter 4.3 .6  for details). (A ) BH L synthesis reactions 
from butyryl-C oA  o r butyryl-A CP. S tandard reactions contained  in M ore bu ffe r (see chapter 
4.3.6) 100 p M  SA M , 200 p M  N A D PH , varied concentrations o f  butyryl-C oA  o r 10 pM  
butyryl-A C P and 1 p g  Rhll. Individual reactions contained: spot 1, 10 p M  butyryl-C oA  and 
no N A D PH ; spot 2 , 10 pM  butyry l-C oA  and no SAM ; spo t 3, no  butyryl-C oA ; spot 4, 10 pM  
butyryl-C oA  and no Rhll; spot S, 10 p M  butyryl-CoA ; spot 6 , SO pm oles o f  B H L  standard; 
spot 7, 500 p M  butyryl-CoA ; spot 8 , 10 p M  butyryl-A C P and no Rhll; spot 9 , 10 pM  
butyryl-A C P and no SAM; spot 10, n o  butyryl-A CP; spo t 11, 10 p M  butyryl-A C P and no 
NA DPH; spot 12, 10 pM  butyryl-A C P. (B) HHL syn thesis from  hexanoyl-C oA  o r hexanoyl- 
ACP. The reactions contained in M ore buffer 100 p M  SA M , 200 pM  N A D PH , varied 
concentrations o f  hexanoyl-C oA  o r 10 p M  hexanoyl-A C P and  1 p g  Rhll. In addition, 
individual reactions contained: spot 1, 10 p M  hexanoyl-C oA  and no NADPH; spot 2, 10 pM  
hexanoyl-C oA  and no  SAM; spot 3, no  hexanoyl-CoA ; spot 4, 10 pM  hexanoyl-C oA  and no 
Rhll; spot 5, 10 p M  hexanoyl-CoA ; spo t 6 , 500 pM  hexanoyl-C oA ; spot 7, 10 pm oles o f  
HHL standard; spot 8 , 10 p M  hexanoyl-A C P and no R h ll; spot 9, 10 pM  hexanoyl-A C P and 
no SAM ; spot 10, no  hexanoyl-ACP; spot 11, 10 p M  hexanoyl-A C P and no N A D PH ; spot 12, 
10 p M  hexanoyl-A C P.
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When provided with 10 p.M hexanoyl-A CP as a substrate, purified Rhll could 

synthesize HHL (figure 4.3B , spot 12). Again, hexanoyl-A C P was the preferred substrate 

over hexanoyl-CoA since sim ilar concentrations o f hexanoyl-CoA  did not lead to synthesis o f 

detectable HHL (spot 5), and excess (500 pM ) hexanoyl-CoA  led to synthesis of barely 

detectable levels o f  HHL (spot 6 ). No HHL synthesis was observed with 10 pM hexanoyl- 

CoA (spot 1), 10 pM  hexanoyl-CoA  and no SAM  (spot 2). no hexanoyl-CoA (spot 3), and 10 

pM  hexanoyl-CoA but no Rhll (spot 4). HHL formation required  an acyl-ACP donor (spot 

10). SAM (spot 9) and Rhll (spot 8 ), but not NADPH (spot 11).

The in vivo source for acyl-ACPs is most likely the fatty  acid biosynthetic pathw ay.

To test this notion, we set up a coupled in vitro system for synthesis o f  BHL from crotonyl- 

ACP and SAM by enoyl-A C P reductase (FabI) and Rhll (figure 4.4A). Crotonyl-ACP is 

derived by condensation o f  m alonyl-A C P with acetyl-CoA by (3-ketoacyl-ACP synthase III. 

follow ed by consecutive reduction and dehydration reactions ( 8 ). The enoyl-ACP reductase 

reaction is the last step in each cycle o f  fatty acid elongation. W hen coupled to FabI, R hll 

could synthesize BHL from crotonyl-A C P (figure 4.4B, spots 8  and 9). This reaction 

required crotonyl-A CP (spot 1). SAM (spot 2). NADH (spot 3), Rhll (spot 4) and FabI (spot 

6 ). In agreement with previous results which showed that N A D H  is a co-factor for purified 

FabI but not NADPH (12), NADH could serve as a reductant (spot 8 ) but NADPH could not 

(spot 7).

TLC and GC-M S were utilized to further confirm the identity o f the in vitro 

synthesized AHL m olecules. On C,„ reverse-phase TLC plates, the in vitro synthesized BHL 

and HHL co-m igrated with the BHL and HHL standards, respectively (figure 4.5). W hen 

com pared to BHL, HHL produced m ore intense spots since H H L is the natural AHL required 

for violacein production in C. violaceum (20). To further dem onstrate that the in vitro 

synthesized product was identical to BHL, BHL was HPLC-purified and then subjected to GC- 

MS (figure 4.6). The mass spectra obtained for synthetic BH L and BHL synthesized in vitro 

from butyryl-A CP by the action o f Rhll were indistinguishable.

While our studies neared com pletion. Parsek et al. (24) published a detailed kinetic 

analysis o f R hll, using various acyl-CoA and acyl-ACP substrates for Rhll. These authors 

quantitatively showed that Rhll had higher affinity for butyryl-A CP than hexanoyl-ACP or

133

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



(A) NADH +  H+ NAD+

c h 3-c h = c h -c -s -a c p  

]

► c h 3- c h 2-c h 2-c -s-acp

Crotonyl-ACP Butyryl-ACP |

MTA + ACP-SH

SAM

O

AMxityryl-L-homoserine lactone

(B)

F ig u re  4.4. B H L  synthesis in a  F ab l-R h ll coupled  reaction. (A) D iagram  dep icting  steps 
o f  the proposed physiological roles o f  enoy l-A C P  reductase (FabI) and R hll in B H L  
synthesis, and the  requirem ents for N A D H  and SA M . (B) BH L synthesis from  crotonyl-A C P 
via FabI and R hll. The extracted reaction products were spotted onto reverse phase C „  TLC 
plates and BH L w as detected with the C V 026  agar overlay method. The standard reaction 
contained in M ore buffer 100 pM SA M , 200 pM N A D PH  and NADH, 1 pg o f  each  R hll and 
FabI, and 20 pM crotonyl-A CP. Individual reactions contained: spot 1, no crotonyl-A C P; 
spot 2, no SAM ; spot 3, no NADH or N A D PH ; spot 4 , no R hll; spot 5, 50 pm oles o f  BHL 
standard; spot 6 , no FabI; spot 7, N A D PH  only; spot 8 , N A D H  only; spot 9, N A D H  and 
NADPH.
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other acyl-ACPs. Although the indicator strain CV026 responded to both BHL and HHL in 

our assays, the amounts o f BHL synthesized relative to HHL could not be quantitated with 

these assays since CV026 responded more intensely to HHL, which is the natural inducer for 

violacein production in C. violaceum (20), but is only a minor AHL produced by P. 

aeruginosa (24, 26).

Figure 4.5. C,g reverse-phase TLC analysis of BHL and HHL synthesis reactions. The 
extracted reaction products were spotted onto reverse phase C„ TLC plates, the plates were 
developed with 60% (v/v) methanol in water and dried. BHL and HHL were detected with the 
CV026 agar overlay method. Synthesis reactions contained in More buffer 100 pM SAM, 
and 1 pg Rhll. In addition, the reactions contained: 10 pM butyryl-ACP (lane 1); 10 pM 
butyryl-ACP and 200 pM NADPH (lane 2); 20 pM crotonyl-ACP, 200 pM NADH and 1 pg 
FabI (lane 4); 20 pM crotonyl-ACP, 200 pM NADH, 200 pM NADPH and 1 pg FabI plus 
(lane 5); 10 pM hexanoyl-ACP (lane 8); 10 pM hexanoyl-ACP plus 200 pM NADPH (lane 
9). Lane 3 contained approximately SO pmoles of BHL standard. Lanes 6 and 7 contained 
approximately 30 pmoles o f HHL standard.
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F ig u re  4.6. Identification o f  BH L by GC-M S. M ass spectra o f  the regions o f  interest 
from synthetic BHL (A) and B H L extracted from an in vitro reaction containing More buffer, 
100 p.M SAM, 20 nM  butyryl-A C P and 1 jig Rhll (B) are shown. T he m olecular ion at 171 
and the 1JC isotope peak o f  the m olecular ion at 172 are enlarged 5-fold.

In sum m ary, our results corroborate previous observations m ade by other 

investigators (4, 22, 29, 33). but contradict those o f  Jiang et al. (15) w ho reported that Rhll 

could efficiently synthesize BH L and HHL from SA M , and butyryl-C oA  and hexanoyl-CoA.
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respectively, and that NADPH was required for these reactions. Using recom binant purified 

Rhll, we not only showed that acyl-A C Ps are the acyl donors for AHLs, but a lso  demonstrated 

that w'hen coupled to FabI, Rhll was capable o f synthesizing BH L from very low  

concentrations o f  the natural acyl donor crotonyl-ACP. This is to date perhaps the most 

compelling ev idence that the source for the acyl groups found in AHLs is the fatty acid 

biosynthetic pathw ay.

4.5 C O N C L U S IO N S

(i) We have developed versatile low-copy num ber T7 prom oter-based expression vectors 

that allow  expression and purification o f His6 - and intein-C B D  tagged fusion proteins 

from E. coli K-12 hosts. T hese vectors will facilitate purification and characterization 

o f m any proteins, especially the ones that are insoluble upon overexpression. They 

will a lso  be helpful to biochem ically  characterize the m any unknown pro teins that 

have been and continue to be identified in num erous bacteria, whose genom es either 

have already been sequenced o r whose genome sequences are currently  being 

de te rm ined .

(ii) Since fo r unknow n reasons the newly constructed p lasm ids no longer replicated in E. 

coli B strain  BL21(DE3). a new  E. coli K-12 expression strain SA 1503(D E3) was 

constructed. This strain preserves the most desirable tra its o f  BL21(D E3), i.e. it does 

not produce the Lon and O m pT  proteases, but has the added advantage that due to 

lack o f  a type barrier it is transform able with higher efficiencies with D N A  isolated 

from com m only used K-12 cloning hosts, such as D H 5 a  and JM 109.

(iii) We have dem onstrated the utility o f these new expression vectors by expression and 

affinity purification o f three extrem ely insoluble proteins from  either M. tuberculosis 

or P. aeruginosa. These proteins could not be purified in their active form  utilizing 

com m ercially  available T7 expression vectors. W e purified  three His6 -tagged 

proteins, Lasl, Rhll and Rm lD, by N i:* agarose chrom atography utilizing non­

denaturing conditions and an untagged Rhll protein via a RhII-intein-C BD  fusion 

protein by chitin agarose chrom atography. All H is6 -tagged  proteins retained
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enzym atic activity after purification and they rem ained so luble  when stored in the 

presence o f  15 to 30% glyerol.

(iv) Purified Rhll protein was used to further define its role in A H L synthesis. The

enzyme could utilize butyryl-A C P and hexanoyl-A C P, but not the respective C oA  

derivatives as substrates. Low levels o f  BH L and HHL synthesis were observed w ith 

high (500 p.M), and therefore m ost likely non-physiological concentrations o f 

butyryl-CoA and hexanoyl-C oA . respectively. For BHL and  H H L synthesis. R h ll only  

required SAM  and the respective acyl-A C Ps but not N A D PH . W hen coupled to 

purified enoyl-A C P reductase, R hll was also capable o f synthesizing BH L from  

crotonoyl-A CP in the presence o f  N A D H  and SAM , further indicating that the 

bacterial fatty acid biosynthetic pathw ay provides the acyl-A C Ps that serve as the acyl 

donors for the HSL synthases. B H L synthesized by purified R hll was 

indistinguishable from  synthetic  BH L as assessed by TLC and GC-M S analyses.

(v) The expression and purification procedure described in this paper will facilitate

further studies with R hll, including efforts geared at determ ination o f its crystal 

structure. Futherm ore, since the AH Ls o f  P. aeruginosa p lay  determ inant roles in 

expression o f  num erous virulence factors (34), purified A H L synthases will facilita te  

studies aim ed at identification o f  novel anti-virulence drugs.

(vi) In contrast to all o ther previous studies that em ployed com ponents from hetero logous 

sources, our study provides the first exam ple where all o f  the protein com ponents o f  

an AHL synthesis system , i.e. ACP, Rhll. and enoyl-A CP reductase, were derived from  

the same bacterium .
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C H A P T E R  5

Characterization o f a Pseudomonas aeruginosa fatty acid biosynthetic gene cluster: 

purification of acyl carrier protein (ACP) and malonyl>CoA:ACP transacylase (FabD)

(Presented in A lecksandr J. Kutchm a. Tung T . Hoang, and H erbert P. Schw eizer. 1999. 

Journal o f Bacteriology 181: 5498-5504)

The work presented in this paper dem onstrated  that expression  o f  a functional holo- 

AC P from a recom binant plasm id was possib le. A. J. Kutchma and  I contributed equally to 

this work. I cloned the fatty acid gene c luster and performed all FabD  and A C P expression, 

characterization, and labeling  presented in th is paper. A.J. K utchm a assisted  with sequencing 

o f the fatty acid gene c lu ste r and cloning the m issing fragm ent tha t con ta ined  part of fabF  

and complete papC  genes.

5.1 ABSTRACT

A DNA fragment contain ing  the Pseudomonas aeruginosa fabD  (encod ing  m alonyl- 

coenzym e A (CoA)racyl carrie r protein (A C P) transacylase). fabG  (encoding  (3-ketoacyl-ACP 

reductase). acpP (encoding ACP). and fabF  (encoding P-ketoacyl-A C P synthase II) genes 

was cloned and sequenced. This fab  gene c lu ste r is delimited by the plsX  (encoding a poorly 

understood enzym e o f phospholip id  m etabolism ) and pabC  (encod ing  4-am ino-4- 

deoxychorism ate lyase) genes: the fabF  and pabC  genes seem  to be translationally  coupled. 

The fabH  gene (encoding P-ketoacyl-A C P synthase III), which in m ost G ram -negative 

bacteria is located betw een plsX  and fabD . is absent from this gene cluster. A chrom osomal 

tem perature-sensitive fabD  m utant was obtained  by site-directed m utagenesis that resulted in a
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W 258Q  change. A chrom osomal fabF  insertion m utant was generated and  the resulting 

m utant strain contained substantially reduced levels o f  c/s-vaccenic acid. M ultiple attempts 

aim ed at disruption o f the chrom osom al fabG  gene w ere unsuccessful. FabD  was purified as 

an oligohistidine fusion protein (H 6-FabD) and A CP in its native form via an ACP-intein- 

chitin  binding dom ain fusion protein, utilizing a novel expression and purification  scheme 

that should be applicable to ACP from  o ther bacteria. M atrix-assisted laser 

desorption/ionization spectrospcopy, native polyacrylam ide electrophoresis, and amino- 

term inal sequencing revealed that (i) m ost o f  the purified A C P was properly  m odified with its 

4 ’-phosphopantetheine functional group, (ii) it was not acylated . and (iii) the amino-terminal 

m ethionine was rem oved. In an in vitro system , purified A C P functioned as acyl acceptor and 

H6-FabD  exhibited m alonyl-CoA :A CP transacylase activity.

5.2 INTRODUCTION

Fatty acid biosynthesis (Fab) in eukaryotes is catalyzed by a  m ultienzym e com plex encoded 

by a single gene and known as the type I system . In contrast, eubacteria contain  a type II or 

d issociated Fab system , where the reactions are carried out by proteins encoded  by multiple 

genes [for a review see (6 )]. Bacterial fatty acid biosynthesis necessitates a three-carbon 

precursor, m alonyl-CoA , which is derived from  acetyl-CoA  by the action o f  acetyl-CoA 

carboxylase. The m alonyl-CoA is transferred to the acyl carrier protein (A C P) by malonyl- 

C oA :A C P acyltransferase (FabD). Fatty acid elongation involves four reactions: (i) a 

condensation reaction catalyzed by one o f  three (3-ketoacyI-ACP synthase, FabB , FabF or 

FabH; (ii) a reduction involving a N A D PH -dependent P-ketoacyl-A C P reducatase  (FabG);

(iii) a dehydration reaction catalyzed by either FabA or FabZ, P -hydroxyacy l-A C P  

dehyratases with broad, overlapping chain length specificities (15); and (iv) a second 

reduction reaction catalyzed by N A D H -dependent enoyl-A C P reductase (FabI).

In Escherichia coli (28) and other bacteria (9, 25, 38), the genes acpP .fabD , FabF, 

fabG  and fabH. encoding ACP, FabD, FabF, FabG and FabH . respectively, are contained in a 

fab  gene cluster. In Bacillus subtilis,fabH  is not part o f  the m ajor fab  gene cluster (25).
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Besides the role o f  ACP in phospholipid (6 ) and rhamnolipid (3. 27) synthesis. ACPs 

play central roles in a broad range o f other biosynthetic pathways that depend on  acyl 

transfer reactions, including polyketide (35), non-ribosom al peptide (1), and depsipeptide 

biosynthesis (31), as well as in the transacylation o f  oligosaccharides ( 8 , 1 1 ) and proteins 

(22). More recently, acyl-A C Ps derived from  the fatty acid biosynthetic pathw ay have been 

proposed to be the acyl donors for synthesis o f acylated hom oserine lactones (A H L) (26, 32. 

40). The A H Ls (or autoinducers) have received considerable attention in recent years since 

they are required for a regulatory phenom enon term ed quorum sensing ( 1 0 ). 

C haracterization o f the two known AHL producing system s of P. aeruginosa, las and rhl, has 

shown that the respective autoinducers, jV-butyryl hom oserine lactone (C..-HSL) and jV-(3- 

oxo)-dodecanoyl hom oserine lactone (3-oxo-C ,,-H SL) are required for expression  o f a 

m ultitude o f  virulence factors and secondary m etabolites (41).

We recently  began characterization o f  the unique aspects o f  the P. aeruginosa Fab 

system  (20). and in this report we describe the characterization o f the P. aeruginosa fabD- 

fabG-acpP-fabF  gene cluster, as well as the purification and characterization o f  FabD  and 

ACP.

5.3 METHODS, RESULTS, AND DISCUSSION

5.3.1 Cloning and characterization of the acpP-containing region. W hen we initiated 

these experim ents, the sequence o f only a fragm ented acpP-containing region w as available 

from the P. aeruginosa genom e database and it contained no intact acpP gene. This acpP- 

containing gene cluster was cloned into M13 which led to expression o f  toxic levels o f apo- 

ACP. Previous attempts to clone intact acpP from E. coli (42), as well as from  a num ber o f 

other bacteria (25, 36), into multi-copy plasm ids were hampered by the toxic effects of 

overexpressed apo-A C P (23). We therefore chose to reclone the chrom osom al acpP- 

containing region into the low copy-num ber pW SK  vectors [typically exhibiting only  5-8 

copies/cell (44)]. A 147-bp sequence containing a partial acpP coding sequence PCR- 

am plified from P. aeruginosa chromosomal DNA using the two prim ers A C PI and  ACP2 

(table 5.1). T hese partially degenerate prim ers were modeled after conserved am ino acid
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sequence regions found in the E. coli. Haemophilus influenzae and Vibrio harveyi ACP 

hom ologs (figure 5.2). PC R  w as performed on a P T C -100 PCR system  therm ocycler (MJ 

Research, W atertown, M A) using Taq polym erase from Qiagen (Santa C larita , CA) and 

previously described conditions (19). The PCR fragm ent was cloned in to  pG EM -T 

(Prom ega. M adison. WI) to  form  pPS831. N ucleotide sequence analysis revealed the 

presence o f a partial acpP  gene on the PCR fragm ent. This fragm ent u 'as  used as a probe to 

generate a partial restriction m ap o f  the PA O l chrom osom al acpP  reg ion , w hich revealed a 

3.4-kb EcoRV-BamHl fragm ent which was cloned into the low -copy n um ber cloning vector 

pW KS30 using previously described  strategies (17, 20), yielding p P S 840  (figure  5 .1 A).

The entire nucleotide sequence o f both strands o f  a 3 ,433-bp chrom osom al £coR V - 

BarnHl fragment was determ ined  (relevant segm ents o f  the sequence a re  show n in figure 

5 . IB). BLAST searches revealed  the presence o f  the 3 ’ end o f  plsX , com p le te  sequences o f 

fabD . fabG , acpP , and the 5 ’ end  o f  fabF  (figure 5.1 A). In order to o b ta in  the 3 ’ end o f 

fabF , a 1.1-kb BamH\-EcoR\ fragm ent from pPS840 was used as a p ro b e  to identify a ~4-kb 

£coRI-A///idIII fragm ent w'hich was cloned into pW SK 29 to generate pPS671 (figure 5.1 A).

Sequence analyses o f  p P S 6 7 1 and several subclones derived from  it established the 

entire sequence o f both strands from  the BamHl site within fabF  to the Sail site immediately 

dow nstream  of fabF  (figure 5.1 A ). The fab  gene cluster contains fa b F . acpP .fabG  and fabD, 

but not fabH. M any bacteria contain  similarly organized fab gene clusters , i.e. B. subrilis 

(25), V. harveyi (36), H. influenzae (9) and Slrepiomyces glaucascens (38) but P. aeruginosa 

provides the first exam ple o f  a  G ram -negative bacterium  where the fa b H  gene is absent from 

the acp£-contain ing  cluster: the only other know n exam ple is B. subtilis (25).

The fab  c luster is de lim ited  by pabC  and plsX  hom ologs, encod ing  4-am ino- 

deoxychorism ate lyase and a pro tein  o f unknowm function in phospholip id  synthesis, 

respectively. We recently confirm ed  that pabC  encodes P. aeruginosa am inodeoxychorism ate 

lyase (13), which is required for /?-aminobenzoic acid (PABA) synthesis, since pabC  mutants 

are PABA auxotrophs (18). U nlike £. coli. the ATG start codon o f  the P. aeruginosa pabC 

gene overlaps the TG A  stop codon o f fabF.
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T a b le  5.1. S trains, p la sm id s  and prim ers used in this s tudy

Strain, plasmid. Relevant properties Reference
or primer or origin

E. coli

BL2KDE3) E. co li B; F  ompT  rB mB‘ (XDE3) (37)

SA1503(DE3) lon-100 his-87 ompT::Kmr relAJ sp o T l thi-1 (7iDE3) (19a)

P. aeruginosa
PAOl Prototroph B. H. 

Holloway
PA0198 PAOl withfabFv.Gmr This study
PAO204 PAOl with fabD (Ts) This study

Plasmids
pEXlOOT Apr sacB*; gene replacement vector (34)
pUCGM Apr, Gmr: source of Gmr cassette (33)
pWSK29/ Apr; low-copy number cloning and T7 expression vectors (44)
pWKS30
pCYBl Apr: intein-chitin binding domain expression vector New

England
Biolabs

pET-l5b Apr: hexahistidine fusion and expression vector Novagen
pGEM-T Apr: TA-cloning vector Promega
pNam Apr; low-copy number intein-chitin binding domain 

expression vector
(19a)

pT7-7 Apr; T7 promoter expression vector (39)
pPS67I Apr; fabF* pabC* (ligation of chromosomal 4-kb EcoRI- 

H ind lll fragment between the same sites o f pWSK29)
This study

pPS681 Apr; fabD* fabG* acpP* fabF* pabC* (ligation of 3.4-kb 
B am H l-E coR V  fragment from pPS840 between the 
Bam H l and Xbal [blunt-ended] sites o f pPS671)

This study
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T ab le  5.1. S trains, p lasm ids and prim ers used  in this study  (cont.)

Strain, plasmid, 
or primer

Relevant properties Reference 
or origin

pPS831 Apr; PCR-ampIified 147-bp genomic segment from PAOl 

cloned into pGEM-T

This study

pPS840 Apr; fabD" fabG* acpF' (3.7-kb chromosomal EcoRV- 
BamHl fragment cloned between the same sites of 
pWSK29)

This study

pPS966 Apr; ligation of 1.8 kb Ndel-Pstl fragment from pPS981 
between the same sites of pT7-7

This study

pPS981 Apr, acpP*\ ligation of Ndel+Sapl digested PCR fragment 
between same sites of pCYB1

This study

pPS1096

Primer"

Apr acpP* (ligation of 735-bp Hind\\\-Xba\ fragment from 
pPS966 between same sites of pNam)

This study

ACPI ATCGAGGAGCG(A/C/T/G)GT(G/C)AAGAAGAT(A/C)
AT

ACP2 GTCGAACTCCTC(G/C)TC(A/C/T/G)AG(G/C)GCCAT
FabDl TGGATGCTCTCCACCtgGCGACCCGGGCTGT
ACP-Nde (Ndel)-

TG AAAACAAC ATatg AGC ACC ATCG AAG A ACGCGT 
T

ACP-Sap (SapI)-ATCCGGCTCTTCCGCAttgCTGGGGAGC
FabD-Nde (Nde I)-

GGG ACCT AT catATGTCTGC ATCCCTCGC ATTCGTC
FabD-Bam (BamHl)-

CCC AGG atCCCC AGTTCC AGCGC A AT CGCC

“ Primers are printed 5' to 3': lowercase letters either indicate non-matching 
oligonucleotides to form the indicated motif as underlined or introduce other non-motif 
changes indicated in lowercase letters
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F ig u re  5.1. The P. aeruginosa acpP region. A ) Maps o f  p lasm ids contain ing a fab  gene 
cluster and flanking genes. The chrom osomal inserts o f  pPS840 and pPS671 were cloned 
individually and fusion o f these two clones at the  common BamHl s ite  yielded pPS681. 
containing a continuous sequence o f  this region. Abbreviations: Ba, Bam  HI; Ec, £coR I; Ev. 
£coR V ; Hd, Hindlll; Ps, Pstl; Sa, Sail; Xb. Xbal; Xh, Xhol. The follow ing genes and their 
products were identified by nucleotide sequencing: plsX, encoding a  poorly  understood 
protein involved in phospholipid biosynthesis; fabD, m alonyl-C oA :A C P transacylase; fabG, 
(3-ketoacyl-ACP reductase; acpP, ACP; and fabF , (3-ketoacyI-ACP synthase II; pabC, 4- 
am ino-deoxychorism ate lyase and tmk, thym idylate kinase. B) Partial nucleotide sequences 
o f the P. aeruginosa plsX, fabD , fabG , acpP, fa b F  and pabC  genes. M ost o f  the sequences 
within the structural genes are om itted, as m arked by the dashes. T he com plete sequence o f 
the 3811-bp EcoRV-Sall fragm ent (indicated in A ) was deposited in G enB ank and assigned 
accession num ber U91631. The deduced am ino acid  sequences are g iven  in one-letter code 
below the nucleotide sequence and RBS denote putative ribosom e-binding sites. Numbers 
above the sequence m ark the first nucleotides o f  the initiation and last codons, respectively, 
and stop codons are m arked with asterisks. The TG  to CA nucleotide changes in fabD  that 
were introduced by site-directed  mutagenesis and resulted in a W 258Q  change and a 
FabD (Ts) phenotype are indicated above the nucleotide sequence.
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Ev pPS840 Ba

Ec
I

Ba pPS671 Hd

Ev X b/E cE c
 I

Ps Ba Sa
' ' '

Xh p P S 6 8 1 Hd

plsX fabD fabG acpP fabF pabC
nucleocides

B)

tmk

3811

EcoRV 175
GAT ATCGCTCCGGCACGCTA CTCGAGCATCTGCTGCTCTAATGTGTGACCGGGCGGTCCAGGCAGCCATC
D I A P A R  ---- L E K L L L *
• p l s x  - - >

CAACACTCAGTTTCCTGCGCCAGTCGCGGGTGGGGCGTTATCTCCGACGAGCAAAAGACCACAAGGGACCTATTC
RBS

CA f a b D t T s ! (W258Q)
286 | | 1219

AATGTCTGCATCCCTC GTTCGCTGGGTGGAG GCCCTGGCCTGAGAGAGAGAAAGGAGAGAATCCC
M S A S L --- V R W V E --- A L A *  RBS
fabD -->

1247 1985
ATGAGTCTGCAAGGT ATGTACATGAGCTGAATGTGACGTTACCTTTCTCGGGTCTGTCATAAGCGCTGTC
M S L Q G    M Y K S *
fabG - - >

X b a l /E c o R I
TAGAATTCGTTGCGGAATTGCAGCCGGGTTATTAGATAGAATTATCGAAGTGGCCGTGGGAAGGTGAGGCGTTCA

GCTTGAAAAGCAGAAAACCCTTTCTATACACTTAGCCGCAGCCCAGCTGCTCGGATTTTCCATAGGAGTGAAAAC
RBS

2186 2417
AAGGTATGAGCACCATCGAA --  GCTCCCCAGCAATAAGTAGTCGTCGGATTTTCCGACGTGGAAAAGCCGCA

M S T I E  ---  A P Q Q
acp

CAGCCTGTAAGGGCGTGCGGCTTTTCTTTAGCGCCTTACTACTCTGGTAGTCTGTCGGCGCAACCCCGTGAAATG

2544 3789 3794
AGAAAGAGGAAGTCGTAGTGTCGCGTAGACGCGTGGTCATTACTGGCATG TTCGCCGACTGATGCTGGAC

RBS M S R R R V V I T G K    F A D  * M L □
fabF --> pabC -->

Sa 11 
TGGGTCGAC 3811 

W V D
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P . a . 1 MST IE E R V K K IV AEQLGVKEEEVTNS 2 6
E . c . 1 MST IE E R V K K II GEQLGVKQEEVTNN 2 6
V . h . 1 MSN IE E R V K K II VEQLGVDEAEVKNE 2 6
H . i . 1 MS - IE E R V K K II VEQLGVKEEDVKPE 2 5

P . a  
E . c . 
V . h , 
H . i ,

P . a ,  
E . c  , 
V . h .  
H.  i  .

ACP1

2 7  ASFVEDLG.
2 7  ASFVEDLG.
2 7  ASFVDDLG.
2 6 ASFVEDLG VELV

MALEEEFE
MALEEEFD
MALEEEFE
MALEEEFD

5 2
5 2
5 2
5 2

A C P2

5 3  TE IPD EK A EK ITTV Q EA ID Y IV A PQ Q  7 8 
5 3  TEIPD EEA EK ITTV Q A A ID Y ING H Q A 7 8  
5 3  TEIPD EEA EK ITTV Q A A ID Y V N SA Q  7 7  
5 2  IEIPD EEA EK ITTV Q SA ID Y V Q N N Q  7 6

F ig u re  5.2. A lignm ents o f G ram -negative ACPs. Alignments o f  P. aeruginosa (P.a.) ACP 
with its hom ologs from  E. coli (E .c.). V. harveyi (V.h.) and H. influenzae (H .i.). Residues 
indicated in the boxed regions were used for design o f  the partially degenerate prim ers ACPI 
and A C P2, w hich w ere used to PC R -am plify a partial P. aeruginosa acpP gene. The 
consensus sequences, DSLD, for a ttachm ent o f the 4 ’-phosphopantetheine proste th ic  group 
are h ighlighted. The acpP  nucleotide sequence deposited in the P. aeruginosa genom e 
database was identical to our sequence with the exception o f a single base change. It 
contained an A at position 2412 in place o f  a G found in our sequence (see Fig. 2B) and this 
changes the Pro CC C codon to a His CA C codon.

A lthough the tw o genes are translationally coupled, it is unclear w hether both genes are co­

transcribed from  a single prom oter upstream  o f fabF. The fabF  m utant P A O l 98 (table 5.1). 

contain ing a non-polar G m ' cassette in a transcriptional orientation opposite to fa b F  and 

pabC , w as not a PABA auxotroph and we have not yet isolated m utants contain ing polar fabF  

m utations.

A fter ou r studies were com pleted, a contig appeared in the Pseudomonas G enom e 

Project database which, albeit not annotated , confirm ed our results and the gene o rder plsX- 

fabD-fabG-acpP-fabF-pabC , as well as the absence o f  fabH  from this cluster. Searches o f  

this database revealed several possible fabH  hom ologs, which are located elsew here in the 

chrom osom e and we are in the process o f  characterization o f the m ost likely fabH  hom olog.
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The deduced amino acid sequences o f fabD , fabG. acpP, and fabF  genes were 

analyzed, and. in general, the deduced amino acid sequences were most sim ilar to the 

respective E. coli homologs. The identities were 6 6 % for FabF. 65% for FabG and 56% for 

FabD. H ow ever, other bacterial Fab proteins also exhibited considerable sim ilarities to the 

deduced P. aeruginosa protein sequences.

The high degree o f primary am ino acid sequence conservation was especially  evident 

with ACP (figure 5.2). P. aeruginosa ACP was 90%  identical to E. coli ACP. 83%  identical to

H. influenzae A C P and 80% identical to  V. harveyi ACP. All ACP proteins consitsed of 

betw een 76 to 78 amino acids, and they contained the consensus sequence, D SLD . for 

attachm ent o f  the 4 ’-phosphopantetheine and a large proportion o f acidic am ino  acids. The 

calculated isoelectric point o f PA O l ACP (pH 3.8) confirm ed the acidic nature this protein.

5.3.2 Characteristics of fab  genes and their products. Several lines o f evidence indicated 

that the fabF, fabD  and fabG  genes cloned in this work encode (3-ketoacyl-ACP synthase II 

(FabF), m alonyl CoA-ACP transacylase (FabD) and 3-ketoacyl-A CP reductase (FabG), 

respectively.

The evidence for FabF includes: (/) a high degree o f sim ilarity/identity to the well 

characterized hom ologs from E. coli; (ii) translation o f  both E. coli and P. aeruginosa FabF 

coding sequences is apparently initiated at a GTG because the first Met codon found in the P. 

aeruginosa FabF  protein is not preceded by a suitable Shine-D algam o sequence and the first 

10 N H :-term inal amino acids o f the P. aeruginosa FabF protein (M SRRRVV ITG ) are 80% 

identical to the E. coli FabF protein (M SKRRVV VTG ), which has a GTG start (GenBank 

accession num ber AE000210); (iii) a P. aeruginosa fabF  m utant was constructed by deletion 

o f a 597-bp Ncol fragment from within the fabF  gene, and replacing it with a 830-bp blunt- 

ended G m '-encoding cassette from plasm id pUCGM  (33). The mutated fabF  sequence was 

returned to the PA O l chrom osome via the gene replacem ent vector pEXlOOT (34). Gas 

chrom atography-m ass spectrom etric ( 1 2 ) analysis o f  the fatty acid content in cell extracts o f 

the fabF  knockout mutant PA O l 98 (fabF::G m r) dem onstrated eight-fold reduced levels o f 

c /j-vaccenic acid when com pared to wild-type PA O l (data not shown). This com pares
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favorably with a ten-fold reduction o f  cfy-vaccenic acid levels seen in an E. coli fabF  mutant 

( 1 2 ).

The following evidence suggests that the fabD  gene encodes m alonyl C oA -A C P 

transacylase (FabD): (i) FabD is not only 56%  identical (78%  sim ilar) to its counterpart from

E. coli but contains the critical cata ly tic  dom ain, the conserved pentapeptide G H SL G . which is 

the G X SX G  signature m otif o f  serine-dependent acylhydrolases (2); (ii) characteriza tion  of 

an E. coli fabD (Ts) mutant show ed that the tem perature-sensitive (Ts) pheno type resulted 

from  a m utation that led to a W 257Q  substitution (43). W e changed a conserved  T rp25* to a 

G in residue in the P. aeruginosa FabD  protein by m utating two nucleotides (figure  5 .IB ) by 

site-specific m utagenesis using the A ltered Sites M utagenesis system (Prom ega). Prim er 

F abD l (table 5.1) introduced a double  TG to C A  m ism atch that resulted in a  W 258Q  change 

in the FabD am ino acid sequence, w hich was confirm ed by nucleotide sequence analysis. The 

return o f  the fabD(Ts) allele into the PA O l chrom osom e was achieved u tiliz ing  a previously 

described strategy (20). FabD (Ts) m utants, including PA O204, were ob tained  at a frequency 

o f  23% , dem onstrating the essentiality  o f  FabD in P. aeruginosa; and (iii) a  H 6-FabD  protein 

was overexpressed and purified (figure 5.3A), and  its oberserved m olecular w eigh t o f  -3 3 -  

kD a m atches closely that o f  the calcu lated  m olecular weight for FabD (32,442 D a) plus the 

H fi-contain ing  N H :-terminal extension (2,181 D a); and (iv) the purified FabD  protein  exhibits 

m alonyl-C oA :A C P transacylase activ ity  (see below ).

Besides the high hom ology to o ther bacterial FabG proteins, and the presence o f  the 

am ino acids o f the NADPH binding signature A X ;G X G X ,A X 6G near the N H :-term inus. other 

evidence suggests its essential ro le in the cycles o f  fatty acid elongation in P. aeruginosa.

First, despite repeated attem pts, we w ere unable to  isolate fabG  knockout m utation  indicating 

its essential nature. Second, the purified  FabG pro tein  is essential for fatty acid  elongation in a 

reconstitu ted  in vitro Fab synthesis system  (21). A  separate N A D PH -dependent P -ketoacyl- 

A C P reductase, RhlG, has recently  been described that is specifically involved in rham nolipid 

synthesis (3), although no biochem ical data supporting its presum ed function w ere presented.
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A) B) C)
1 2  3

apo-ACP-

kDa 
3 1 - '

2 1 .5 -

Malonyl-ACP-
holo-ACP- m

ACP * t  ♦ ♦
FabD ♦ + • +

Malonyl-CoA + - + +

D)  1 2 3

apo-ACP-

Malonyl-ACP-
hoio-ACP- mm «*-■■■

F ig u re  5.3. Purification o f ACP, FabD, and assay o f  FabD  activity . A) The FabD  protein 
was expressed as an hexahistidine (H6) FabD fusion protein and purified  by N i2* agarose 
affin ity  chrom atography. ACP was expressed as an A C P-intein-chitin  binding dom ain fusion 
protein w hich was adsorbed to a chitin agarose affinity colum n, from  w hich the A C P was 
eluted after self-cleavage o f the fusion protein by DTT. Three p g  o f  each protein were 
analyzed by electrophoresis on a 0.1%  SD S-10%  polyacrylam ide gel, and protein bands were 
visualized by C oom assie Blue staining. The positions o f  tw o m olecular weight m arkers, and 
their size in kilodaltons (kDa), are indicated on the left: carbonic anhydrase (31 kD a) and 
trypsin inhibitor (21.5 kDa). B) Acylation o f  A C P by H6-FabD . T he reaction m ixtures (20 
p i) contained ACP (2 pg ), H6-FabD (0.25 p g ) and 0.1 mM  m alonyl-C oA  in the indicated 
com binations. T he products were analyzed by electrophoresis on 20%  native polyacrylam ide 
gels follow ed by staining with Com m assie B lue. C ) The acylation reaction and detection was 
perform ed as described in B) but the A CP w as purified from  cultures grown under conditions 
that did not allow  for proper m odification o f  apo-A C P w ith 4 ’-phosphopantetheine (see text 
for details). Panel D) illustrates the same experim ent shown in panel B) except that the ACP 
was purified from a low -copy num ber expression construct.

5 .3 .3  Expression and purification of A C P . The ACP was overexpressed and purified 

utilizing the intein-CB D  system. An A C P-intein-chitin  binding dom ain (CDB) fusion protein 

was constructed follow ing the basic protocol provided by N ew  England Biolabs (Beverly, 

M A). Tw o PCR prim ers, ACP-Nde and A C P-Sap, were designed to introduce an Ndel site at
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the ACP initiation codon and a Sap I site im m ediately dow nstream  o f  the last codon o f acpP. 

These primers were used to am plify a -270-bp fragm ent utilizing pPS681 (table 5.1) DNA as 

the tem plate and standard PCR conditions (18). The PCR fragm ent w as cloned into pC Y B l 

DNA. This procedure y ielded  pPS981. When utilizing pPS981, various E. coli host strains, 

and different induction conditions, no detectable expression o f  A C P-intein-C B D  was 

observed, unless the lac p rom oter was replaced with the m ore pow erful T7 promoter from 

pT7-7 (39), a step that y ielded pPS966. Optim ization o f  the expression conditions using 

BL21(D E3)/pPS966 revealed  that an overnight induction and grow th at room  tem perature 

(RT) in LB medium (G ibco-B R L, Gaithersburg, M D) led to substantial overproduction o f the 

-66,000-Af,. A C P-intein-CB D  fusion protein.

For purification o f  A CP-intein-CBD from a h igh-copy num ber expression vector. 4 1 

LB-am picillin (100 pg /m l) cultures o f  BL21(D E3)/pPS966 were grow n at 37°C temperature to 

log phase (Amc,,, -1 .0 )  and gene expression was induced by addition o f  0.5 mM isopropyl-p- 

D -thiogalactopyranoside (IPT G ). The cells were shaken at room  tem perature  (RT) and 

harvested after a 9 h induction period. The cells were resuspended in 4  1 o f  fresh LB medium 

without IPTG and further incubated for 1.5 h at 37°C before they w ere harvested. During this 

recovery period, m ost o f  the apo-A C P was converted to  hoIo-A CP by ligation o f the 4 '-  

phosphopantetheine. W hen this period was om itted and the cells were harvested after a 13 h 

incubation at RT in the presence o f IPTG, -90-95%  o f the A CP preparation was apo-ACP 

which did not serve as a FabD  substrate. The cell pellet was suspended in 50 ml o f column 

buffer (20 mM Tris-H C l, pH  8.0; 500 mM NaCl; 0.1 mM EDTA; 0 .1%  Triton X100; 1 mM 

PM SF) and disrupted by French Press treatment (19,000 psi). All subsequent steps were 

perform ed at 4°C. Cell debris was removed by ultracentrifugation fo r 1 h at 260,000 x g.

The cell extract was applied  to a 10 ml bed volume o f  chitin beads (N ew  England Biolabs) in 

a 30 ml colum n and w ashed with 15 volumes o f  colum n buffer. The colum n buffer was 

exchanged with cleavage buffer (20 mM Tris-HCl. pH 8.0; 50 mM N aC l; 0.1 mM EDTA; 30 

mM DTT) and cleavage o f  the fusion protein on the colum n was achieved by overnight 

incubation. The cleaved A C P was eluted with 30 ml o f  cleavage buffer w ithout DTT and 

fractions were collected. T he A CP content o f  the fractions was analyzed by sodium dodecyl 

sulfate-polyacrylam ide gel electrophoresis (SDS-PA GE) (24) and pro tein  concentrations were
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determ ined using the Bradford dye-binding assay from  Bio Rad Laboratories w ith bovine 

serum  album in as the standard.

For purification of ACP from E. coli cells contain ing the low-copy num ber 

expression vector pPS1096, 250 ml LB -am picillin  cu ltures o f  SA 1503(D E3)/pPS1096 were 

grown at 37°C to log phase (Agoo™ -1 -0 ) and gene expression was induced by add ition  o f  0.5 

mM IPTG. The cells were shaken at R T  fo r 12 h and the A CP protein was purified as 

described above. The low-copy num ber expression vector allow ed for a sim pler induction 

schem e and yielded an ACP preparation w ith a holo-A C P content o f  -95% . T his am ount 

could not be boosted by growing the cells in the presence o f pantothenic acid. In contrast to 

expression experim ents using the h igh-copy num ber expression construct, the low -copy 

num ber expression vector did not lead to an observable cessation o f  cell growth.

SD S-PA G E analysis revealed that A C P had been purified to near hom ogeneity  (figure 

5.3A). O n this gel, A CP migrated at the position o f a 22.5-kD a protein, significantly  larger 

than its calculated m olecular weight o f  8.7 kDa. The anom olous m igration o f  P A O l A CP on 

SD S-PA G E is consistent with observations for ACPs from  o ther bacteria (25. 28, 35), and has 

been attributed to the protein's high charge to mass ratio  (w ith A C P being highly acidic: 

calculated pi 3.8), as well as its low hydrophobic am ino acid content, two factors that have a 

considerable influence on SDS binding (30). W hen the sam e ACP preparation was analyzed 

on a 0.1%  S D S -13% PAGE containing 5 M urea, a single protein band o f - 9  kD a was 

observed (data not shown), a value that closely m atches its calculated mass o f  8.7 kDa.

5.3.4 Characterization of ACP. M atrix-assisted laser desorption/ionization (M A LD I) 

m ass spectrom etric analysis (4) (perform ed at the C olorado State University M acrom olecular 

Resource Facility) o f the purified ACP fraction revealed three species with m olecular weights 

o f 8.583 Da (m inor peak), 8,934 Da (m ajor peak) and 17,844 Da (minor peak)(figure 5.4). 

These values correspond to the three A CP species com m only found in ACP preparations. 

apo-A C P (w ithout 4 ’-phosphopantetheine), holo-A CP (w ith 4 ’-phosphopantetheine) and the 

ACP dim er. ACP dimerization was an artifact o f the precipitation step used in M ALDI 

sam ple preparation as no dimers were present in our A C P preparation, as judged  by native 

PA G E (data not shown).

158

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



s - '0'o05
cviaoto
00

600

500

<2 400 c
o
°  300 ao

CM200

100

8000 10000 1600012000 14000 18000

Mass (m/z)

F ig u re  5.4. M ALD I analysis o f  purified A C P. 25 pmoles o f purified  A C P were analyzed 
by m atrix- assisted laser desorption/ionization (M ALDI) spectroscopy using tim e-of-flight 
(TO F) detection. The M A L D I/T O F trace indicate the presence o f  peaks corresponding to 
apo-A C P (8582.99), ho lo -A C P  (8934.32) and A C P dim er (17844.1: A C P,).

The data confirm  that the m ajority  o f  our recom binant ACP (the m ajor peak at 8,934 Da) 

contains the 4 '-phosphopan te theine  group required  for its activ ity , presum ably  attached to 

S er3h, and that the NH ;-term inal m ethionine o f  ACP is post-translationally  removed by an 

am inopeptidase (16). as has been observed w ith other ACPs (25, 28 . 35). The latter was 

verified by N fL-term inal am ino  acid sequence analysis o f purified P. aeruginosa ACP 

(perform ed at the Peptide Sequencing Facility a t the University o f  V ictoria, Victoria. Canada), 

w hich revealed the sequence STIEE corresponding to amino acids 2-6 deduced from the 

nucleotide sequence (figure 5 . IB ).

Native PAGE is a pow erful means for characterization o f  m odified  and unm odified 

A CP (29). It can be utilized to assess ACP d im er content and the ratio  o f  apo-ACP to holo- 

A C P-SH . Since acylation alters the S toke 's  radius o f ACP, it can a lso  be utilized to assess the
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fraction o f  acyl-ACP in ACP preparations (29). U tilizing native PAGE, we show ed that our 

ACP preparation (/) contained -9 5 %  holo-ACP versus -5 %  apo-A CP and 07) contained no 

detectable acyl-ACPs (figure 5.3B). W e do not know  whether non-acylated A C P is due to 

m asking o f  the 4 ’-phosphopantetheine prosthetic group in the A C P-intein-C B D  fusion 

protein o r due to efficient rem oval o f  acyl groups by the DTT used for c leavage o f  the fusion 

protein.

The identity o f the holo-A C P was confirm ed in a m alonyl-CoA :A CP transferase assay 

by incubation o f our ACP preparation with m alonyl-CoA  and purified FabD . For 

purification o f  FabD. a hexahistidine-FabD  (H6-FabD ) expression vector w as constructed.

The fabD  coding sequence was PCR-am plified from  PA O l genomic DN A with prim ers 

FabD -N de, creating a NdeI site at the fabD  ATG initiation codon, and FabD -B am , which 

creates a BamHl site im m ediately dow nstream  o f fabD . The PCR fragm ent was cloned into 

pET-15b (Novagen, M adison, W I) to form pPS979, which was then transform ed into 

BL21(D E3). Expression o f  H6-FabD , cell lysis and  purification o f the so lub le  fusion protein 

on a Ni:*-agarose column (Qiagen) was perform ed as previously described (14), except that 

the cells were grown in LB -am picillin medium. Purified FabD was used in acylation reactions 

(20 p.1) that contained 2 pg  ACP, 0.25 pg  FabD. 0.1 mM m alonyl-CoA in 20 mM  Tris-HCl 

(pH 7.2), 100 mM NaCl, 10% glycerol, 1 mM DTT, 2 mM EDTA, 25 mM  M g S 0 4and 0.1 

mM F e S 0 4. The mixtures were incubated at RT fo r 5 min. and products w ere analyzed by 

electrophoresis on 20% native PA G E, followed by staining with C om m assie Blue R-250, as 

previously described (29). In this assay, at least 50%  o f  the holo-ACP was converted into 

m alonyl-A CP by FabD (figure 5.3B , lane 1); conversion was not com plete since the reaction 

catalyzed by FabD is reversible. This reaction required FabD and m alonyl-C oA  since neither 

FabD alone (lane 2) nor m alonyl-C oA  alone (lane 1) led to formation o f  m alonyl-A C P after 

a 5 min incubation period. Longer incubation tim es and higher m alonyl-C oA  concentrations 

resulted in some spontaneous acylation o f  ACP by m alonyl-CoA alone. As show n in figure 

5.3C. apo-A CP did not serve as a FabD  substrate. A lthough of the -1 0 %  holo-A C P present 

about ha lf was converted to m alonyl-A CP. the A CP preparation contained -9 0 %  apo-ACP 

which did not serve as a FabD substrate. Similar results were obtained with A C P purified 

from a strain carrying a low-copy num ber ACP overproducer (figure 5.3D ).
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5.4 CONCLUSIONS

The ACP purification procedure described herein has several d istinct advantages over o ther 

purification m ethods (7, 8 ): (i) it is rapid and yields are com parable to other m ethods (15. 25. 

29). We routinely isolate in excess o f  5 m g o f  ACP from  4 1 o f  induced culture, con tain ing  

either low- or high-copy num ber expression vectors, using a single 5 to 10 ml chitin  agarose 

affinity colum n on which all the washing steps and the cleavage step  are perform ed. W e only 

know o f  one o ther m ethod that yields more A C P when expressed from an overproducer but it 

is much m ore involved both in labor, as well as in instrum entation requirem ents (15): (ii) ou r 

purification procedure yields >95% holo-A CP, w hereas other procedures relying on 

expression constructs yield mostly apo-A CP and little to alm ost no holo-ACP (7, 8 ).

A lthough apo-A CP can efficiently be converted into holo-A CP by purified holo-A C P 

synthase (8 ), this step contam inates the A C P preparation and thus additional steps are 

required to purify the holo-A CP before further use; (iii) ACP purified  by our procedure is 

not acylated and therefore does not require the deacylation steps prior to its use as holo-A C P 

in the synthesis o f  defined acyl-ACP substrates, when com pared to  ACP obtained w ith m ore 

traditional purification procedures (5); (iv) our purification m ethod is inexpensive and can  be 

perform ed in laboratories that neither have the expertise nor the equipm ent necessary for 

traditional protein purification schemes.

W e have succesfully used the P. aeruginosa ACP prepared in this m anner fo r the 

synthesis o f defined acyl-A C P substrates (19); together with purified H6-FabD and H 6-FabG , it 

functions in a reconstituted enzyme system  leading to synthesis o f  biologically active 3-oxo- 

C i;-H SL from sim ple m etabolic precursors (21).

N ucleotide sequence accession num ber. The com plete sequence o f the 3,811-bp 

EcoRV-Sall fragm ent (figure 5.1 A) was deposited in G eneBank and assigned accesssion no. 

U 91631.
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C H A P T E R  6

Characterization of Pseudomonas aeruginosa enoyl-acyl carrier protein reductase (FabI): 

a target for the antimicrobial triclosan and its role in acylated homoserine lactone

synthesis.

(Presented in Tung T. Hoang and H erbert P. Schw eizer. 1999. Journal o f Bacteriology 181: 

5 4 8 9 -5 4 9 7 )

The work presented in this article corroborated  the notion that fatty acid b iosynthetic  

enzym es are responsible for supplying the acyl m oieties for the synthesis o f  bu tyryl- 

hom oserine lactone autoinducer m olecules. It a lso  dem onstrated that the P. aeruginosa FabI 

is a target for triclosan and, unlike any o ther bacterium  looked at so far, that this bacterium  

contains at least one other enoyl-ACP reductase activity.

6 .1 A B S T R A C T

The Pseudomonas aeruginosa fabl structural gene, encoding enoy l-A C P  reductase, w as 

cloned and sequenced. Nucleotide sequence analysis revealed that fa b l  is probably the  last 

gene in a transcriptional unit that includes a gene encoding an A T P-binding protein o f  an 

ABC transporter o f  unknown function. The Fabl protein was s im ila r in size and prim ary 

sequence to o ther bacterial enoyl-acyl carrier protein  (ACP) reductases, and contained 

signature m otifs for the FA D-dependent pyrid ine nucleotide reductase  and g lucose/rib ito l 

dehydrogenase fam ilies, respectively. The chrom osom al fab l gene was disrupted and the 

resulting m utant was viable but possessed only 62%  o f  the total enoyl-A C P reductase activ ity
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found in w ild-type cell extracts. The / a 6 /-encoded enoyl-A C P reductase activ ity  was NADH- 

dependent and inhibited by triclosan; the residual activity  in the fa b l  m utant w as also NADH- 

dependent but not inhibited by triclosan. An oligohistidine-tagged F ab l protein was purified 

and characterized. Purified F ab l (i) could use NADH but not NA DPH as co-factor, (ii) used 

both crotonyl-coenzym e A and crotonyl-A CP as substrates, although it was 6 -fold more 

active with crotonyl-A CP; and (iii) was efficiently inhibited by low concentrations of 

triclosan. A Fabl Glyq5 to Val active site amino acid substitution w-as generated  by site- 

directed m utagenesis and the m utant protein w'as purified. The m utant Fabl protein retained 

normal enoyl-A C P reductase activ ity  but was highly triclosan-resistant. W hen coupled to 

Fabl, purified P. aeruginosa (V-butyryl-L-homoserine lactone (C 4-H SL) synthase, Rhll, could 

synthesize C ,-H SL from cro tonyl-A C P and S-adenosylm ethionine. T his reaction was NADH- 

dependent and inhibited by tric losan . The levels o f C ,-H S L  and A f-[3-oxo-dodecanoyl]-L- 

hom oserine lactones were reduced  50%  in a fa b l  m utant, corroborating the role o f Fabl in 

acylated hom oserine lactone synthesis in vivo.

6.2 INTRODUCTION

The im portant opportunistic pathogen  Pseudomonas aeruginosa contains a type II or 

dissociated fatty acid synthetase system , in which the individual reactions are catalyzed by 

separate proteins (22, 24). A lthough the overall organization o f the P. aeruginosa fab  genes 

is sim ilar to the one found in E. coli [for review see (9, 28)]. some potentially  significant 

differences exist. First, the P. aeruginosa fabA and fabB  genes, ecoding p-hydroxyacyl-acyl 

carrier protein (ACP) dehydratase and 3-ketoacyl-A CP synthase 1, form  an operon (22). 

whereas in E. coli these genes m ap to separate genetic loci. Second, unlike E. coli and several 

other G ram -negative bacteria, the fabH  gene, encoding P-ketoacyi-synthase III, is absent from 

the fabD-fabG-acpP-fabF  gene cluster, encoding m alony 1-coenzyme A (CoA ):A CP 

transacylase. P-ketoacyl-ACP reductase, ACP and P-ketoacyl-A C P synthase II (25). Searches 

o f  the P. aeruginosa genome database revealed several potential / a 6 //-h o m o lo g s  located 

elsew here on the genome.
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O ur current model for fatty acid biosynthesis in P. aeruginosa is shown in figure 6.1. 

Three (3-ketoacyl-ACP synthases KAS I (FabB), KAS II (FabF) and KAS III (FabH) play 

pivotal roles in fatty acid synthesis. Initiation requires m alonyi-CoA  and m alonyl-ACP. 

M aionyl-C oA  is synthesized from  acetyl-CoA via the acetyl carboxylase reaction (5). 

M alonyl-A CP is derived from  m alonyl-CoA and ACP by m alonyI-CoA:ACP transacylase 

(FabD) (24, 25). Although a P. aeruginosa fabH  hom olog has only tentatively been 

identified, the first cycle o f elongation is probably in itiated by KAS III (FabH), which 

condenses m alonyl-ACP with acetyl-CoA . Subsequent cycles are then initiated by 

condensation o f m alonyl-ACP with acyl-ACP, catalyzed by KAS I (FabB) for saturated fatty 

acids substrates and KAS II (FabF) for unsaturated fatty acid substrates. In the second step, 

the resulting 0-ketoester is reduced to a P-hydroxyacyl-A C P by a NA DPH-dependent (3- 

ketoacyl-A C P reductase (FabG). It has recently been show n that P. aeruginosa contains a 

FabG hom olog, RhIG, which presum ably functions as a NADPH-dependent P -ketoacyl-A C P 

reductase specific for rham nolipid synthesis (6 ). The third step in the cycle is either 

catalyzed by the fabA- or by fabZ-encoded p-hydroxyacyl-A C P dehydratase. The final step 

in each cycle involves conversion o f  rra/u-2-enoyl-A C P to acyl-ACP, a reaction catalyzed by 

N A D H -dependent enoyl-ACP reductase (FabI). Physiologically , FabI is an im portant 

enzyme because (/) reduction o f  enoyl-A C P derivatives is thought to regulate the ratio o f 

saturated versus unsaturated fatty acids, and coordinate fatty acid and phospholipid syntheses 

(16. 23): and (/'/') it plays a determ inant role in com pleting cycles o f fatty acid elongation 

(15). FabI belongs to the short chain alcohol dehydrogenase family and in E. coli is the 

target o f  a group o f  antibacterial com pounds, the d iazoborines (44) and triclosan (19, 33). In 

Mycobacterium tuberculosis the FabI homolog InhA is one o f the targets for the clinically 

used antim ycobacterial isoniazid (2). and genetic evidence was obtained that M. smegmatis 

InhA is a triclosan target (32). M ore recently, it has been shown that E. coli m utants resistant 

to the antiseptic  triclosan contain fa b l  mutations (33), and a subsequent study confirm ed that 

triclosan and other related com pounds indeed target FabI (19). Although P. aeruginosa 

strain P A O l is resistant to triclosan due to constitutive expression o f the mexAB-oprM  

encoded efflux pump, A(ntexAB-oprM) mutants are susceptib le to triclosan (41). The £. coli 

FabI protein has been co-crystallized with NADH and thienodiazoborine (18), or NAD* (26),
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F ig u re  6.1. Current model for fatty acid  b iosynthesis in P. aeruginosa and the proposed 
role o f  butyryi-A CP as acyl donor in A -butyryl-L -hom oserine lactone synthesis. The genes 
for all enzym es have been identified and characterized , except fabH  fo r which only a tentative 
identification has been made am ong several paralogs. A bbreviations: A C P, acyl carrier 
protein; ACP-SH. ACP with 4 ’-phosphopantetheine co-factor; C oA -SH ; coenzym e A; FabA 
(and FabZ), P-hydroxyacyl-A CP dehydratase; FabB , P-ketoacyl syn thase I; FabD; m alonyl- 
C oA rA C P transacylase; FabF, P-ketoacyl synthase II; FabG, P-ketoacyl-A C P reductase; FabH, 
P-ketoacyl synthase III; FabI; enoyl-A C P reductase; 5-M TA, 5-m ethyIthioadenosine; SAM . 
S-adenosylm ethionine; LasI, A -O -oxol-dodecanoyl hom oserine lactone synthase; R hll, N- 
butyryl hom oserine lactone synthase.
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and these studies allow ed definition o f  the enzym e active site and amino acid residues 

im portant in substrate and drug interactions.

Besides providing fatty acid interm ediates for a m ultitude o f  cellu lar constituents, i.e. 

phospholipids (9), lipid A (37), etc., the Fab  pathway has been im plicated in p rovid ing  the 

acyl groups for the acylated hom oserine lactones that are  the signalling m olecules in 

quorum -sensing (14, 35, 39, 45). In P. aeruginosa, quorum -sensing  is a m echanism  that 

regulates virulence factor gene expression (46). biofilm  form ation in vitro (10) and in natural 

settings (31), tw itching motility (13), and o th er im portant cellu lar processes. A ccord ing  to 

the current model, quorum -sensing in P. aeruginosa involves tw o separate system s. LasR -LasI 

and RhlR -R hll. These proteins are encoded by two separate, tandem ly arranged 

transcriptional units. In these two system s, the LasI and R hll proteins are hom oserine lactone 

(H SL) synthases that direct the synthesis o f  A -O -oxo) dodecanoyl-L -hom oserine lactone (3- 

o x o -C i:-HSL) and A -butyryl-L -hom oserine lactone (C 4-H SL ), respectively. A ccord ing  to the 

curren t m odel, the synthases react with acyl-A C Ps and S-adenosylm ethionine (SA M ) to form 

the cognate hom oserine lactones with concom itant release o f  5-m ethylth ioadenosine (5- 

M TA) (35, 39). For Q -H S L  synthesis, the rhll-encoded P. aeruginosa H SL synthase Rhll 

catalyzes the form ation o f C4-HSL in a reaction utilizing butyryl-A C P as the acyl donor and 

SA M  as the nucleophile in a lactonization reaction (35, 39).

In this paper we describe the characterization o f  the P. aeruginosa fa b l  gene and its 

product, show evidence for the presence o f  a t least one o ther enoyl-A C P reductase in this 

bacterium , provide biochemical evidence that FabI is a triclosan target and dem onstrate  its 

role in C.,-HSL synthesis.

6 .3  M A T E R IA L S  AND M ET H O D S

6 .3 .1  B ac te ria l s tra in s , p lasm ids, p r im e rs  an d  m edia . The relevant strains, plasm ids and 

prim ers are shown in table 6.1. LB (Luria-B ertani) m edium  (34) was routinely used as the 

rich m edium  for all bacterial strains. For grow th o f the fa b /(Ts) mutant J P 1 1 1 1  the N aCl 

concentration o f  LB m edium  was reduced to 0.05% . F o r som e experim ents. RB m edium

173

Reproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



Table 6.1. Bacterial strains, plasmids and primers

Strain, plasm id 

or prim er

D escription Reference 

o r source

E. coli
DH 5aF* [F* 08O/acZAM 15] A(lacZYA-argF)U169 recAl endAl 

hsdRI7  [rK‘ m K*] supE44 thi-1 gyrA relAI
(27 )

JP1111 H fr galE45 fabI392(Ts) relAI spoTl (44)

BL21(D E3) E. coli B: F  om pT rB‘ m B' (aD E 3) (43)

P. aeruginosa
PAOl PA O l B. H. 

Holloway

P A 0200 PA O l with A(niexAB-oprM) (41 )
PA 0234 PA O l with fablv.Gm'-FRT This study

PA 0235 PA O l with fablv.FRT This study

Plasmids

pET-15b A pr; hexahistidine fusion and expression vector Novagen

pW SK 29/30 A pr; low -copy num ber cloning  and T7 expression 

vectors

(47)

pFLP2 A pr: source o f  Flp recom binase ( 2 1 )

pPS856 A pr, Gm'; source o f G m '-FRT  cassette ( 2 1 )
pUCP21T A pr; broad-host-range clon ing  vector (42)

pEX IST c T cr; iacB -based  gene replacem ent vector ( 2 1 )

pPS922 A p'; fabF  (ligation o f a 880-bp BamH\-Hin6\\\ PC R  

fragm ent between the sam e sites o f pW SK30; fab f-
transcription driven by P,u/ ) This study
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T able 6.1. Bacterial strains, plasmids and primers (cont.)

Strain, plasm id 

or prim er

Description R eference 

o r origin

pPS925 Apr:fabl::G m r-FRT (ligation o f  a 1.053-bp blunt-ended

Sacl fragm ent from  pPS856 into the Smal site of 

pPS922)

T h is study

pPS933 A pr; sacB* fabI::Gmr-FRT  (ligation o f  a 1.95-kb

BamHl-HindlU fragm ent betw een the sam e sites o f 

pEX 18Tc)

T h is study

pPS935 A pr; H6-Fabl expression vector (PCR -am pIified 0.85-kb 

Nde\-BamH\ fragm ent cloned betw een sam e sites o f

pE T -15b) T h is study

pPS967 A pr; ia b r  (pU C P21T with BamHl-HindUl fragm ent

from pPS922; /a£ /-tran sc rip tio n  driven by P,ac) T h is study

pPS1098 A pr; H6-Fabl expression vector (PC R -am plified 0.85-kb 

Ndel-BamHl fragm ent cloned betw een sam e sites o f

pET-15b); expresses H6-Fabl m utant protein. T his study

Prim ers'’

FablU (///ndllD -G C A A G C ttG C G G A A A A C TG A G TA G C A G A

FabID (Bam H I)-A TG G atCCG CTTG A A G CG G CA TTTTTC

Fabl-N de (M tel)-G G catA TG G G A TTTC TCA CA G G A A A A C

FabI G>V CCACTCCGTCGtATTCGCTCCAG

“ P,ai„ E. coli lac operon promoter
h Prim ers are printed 5 ’ to 3’; low ercase letters e ither indicate non-m atching oligonucleotides 
to form the indicated m otif as underlined o r introduce o ther non-m otif changes indicated in 
lowercase letters

(20) was used instead o f LB. The m inim al m edium  em ployed for growth o f P. aeruginosa 

was VBM M  (40). Concentrations o f  antibiotics used in selection media were: E. coli, 

am picillin (Ap), 100 pg/m l and gentam icin (Gm ), 15 pg/m l: P. aeruginosa-, carbenicillin  (Cb), 

500 pg/m l and Gm. 200 pg/m l.
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6 .3 .2  G enera l DNA p ro ce d u re s . R outine DN A procedures were perform ed as previously 

described (21). The details underlying construction o f pPS921 were as follow s. F o r PCR 

am plification o f a fragm ent from  chrom osom al DNA, two m utagenic o ligonucleo tides were 

synthesized. The FablU  and FabID prim ers were designed to introduce a / / / / jd ll l  site 

upstream  o f fab l and a BamHl site dow nstream  o f fabl, respectively (table 6.1 and figure 

6.2). These oligonucleotides were used to  prim e synthesis from  P A O l chrom osom al DNA. 

PCR reactions were perform ed on a P T C -100 PCR system therm ocycler (M J R esearch. 

W atertow n, MA), as previously described (21, 22). The ca. 870-bp PCR fragm ent w as ligated 

to fiaw iH I+Z/m dlll-digested pW SK 30 (47) DN A to form pPS921. N ucleotide sequences were 

determ ined and analyzed as previously described  (22). M otif searches w ere perform ed using 

the online E-M otif program  provided by  S tanford University. Palo A lto, CA.

A two-step m ethod was used fo r site-directed m utagenesis for fab l. First, PC R 

reactions were set up as described above but using pPS935 DNA as the tem plate, and  DNA 

synthesis was prim ed using the T7 term inato r prim er (Novagen. M adison, W I) and a 

m utagenic primer, Fabl G >V  (table 6.1) that was designed (i) to introduce a  single G  to T 

change which leads to a G ly 95 to Val am ino  acid change and (ii) to yield a PCR product that 

would properly prim e to pPS935 DNA in a  second round o f  PCR even w hen T -tailed  by Taq 

DNA polymerase. The single 1,046-bp PC R  product was digested with BamHl+Ndel, and the 

resulting 840-bp BamH\-Nde\ fragm ent was gel-purified and ligated to BamH\+Nde\~ 

digested pET-15b DNA. The presence o f  the single G to T  change was verified by nucleotide 

sequence analysis.

6 .3 .3  D isrup tion  o f  th e  fa b l  gene. T he  fa b l  strain P A 0235 was isolated in several steps.

A plasm id-borne fa b l  m utation was constructed  by insertion o f  the a b lunt-ended 1053-bp 

G m '-FRT  cassette from pPS856 (21) into the Sm al site located within the fa b l  cod ing  

sequence. The resulting m utation was returned  to the P. aeruginosa chrom osom e after 

subcloning into the jac fi-b ased  suicide vecto r pEX 18Tc (21) to derive the fablv.Gm'-FRT  

m utant PA 0234. From P A 0234 . the unm arked fabl::FRT  m utant P A 0235  was then derived 

by in vivo excision o f  the G m  ’-FRT  cassette  w ith Flp recom binase (21). T he m utants were 

confirm ed by perform ing colony PCR (21) utilizing the FablU  and FabID  prim ers.
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F ig u re  6.2. Nucleotide sequence  o f  the P. aeruginosa / a 6 /-con tain ing  region. A) The 
fa b l  region was PCR-am plified from  P A O l genomic DNA utilizing the m utagenic 
oligonucleotides labeled FablU  and FabID . The cloned B am H I-////id III fragm ent was 
sequenced on both strands. L isted  below  the nucleotide sequence is the deduced am ino acid 
sequence o f  Fabl and the extrem e carboxy-term inal am ino acids o f  an O R F with high 
sim ilarity  to the ATP-binding p ro teins o f  ABC transporters. The FA D -dependent pyridine 
nucleotide reductase (FA D -PN R ) and glucose/ribitol dehydrogenase (G RD ) fam ily signatures 
found in the Fabl coding sequence are underlined. A m ino acids proposed to interact with 
NA D H  in the E. coli enzym e ( I )  via hydrogen bonds are p rin ted  in underlined bold-face 
letters and those residues that form  hydrophobic contacts are printed in bold-face letters. The 
single nucleotide change in troduced  by site-directed m utagenesis that changed codon 95 and 
led to expression o f a tric losan-resistan t Fabl protein is indicated above the sequence. A 
proposed consensus ribosom e-binding site (RBS) is underlined. The prim ing sites for FablU 
and FabID , and the directions o f  synthesis from the prim ers are m arked by the broken 
arrow s. Nucleotide changes incorporated  into FablU and and FabID  to generate the indicated 
BamHl and ///n d lll  sites are p rin ted  in low er case letters. A  diam ond m arks a nucleotide 
present in the P. aeruginosa genom e database sequence that was deleted  from  the PCR- 
am plified  fragm ent due to an e rro r  in FabID  prim er design. B) N ucleotide sequence o f the 
fa b l  dow nstream  region taken from  the P. aeruginosa genom e database. The last codon of 
the fa b l  coding sequence is show n and inverted arrows m ark sequences capable o f  forming a 
stable RNA stem-loop structure w ith a calculated free energy (AG) o f  -48.2 kcal/m ol.
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A)
H i n d l l l  F a b l U
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - >  N c o l

A A G C 1 1 G C G G A A A A C T G A G T  A G C A G A C A A G G A A C G G A C C  A T G G G  A T T T C T C  A C A G G A A A A C G C G C C  
K  A  E  N  ’  R B S  M G F L T G K R A  S

C T G A T C G T C G G A G T C G C C A G C A A G C T C T C C A T C G C T T C C G G C A T C G C C G C C G C C A T G C A C C G G G A A  
L I V G V A S K L S I A S G I A A A M H R E  3 1

G G C G C C G A A C T G G C C T T C A C C T A C C A G A A C G A C A A G C T C A G G G G C C G G G T G G A G G A G T T C G C C A G T  
G A E L A F T Y Q N D K L R G R V E E F A S  5 3

G G C T G G G G C T C G C G G C C G G A G C T G T G C T T C C C C T G T G A C G T G G C C G A C G A C A G C C A G A T C G A A G C G  
G W G S R P E L C F P C D V A D D S Q I E A  7 5

G T A
V
I

G T G T T C G C C G C C C T G G G C A A G C A C T G G G A C G G C C T G G A C A T C A T C G T C C A C T C C G T C G G A T T C G C T
V F A A L G K H W D G L E I I V H £ _ V g _ £ _ A  97

S a c  1 1  FAD-PNR Family
C C A G G C G A T C A G C T C G A C G G C G A C T T C A C C G C G G T G A C C A C C C G C G A G G G C T T C C G C A T C G C C C A C  

P  G  D  O  L  D G D F T A V T T R E G F R I A H  1 1 9  
Signature

G A C A T C A G C G C C T A C A G C T T C A T C G C C C T G G C C A A G G C C G G A C G G G A A A T G A T G A A G G G C C G C A A C  
D I S A Y S F I A L A K A G R E M M K G R N  1 4 1

G G C A G C C T G C T G A C C C T C T C C T A C C T G G G C G C C G A A C G G A C C A T G C C G A A C T A C A A C G T A A T G G G C  
G S L L T X . S Y L G A E R T M P N X N V M G  1 6 3

A T G G C C A A G G C C A G C C T G G A G G C C G G G G T C C G C T A C C T G G C C G G C A G C C T G G G C G C G G A A G G C A C C  
M A E A S L E A G V R Y L A G S  L G A E G T 1 8 5

S m a l
C G G G T C A A T G C G G T T T C C G C C G G G C C G A T C C G A A C G C T C G C C G C G T G C G G G A T ’C A A G A G T T T C C G C  

R V N A V S A G P J . R T L A A S G I K S  F R 2 0 7

A A A A T G C T G G C C G C C A A C G A G C G G C A G A C G C C G C T G C G G C G C A A C G T C A C C A T C G A G G A A G T C G G C
K M L A A N E R Q T £ L R R N V T Z E E V G 2 2 9

GRD Family
A A T G C C G G C G C C T T C C T C T G T T C G G A C C T G G C C A G C G G T A T C A G T G G C G A G A T C C T C T A C G T C G A T  

N A G A F L C S  D L A S G I S G E I L Y V D  2 5 1  
Signature N c o l

G G C G G C T T C A A C A C T A C C G C C A T G G G C C C G C T G G A C G A C G A C T G A T C A C C C C G C C C A T G A A A A A T G
G G F N T T A M G P L D D D *  < - - - - - - - - - - - - - - # 2 6 5

B a m H I
G C C G C T T C A A G C G G a C C C

F a b I D

B)
G A C T G A T C A C C C C G C C C A T G A A A A A T G G C C G C T T C A A G C G G C C A T T T T T C A T G G G A G G A A T A A A G A  

D  *  >  < ---------------------------------------------------

AG = - 48.2 kcal/mol
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6.3.4 Purification o f an oligohistidine-tagged Fabl fusion protein. A hexahistidine-Fabl 

(Hb-Fabl) expression vecto r was constructed by PC R -am pIifying the fa b l  coding  sequence 

from PA O l genom ic D N A  with primers Fabl-N de, creating a Nde I site at the fa b l  ATG 

initiation codon and FabID , w hich creates a BamHl site im m ediately dow nstream  o f fabl.

The PCR fragm ent was d igested  with Ndel and BamHl. and the resulting 840-bp BamHl-Ndel 

fragment ligated betw een the same restriction sites o f  pET-15b to form pPS935, which was 

then transform ed into B L 21(D E3). Expression o f  H 6-Fabl, cell lysis and purification  o f  the 

soluble fusion protein on a N i:*-agarose colum n (Q iagen) was perform ed as previously 

described (17), except that the cells were grown in LB -A p medium. The sam e procedure was 

used for purification o f  a m utant Fabl protein.

Protein concen tra tions were determ ined using the Bradford dye-b ind ing  assay (Bio 

Rad Laboratories, H ercules, CA ) and bovine serum  album in as the standard. Proteins were 

analyzed by electrophoresis on 0.1% sodium  dodecyl su lfa te -10% polyacry lam ide gel (SDS- 

PAGE) as previously described  (29). The proteins w ere visualized by quick  staining with 

Coom assie Brillant B lue R -250 (7).

6.3.5 Enoyl-ACP reductase assays. P. aeruginosa cell extracts were prepared from 

exponentially grow ing ce lls  (A ^ ,,^  -  0.8 to 1.0). C ells grow n in LB m edium  at 37°C were 

harvested by centrifugation , and suspended and w ashed  in 0.1 M sodium  phosphate  buffer 

(pH 6.5). Cell lysates w ere prepared by passing the cell suspensions three tim es through a 

French pressure cell (19 ,000  psi). Cell debris was rem oved by ultracentrifugation for 1 h at

260,000 x g and the supernatan ts were saved as cell extracts.

Enoyl-A CP reductase activity o f purified H 6-Fabl. as well as in cell extracts, was 

determined using cro tonyl-A C P as the substrate. T his was done by m easuring 

spectrophotom etrically the decrease in absorbance at 340 nm at room tem perature due to 

consumption o f  NA DH (or NA DPH) during reduction o f  crotonyl-A CP (3). In 500 pi. a 

typical assay m ixture con ta ined  0.1 M sodium phosphate, pH 7.5. 0.1 mM N A D H , and 1 pg 

o f purified H6-Fabl. T he reactions were initiated by addition o f 20 pM  cro tonyl-A C P. In 

some instances, 0.1 m M  N A D PH  was used as the reductant. For som e experim ents, enzym e 

and substrate concentrations w ere varied as indicated in the figure legends. A stock solution
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o f triclosan was p repared  in 95% ethanol and  appropriate  am ounts o f  ethanol w ere added to 

control experim ents to assess possible inhibitory  effects o f  the solvent on enzym e activities.

C rotonyl-A C P w as prepared using a previously  published  procedure (48) w ith slight 

modifications. B riefly , 20 mg of purified P. aeruginosa A C P was precipitated as previously 

described (8 ), except that the hydroxylam ine step was om itted . A fter precipitation o f  the 

protein with 10% trichloroacetic acid for 30 m in on ice, the precipitate was pelleted  in a 

microfuge, and w ashed tw ice with 0.2 M citrate  buffer (pH 4.0) and water, respectively. The 

protein was resuspended  in 0.1 M sodium  phosphate bu ffe r (pH  8.0) containing 2 (xmoles of 

DTT and reacted w ith a 10-fold m olar excess o f  crotonic anhydride (Aldrich, M ilw aukee, Wl) 

for 30 min at 4°C w ith  constant stirring. T he reaction m ixture was loaded on a PD -10 column 

(Pharm acia B iotech, U ppsala, Sweden) that had been equ ilib rated  with 0.1 M sod ium  

phosphate buffer (pH  7.5), and the cro tonyl-A C P was e lu ted  w ith 3.5 ml o f the sam e buffer. 

The crotonyl-A CP concentration was determ ined  by m easuring  the difference in the num ber 

o f  free thiol groups o f  an untreated versus a hydroxylam ine-treated  sample by the  Ellm ann 

technique (12). T he treatm ent of crotonyl-A C P (20 p.1 o f  the colum n eluate) w as perform ed 

for 5 min at room  tem peratu re  in a 1 M hydroxylam ine solu tion  in 0.1 M sodium  phosphate 

buffer (pH 7.5). F o r thiol group determ inations, hydroxylam ine-treated  or un treated  

crotonyl-A CP was reac ted  for 30 min at room  tem perature w ith 0.15 mM 5 ,5’-d ith iobis (2- 

nitrobenzoic acid )(A ldrich) in a final volum e o f  0.8 ml 0.1 M phosphate buffer (pH  7.5), and 

the absorption was m easured  at 400 nm. A ccording to th is determ ination, 80% o f  the ACP 

was acylated.

6.3.6 Determination of acyl homoserine lactone concentrations in culture fluid. AHLs 

were detected in cu ltu re  fluids of LB-grown P. aeruginosa strains as previously described 

(36), using E. coli X L lB lue/pE C P61.5  for detection o f  C j-H SL  and E. coli M G 4/pK D T17 for 

detection o f 3 -oxo-C ,;-H SL . Standard curves were prepared using synthetic H SLs to ensure 

that bioassays were a lw ays performed in the linear range.

6.3.7 Butyryl homoserine lactone assays. The in vitro C .-H S L  synthesis reactions 

contained (in 500 p.1) M ore buffer (10 mM  T ris-H C l (pH  7.4), 330 mM  NaCl. 15% glycerol,

180

R eproduced  with permission of the copyright owner. Further reproduction prohibited without permission.



0.7 mM DTT, 2 m M  EDTA, 25 mM M gSO,. 0.1 m M  F e S O j (35). 0.1 mM SAM, 0.2 mM  

NADH, 1 p.g purified H6-Rhll (details to be published elsew here), and various amounts o f  H„- 

Fabl. The reaction m ixtures were incubated at 37°C for 1 h and then extracted 3 tim es w ith 

250 p.1 ethyl acetate. The ethyl acetate extracts w ere vacuum -dried and the residue was 

suspended in 20 jil o f HPLC-grade acetonitrile (F isher Scientific. Fair Lawn, NJ). For 

detection of C..-HSL, the Chromobacterium violaceum  bioassay w as used (30). A liquots (5 

p.1) o f the extracted reactions were spotted onto a W hatm an (C lifton, NJ) C,* reverse phase thin 

layer chrom atography (TLC) plate and allowed to  air-dry. The solvent used for 

chrom atography w as 60%  methanoL/40% w ater (v /v). For detection, 2.5 ml o f an overnight 

culture o f strain C V 026 grown at room tem perature in LB m edium  was diluted into 25 ml o f 

0.3%  LB agar kept at 45°C and the agar m icture w as used to overlay  the dried TLC. A fter 

solidification o f  the  overlay, the TLC plate was incubated overnight at room  tem perature in a 

wet box. The presence o f  C .-HSL in the extracted reactions was scored by appearance o f  a 

violet spot on the TLC  plates.

6.3.8 Nucleotide sequence accession number. T he DNA sequence o f  the fab l region has 

been deposited in G enB ank under accession num ber A F 104262.

6.4 RESULTS

6.4.1 Cloning of the fa b l  gene of P. aeruginosa. At the onset o f  this project, an 

exam ination o f the incom plete Pseudomonas G enom e database release revealed two contigs 

which contained sequences that in BLAST searches showed extensive sim ilarities to £ . coli 

fab l. The amino and  carboxy terminus, respectively, were located on tw o different contigs. 

The putative fab l coding sequence was successfully am plified from  P. aeruginosa 

chrom osom al DNA by em ploying two oligonucleotide primers (FablU  and FabID; table 6.1). 

These two prim ers were designed to introduce a unique Hindlll site upstream  o f fab l and its 

putative ribosom e-binding site, and to introduce a unique BamHl site downstream  o f fab l. 

PCR am plification was very- specific and yielded a 880 bp product that was digested with 

BamHl + ///n d lll and ligated to similarly digested pW SK 30 DNA to form pPS921. This
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procedure placed fabl under transcrip tional control o f  the lac prom oter since the cloned 

fab l gene presum ably lacks its ow n prom oter. The low -copy num ber (5-8 cop ies per cell) 

cloning vector pW SK30 (47) was used to avoid potential toxicity problem s that we had 

observed during the cloning o f o ther fab  genes (25). The fab l(T s) E. coli s tra in  J P 1 111 does 

not grow  at 42°C and has a low -salt tolerance at the non-perm issive tem perature , e.g. it does 

not grow  on regular LB medium containing 0.5%  NaCl. This strain was transform ed  with 

pPS412 DNA and Apr transform ants were selected at 30°C on LB-Ap m edium . The 

transform ants were then transferred to LB-A p m edium  with and without 1 m M  IPTG , and 

incubated at 42°C. Within 24 h. only  the colonies plated on LB-Ap m edium  w ith  IPTG grew 

under these conditions indicating that the cloned fab l (/') com plem ented the tem perature- 

sensitive (Ts) and low-salt tolerance phenotype o f the E. coli fabl(Ts) m utant and (i7) does 

not contain  its own promoter since transcrip tion from  P ^  requires IPTG induction  in the lac 

repressor producing strain J P 1 111. W hen J P 1 111 was transform ed with pPS967. a multicopy 

plasm id expressing fabl from P;a<: (tab le 6 .1). com plem entation was observed in the absence 

o f  IPTG since the amounts o f  chrom osom ally  encoded lac repressor were insuffic ien t to fully 

repress fa b l transcription.

6.4.2 Sequence analysis of the fa b l  gene. Since the fab l gene sequence in the incom plete 

genom e database was contained on tw o separate contigs, we sequenced the c loned  874-bp 

//m dlll-Z fam H I fragment which contained a single open reading frame (O R F) and BLAST 

searches revealed that this protein shares significant identity to other Fabl proteins.

A lignm ents showed the greatest sim ilarities w ith Fabl proteins from E. coli and Salmonella 

typhimurium Fabl (69%identity; 81%  sim ilarity), and Haemophilus influenzae (63%  identity: 

76%  sim ilarity). This similarity also extended to Fabls from Gram -positive bacteria , 

including Bacillus subtilis (49% identity; 6 6 % sim ilarity).

Analysis o f the deduced Fabl am ino acid  sequence using the E -M otif program  

revealed a glucose/ribitol dehydrogenase fam ily signature m otif

(P ..[K R ] [DE][FILVY] [FW Y ].[A ST]). as well as a signature m otif for the FA D -

dependent pyridine nucleotide reductase fam ily (D ..[FILM V ]..[IV ]G ..P ...L ]. T he latter 

sequence includes Gly95 which is equivalent to a glycine found in position 93 o f  E. coli Fabl.
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In E.coli. G ly93 to Ser and G ly9' to A la changes, which lead to resistance  to diazoborine (4) 

and triclosan (33), respectively , map c lose  to the nucleotide b inding  site.

Exam ination o f  the latest P. aeruginosa genome database revealed  a complete fab l 

gene sequence. O ur sequence was identical to  the database sequence with the exception o f  an 

additional G residue. This discrepancy arose from a m istake in the previous contig sequence 

after which our prim er FabID  was m odeled. The fabl gene is fo llow ed  by a sequence that 

could assume a stem -loop structure (AG = -48.2 kcal/m ol) ind icative o f  Rho-independent 

transcriptional term inators (38). A nalysis o f  the fabl upstream  sequence  did not reveal any 

obvious prom oter/regulatory sequences. Instead, the fab l gene is separated  by 21 nt from 

another ORF whose gene product exhibits significant sim ilarity  to  m any bacterial ATP- 

binding proteins that are com ponents o f  ABC transporters; this O R F  is 58%  identical and 

74% sim ilar to the hypothetical E. coli A B C  transporter A T P-binding  protein YejF (GenBank 

accession num ber U 00008).

6.4.3 Disruption of the chromosomal fa b l  gene. A defined pP S 933-bom e fabl::Gm ' 

insertion was constructed  as described in table 6.1, and the deletion  w as returned to the P. 

aeruginosa chrom osom e as illustrated in figure 6.3A. A fter con jugal transfer o f the non- 

replicative pPS933 from  E. coli SM 10 into P A O l, m erodiploids w ere obtained by selecting 

G m r. From these, co lonies having undergone A1 were selected as sucrose ', Gm' and Cb'. The 

unm arked fablv.FRT m utant PA 0235  w as then derived from  P A 0 2 3 4  by Flp-catalyzed 

excision o f the G m ' m arker. During its expression in the recip ien t, Flp recom binase acted at 

the FRT sites to catalyze excision o f the G m ' element (m arked w ith  A2), leaving behind a 

short FRT-containing sequence.

Successful execution  o f the steps labeled A1 and A2 in figure  6 .3A was m onitored by 

colony PCR analysis utilizing the FablU and FabID prim ers. A s expected, the primers 

am plified a 880-bp/aZ?/-containing fragm ent from wild-type P A O l D N A  (figure 6.3C, lane 

1). In PA 0234 (lane 2) this fragm ent w as increased to 1.93 kb by insertion o f the 1.053-bp 

Gm'-FRT cassette. A fter Flp-m ediated excision o f the G m ' m arker, the PCR fragment was 

reduced to -9 7 0  bp (880 bp and one 8 6  bp F FF -con tain ing  sequence  from  pPS856)(lanes 3
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A)
sacBbla

on
oriT

fa b l' f r t  G m ^  f r t  fa b l

pPS933

PAOl wild-type chromosome
fabF1

First homologous recombination event 
selected on Gm-containing medium

Second homologous recombination event selected 
by plating on media containing 5% sucrose ♦ Gm

fa b l’ fab l

|  Rp-catalyzed excision of Gmr element

P A 0 2 3 5

B)
FablU fabl*  FabID

0 .88  kb-

oriT sacB bla

FablU  ____________ _
d  Gmr-FRT 

i FRf \ -------------------- T po r

FabID

FRT
1.93 kb-

2.

FablU FpfT FabID 
—O

0 .9 7  k b - 3. & 4.

C)
2 1 3 4

1.93 kb-

0.97 kb 
88 kb

F ig u re  6.3. A) Strategy for isolation o f an unm arked chrom osom al fa b l  m utation via 
sacB -counterselected  gene replacem ent (A l) and Flp-m ediated excision o f  the gentam icin 
resistance m arker (A2). B) Genetic organization o f  the fa b l  region in w ild-type PA O l (1.), 
the fabl::G m T-FRT  insertion m utant (2.) and the unm arked fab l m utant a fte r Flp-m ediated 
excsision o f  the Gm ' m arker (3. & 4 .). C ) PCR analysis o f  genomic D N A from  the strains 
depicted in (B). The PCR reactions were primed utilizing the prim ers F ab lU  and FabID 
(figure 6.2A ). Abbreviations: bla, P-lactam ase-encoding gene; FRT, Flp recom binase target 
sites; Gm , G m r marker; ori, pM B l origin o f replication; oriT, origin o f  transfer; sacB, 
levansucrase-encoding gene.

and 4). These events were further verified by genom ic Southern analyses u tilizing G m ' and 

fa b l  specific DNA segments as the probes (data no t shown).

6.4.4 fa b l  mutants contain reduced levels of enoyl-ACP reductase activity. The growth 

rates o f  w ild-type PAOl and the fa b l  m utant P A 0 2 3 5  were superim posable when grown in
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RB medium and o ther m edia (data not shown). Since P A 0 2 3 5  only contains a 8 6 -bp non­

polar insertion at a Sm al site that is located late in the fa b l  gene, we considered the possibility 

that this strain m ight still express a functional Fabl protein. To rule out this possibility, we 

PCR-amplified the fa b l  region from PA 0235 using the prim ers FablU  and FabID, and 

subcloned the resulting BamH\-Hind\\\ fragm ent into pW SK 30. U nder inducing conditions, 

this DNA segm ent no longer complemented the Ts and low -salt tolerance phenotypes o f  E. 

coli fabl{Ts) strain J P 1 111.

Determ ination o f  enzym e activities in cell-free extracts o f  w ild-type and m utant 

PA 0235 confirm ed the existence o f residual N A D H -dependent activity in the m utant that 

amounted to 62%  o f the total activity observed in P A O l extracts (figure 6.4). W hereas total

2> 15

0 )

Q 5
o

©
CLcn

NADH 
pH 7.5

NADH 
pH 7.5 

+
50 jiM 

Triclosan

■  PAOl fabt* 
□  PA0235 fabl

— n

NADPH NADPH 
pH 7.5 pH 6.5

F ig u re  6.4. Enoyl-A CP reductase activities in cell extracts o f  wild type PAOl and the fa b l  
mutant PA 0235. The 500  p.1 reactions contained in phosphate buffer with the indicated pH. 
0.1 mM of NADH or NA D PH , and 50 to 100 n g  o f  PA O l extract o r 300 pg  o f PA 0235  
extract for determ ination o f  NADH- or N A D PH -dependent enoyl-A C P reductase activities, 
respectively. The reactions were initiated by addition o f 13 p.M crotonyl-A CP, and the 
decrese in absorbance at 340 nm was recorded. The results show n represent the mean plus 
standard deviations o f  three experiments.
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N A D H -dependent enoyl-A C P reductase in P A O l was inhibited by the addition o f 50 pM  

triclosan, this inhibitor had no effect on the residual activity  found in PA 0235, even w hen its 

concentration w as increased to 100 pM  (data no t show n). Cell extracts from  both strains 

showed very little  N A D PH -dependent enoyl-A C P reductase activity  when assayed at pH  7.5 

or pH 6.5.

6.4.5 Purification and properties of purified Fabl. An expression vector was constructed 

and Fabl was purified  as a H6-Fabl protein. W hen transform ed into E. coli JP1111, the 

expression vec to r could  com plem ent the fab l(T s) m utation o f  this strain, indicating 

expression o f  a  functional H6-Fabl protein. T he purified  Fabl protein (figure 6.5A ) could 

utilize crotonyl-C oA  and crotonyl-A CP as substrates (figure 6.5B) although it was 5.9-fold  

m ore active w ith crotonyl-A C P as the substrate.

kOa

B

-------200
- —.-1 1 6 2 .5 -c

-6 8 '<D
2 2 -

-4 5 Q.
OJ
E 1 .5 -

-------31 X
c

1 -E
-2 1 .5 a;

o
E

0 .5 -

. . .  -1 4 .4 a .

I I Crotonyl-CoA 
CZ3 Crotonyl-ACP

Wild-type Mutant

F ig u re  6.5. (A) Polyacrylam ide gel electrohoresis o f  purified  w ild type Fabl and Fabl 
G95V m utant pro teins and (B) substrate preference and specific activities o f  w ild-type and 
m utant Fabl pro teins. (A ) The proteins were expressed  as H 6 fusion proteins and purified  by 
N i:* affinity chrom atography. One pg  o f each protein  was analyzed by electrophoresis on a 
0.1%  SD S-10%  polyacrylam ide gel (pH 9.2) and  proteins were detected by C oom assie Blue 
staining. The pro tein  standards (Bio Rad Laboratories) in the rightm ost lane w ere (top to 
bottom ) m yosin, P-galactosidase, bovine serum  album in, ovalbum in, carbonic anhydrase, 
trypsin inh ib itor and lysozym e; m olecular w eights are given in kilodaltons (kD a). (B) 
Enoyl-A CP reductase  activities were m easured using 20 pM  crotonyl-CoA or 13 pM  
crotonyl-A CP as substrates and 0.1 mM N A D H  as co-factor. The reactions contained either 1 
p g  o f w ild-type Fabl o r 1 p g  o f  mutant Fabl protein . The results shown represent the m ean 
plus standard dev iations o f  three experim ents.
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The enzym e was unable to utilize NADPH as co -facto r (not show n), w'hich m ay be a 

consequence of its purification at alkaline pH , conditions that may inactivate its N A D PH - 

dependent activity, as has been observed w ith the E. coli enzym e (3).

The enoyl-ACP reductase activity w'as inhibited by very low concentrations o f  

triclosan (figure 6 .6 ). T riclosan-resistan t E. coli strains contain changes in am ino acid 

residues that are thought to  lign the enzyme active  site (1, 33) and the m ost resistant strains 

contained  Gly,3to Val substitu tions (33). W e therefore changed the corresponding  G ly‘,? in 

the P. aeruginosa enzym e to a Val and purified  the resulting H6-tagged m utant protein.

W hen com pared to w ild-type Fabl. the m utant protein (figure 6.5A) w as slightly  less active 

when utilizing crotonyl-C oA  as the substrate and  slightly more active w hen utilizing crotonyl- 

ACP as the substrate (figure 6.5B ). The m utant enzym e was significantly  m ore resistant to 

triclosan (figure 6 .6 ).

100 -b

? 100

80 40

60

Triclosan ( nM)

W T Fabl 
M utant Fabl

20

0 1 2  3 4  5 6  7
T ric lo san  (jiM)

F ig u re  6 .6 . Inhibition o f  Fabl activity by tric losan . The reactions (500  p i) in phosphate 
buffer (pH 7.5) contained e ither 1 jag o f purified  wild-type Fabl or 1 p g  o f  m utant Fabl 
protein, 0.1 mM NADH. 13 pM  crotonyl-A C P and increasing concentrations o f  triclosan.
The insert shows the inhibition curve for the m utant Fabl protein over a w ider triclosan range; 
the first four values are identical to the ones p lo tted  in the larger graph. Each value show n 
represen ts the mean plus standard  deviations o f  three independent enzym atic  reactions.
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6.4.6 Role of Fabl in HSL synthesis in vitro and in vivo. Reduction o f  crotonyl-A C P by 

Fabl to form butyryl-A C P is the last step in the first cycle o f  fatty acid elongation  following 

condensation o f m alonyl-A C P with acetyl-CoA  (figure 6.1). T heoretically , butyryl-A CP 

generated by Fabl could serve as a  substrate for transacylation o f  Rhll, fo llow ed by a 

lactonization reaction utilizing SA M  as the substrate to form  C 4-HSL, and inhibiting Fabl or 

m utational inactivation should therefore lead to reduced levels o f  HSL production.

To test th is hypothesis, we first set up an in vitro C4-H SL synthesis system  with 

purified H6-Fabl and FL-Rhll. In this system , Rhll synthesized C 4-HSL from  crotonyl-A CP in 

the presence o f F ab l, N A D H  and SA M  (figure 6.7, lane g). U nder the sam e conditions, C4- 

HSL synthesis w as com pletely inhibited by 25 pM  triclosan (lane b) and th is inhibition was 

partially relieved by increasing concentrations o f Fabl (lane c to  f). Inhibition  o f  C4-H SL 

synthesis by triclosan could not be relieved by increasing the  R hll concentration 7-fold (lane 

h).

To confirm  the in vivo role o f  fa b l  in HSL synthesis, H SL  levels w ere m easured in 

culture fluids o f w ild-type P A O l and fa b l  mutant P A 0235 . T he fa b l m u tan t produced only 

50%  o f  the 3-oxo-C ,,-H SL and C4-H SL levels o f w ild-type P A O l (figure 6 .8 ), paralleling the 

reduction o f  Fabl enoyl-A C P reductase activity observed in th is m utant (figure  6.4).

25 25 25 25 25 0 25 ItM Triclosan
1 1 1 1 1 1 7 jig Rhll

0.1 2 4 6 10 0.1 0.1 p.g Fabl

F ig u re  6.7. In vitro synthesis o f  butyryl hom oserine lactone and inhibition  by triclosan. 
In vitro synthesis reactions containing the indicated com ponents plus 20 jiM  crotonyl-A CP,
0.1 m M  SAM  and 0 .2 mM  N A D H  were extracted w ith ethyl acetate, and portions o f  the 
concentrated residues were separated by TLC. C4-HSL in the sam ples was detected  by 
overlaying the T L C  plate with the C. violaceum indicator strain  CV026. L ane  a contained 50 
pm oles o f  synthetic C 4-H SL.
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■  PA01 fabf-  
□  PA0235 fabl

3-oxo-C-j 2 *HSL C4 -HSL

F ig u re  6 .8 . HSL levels in w ild-type and a fa b l P. aeruginosa m utant. HSLs w ere extracted 
from  overnight culture supernatants and relative levels were determ ined using E. co//-based 
C 4-H SL and 3-oxo-C ,:-H SL  bioassays. Values were determ ined in trip licate and the values 
shown represent the m eans plus standard deviations.

6 .5  D ISC U SSSIO N

6.5 .1  T h e  fa b l  gene encodes a n  enoyl-A C P reduc tase . W e have cloned and characterized 

a gene from P. aeruginosa, encoding an enoyl-A C P reductase, by PCR am plification  from 

genom ic DNA and com plem entation o f a defined E. coli fab f(Ts) m utant. Sequence analysis 

revealed that this gene m ay be transcriptionally linked to an upstream  O R F  encoding an ATP- 

binding protein o f an A B C  transporter o f  unknow n function, and the presence o f  strong 

dow nstream  Rho-independent transcriptional term inator indicated that it is probably  the last 

gene in a transcriptional unit.

Although our experim ents showed that P. aeruginosa contains several enoyl-A C P 

reductases, several lines o f  evidence strongly support the notion that the cloned gene is fabl. 

First, the deduced Fabl sequence is 69% identical to Fabl from  E. coli and S. typhimurium 

and contains the signature m otif (D ..[FILM V ]..[IV ]G ..P...L ]) for the FA D -dependent
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pyridine nucleotide reductase fam ily. Second, this m otif con ta ins the amino acid residues 

form ing the enzym e active site  that when m utationaliy altered  confer resistance to specific  

inhibitors o f Fabl enoyl-A C P reductase activity. This included G ly 95 which is equivalent to 

G ly 93 found in E. coli Fabl. In E. coli, Gly°J to Ser and G ly 93 to Ala changes led to resistance 

to diazoborine (4) and triclosan (33), respectively. In M. tuberculosis, a S er"  to A la m utation, 

w hich leads to isoniazid resistance, lies the sam e region o f  the m ycobacterial Fabl hom olog, 

InhA (11).

In E. coli, fa b l  is an essentia l gene and fa b l  knockout m utants are not viable.

How ever, mutants containing single-am ino acid substitutions can be isolated but they g row  at 

reduced rates (33) o r they contain  Ts alleles (4) that allow g row th  only at the perm issive 

tem perature. W e were able to  d isrupt the chrom osom al fa b l  gene and showed that the 

disrupted gene no longer com plem ented  an E. coli fablCTs) a lle le . This was expected since 

the insertion at a Smal site d isrup ted  am ino acid residues that form  an integral part o f  the 

enzym e active site (18, 26). S ince we could isolate a fab l insertion  mutant and since this 

m utant was not altered in its grow th  rate, we concluded that, unlike E. coli, P. aeruginosa 

m ust contain m ore than one enoy l-A C P reductase activity. T his was corroborated by the 

presence of significant levels o f  N A D H -dependent enoyl-A C P reductase activities in cell 

extracts of the. fa b l  m utant P A 0 2 3 5  (figure 6.4). Since the activity  found in the m utant 

am ounted to 62%  o f the total activ ity  found in wild-type, w e concluded that Fabl contribu tes 

a substantial part to the total enoy l-A C P reductase activity found in P. aeruginosa. This w'as 

corroborated by triclosan inhibition  studies which indicated that -2 3 %  of the total enoyl-A C P 

reductase activity in w ild-type w as inhibited by this drug, w hereas the residual activity in 

P A 0235  was triclosan-insensitive. Searches o f  the P. aeruginosa genome database revealed 

at least 18 possible paralogs exh ib iting  on average 25% identity  and 40%  sim ilarity to  Fabl. 

but none of them  contained the signature  m otifs found in F ab l proteins.

When m easured in cell ex tracts that were prepared at pH 6.5, E. coli Fabl accepted 

both NADH and NADPH as co-factors but when cell extracts w ere prepared at 7.5, only the 

NA D H -dependent enoyl-A C P reductase activity rem ained (3). However, the NA DPH- 

dependent Fabl activity am ounted  to only 14-22% of the N A D H -dependent enzym e.

A lthough we isolated our cell ex tracts at pH 6.5, the N A D PH -dependent Fabl activity in wild-
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type or mutant cell extracts was very low, even when measured at pH  6.5. and required 3 to 6  

tim es more enzyme for detection (figure 6.4). U nder these cond itions, the NADPH- 

dependent activities were 3.5%  or 10% o f  the NADH-dependent aciv ities observed with wild- 

type and mutant extracts, respectively. We do not yet know what proportion , if any, o f  this 

activity is attributable to Fabl since our purified Fabl protein does not exhibit NADPH- 

dependent enoyl-ACP reductase activity (see below ).

To assess the substrate specificity o f  Fabl. we expressed and purified  Fabl as a H„- 

fusion protein. As its E. coli counterpart, the purified Fabl protein  could  use both crotonyl- 

CoA and crotonyl-ACP as substrates, although it was much m ore active w ith crotonyl-ACP 

(figure 6.5B). The purified enzym e could no t use NADPH as co -fac to r (data not shown).

We do not yet know w hether this reflects an intrinsic property o f  the P. aeruginosa Fabl 

enzym e or whether the N A D PH -dependent activity  was lost during the purification steps that 

involve buffers with alkaline pH. We were unable to differentiate betw een these two 

possibilities since Hb fusion proteins cannot be purified at pH 6.5.

6 .5 .2  F ab l is a  tr ic lo sa n  ta rg e t. It has recently been shown that in E. coli triclosan targets 

lipid synthesis and since triclosan-resistant m utants harbor m utations in fa b l . it was concluded 

that the most likely target is enoyl-ACP reductase (33) and this was subsequently  confirmed 

using purified Fabl (19). To examine w hether P. aeruginosa Fabl is a triclosan target, we 

used the purified H„-Fabl in triclosan inhibition studies (figure 6 .6 ). The purified protein was 

efficiently inhibited by very low' concentrations o f  triclosan. show ing 50%  inhibition (IC50) 

w ith 0.2 pM triclosan. M cM urry et al. (33) and Heath et al. (18, 19) show ed that their most 

triclosan-resistant m utants contained Glygl to Val substitutions. To assess w hether changing a 

glycine residue at the equivalent position 95 in P. aeruginosa Fabl w ould lead to synthesis o f 

a triclosan resistant Fabl enzym e, we introduced a G ly95 to Val change by site-directed 

mutagenesis, and expressed and purified the m utant H„-Fabl protein. A lthough the mutant 

protein exhibited a slighly increased enoyl-A CP reductase activity (figure  6.5B), it showed an 

1C.,, o f 7 pM for triclosan and was not yet com pletely inhibited by the h ighest concentration 

(62 pM ) tested in our experim ents (figure 6 .6 . insert). While our stud ies neared completion. 

Heath et al. (18. 19) arrived at sim ilar results com paring the purified E. coli Fabl with C ly9’ to
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Ser and Gly93 to Val m utant enzymes; the triclosan IC 50 was 2 pM  for Fabl and 8  pM  for the 

G Iv93 to Ser (19) o r 10 pM  for the Gly93 to Val m utant enzym es (18). respectively. A lthough 

both proteins were purified utilizing the same expression vector and same N H .-term inal Hft 

extension. P. aeruginosa Fabl was -10-fo ld  m ore sensitive to  triclosan when com pared to the 

E. coli enzym e. Although we do not know the reason(s) for this observation, the differences 

m ay be partially due to the different enoyl-ACP reductase assays used for the inhibition 

studies. We used the natural substrate crotonyl-A CP whereas H eath et al. (18, 19) used the 

synthetic substrate rra/j5 -2 -octadecenoyl-A -cysteam ine, and the latter assay required 

substantially m ore Fabl (12 pg  versus 1 pg  in our assays). T he recent determ ination o f  the x- 

ray structure o f the E. coli FabI-NAD*-triclosan com plex confirm ed  that triclosan interacts 

with both the NAD* and the protein via hydrogen and hydrophobic bonds, form ing a stable 

ternary com plex (18, 26). M utations in the Fabl active site in terfere with the form ation o f  a 

stable FabI-NAD*-triclosan ternary com plex and thus confer resistance to the drug.

We have previously shown that P. aeruginosa strain P A O l is resistant to triclosan due 

to efflux by the tripartite M exAB-OprM  m ultidrug efflux system  but A(mexAB-oprM) 

m utants are susceptible to triclosan (41). The sam e efflux system  seem s also partially 

responsible for diazoborine resistance. Both w ild-type PA O l and fa b l  mutant P A 0235  

showed high levels o f resistance to diazoborine (the m inimal inhibitory concentration (M IC) 

in both strains was >160 pg/m l) and the MIC for diazoborine was significantly lower (80 

pg/m l) in the A(mexAB-opM) mutant PAO200.

6.5.3 Fabl participates in homoserine lactone synthesis. A ccording to the current model, 

butyryl-A CP serves as the most likely acyl donor in C4-HSL synthesis. To confirm  that Fabl 

can indeed provide butyryl-A CP for C4-HSL synthesis by R hll, we set up an in vitro synthesis 

system  containing purified Fabl. Rhll, the co-factor NADH and the substrates crotonyl-A CP 

and SAM . This reconstituted system allowed synthesis o f b io logically  active C4-HSL that co­

m igrated with synthetic C4-HSL (figure 6.7). Synthesis o f C 4-H SL was efficiently inhibited 

by triclosan. This inhibition was relieved by increasing concentrations of Fabl but not Rhll. 

indicating that Fabl is the triclosan target and not Rhll. C orroborating evidence that Fabl 

plays a central role in HSL synthesis in vivo was provided by the observation that a fa b l
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m utant produced only 50%  o f  the HSLs found in w ild-trype cells. This is the  first 

docum ented evidence that an enzym e o f  the fatty acid  biosynthetic pathw ay plays a crucial 

role in H SL synthesis and the establishm ent o f  an in vitro HSL synthesis system  will facilitate 

the search for novel antiom icrobials aim ed at in terfering with the pathw ays involved in HSL 

biosynthesis. The design and developm ent o f  new  Fabl inhibitors will form  an integral part 

o f such strategies.
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CHAPTER 7

Affinity purification of the Escherichia coli acyl-acyl carrier protein synthase: labeling of 

Pseudomonas aeruginosa acyl carrier protein and use in enzymatic synthesis of substrates

for 3-oxo-homoserine lactone synthase

(To be subm itted as a note by Sarah A. Sullivan, Tung T . H oang, and H erbert P. Schw eizer 

for publication in the journal Analytical Biochemistry)

I thank Sarah Sullivan for purifying several batches o f  acyl carrier pro tein  (A CP) and 

labeling o f  ACP. The research presented in this chapter provides a method w hich w ill allow 

labeling o f  A C P with fatty acids o f  various chain lengths, using affinity-purified acyl-A C P

synthase.

7.1 INTRODUCTION

Acyl carrier protein (ACP) preparations carrying defined acyl groups a re  im portant 

for studying various reactions in vitro (2, 8 , 9). The E. coli acyl-A C P synthase (A as) has 

com bined  2-acyl-glycero-3-phosphoethanolam ine acy ltransferase  and acyl-A C P synthase 

activities, but only the latter functions in the presence o f  A C P. free fatty acid. A TP, and M g:* 

(5 ). Therefore, the E. coli acyl-A C P synthase (Aas) offers one desirable way o f  producing 

various defined acyl-A C P m etabolic intermediates (11. 14). The Vibrio harveyi Aas has also 

been purified and utilized to label A CP with various free fatty acids, but the gene for this 

enzym e has not yet been cloned (3, 16). Aas proteins from  both organism s w ere previously 

purified  using non-recom binant m ethods but the protocols, involving several steps, are quite 

laborious (3. 13). In this com m unication we dem onstrate the overexpression o f  the E. coli
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aas gene as an N H .-term inal hexahistid ine tagged fusion protein (H 6 -A as). The recom binant 

protein can be easily purified in one step via Ni'*-NTA agarose (Q iagen. Santa C larita. CA ) 

colum n chrom atography. H exahistidine tagging offers the added advantage that H6-A as can 

easily be rem oved from  the acyl-A C Ps and other reaction com ponents by passage through 

the same affinity colum n. Purified Aas has been used to successfully  label ACP with 

hexanoic acid (C6), octanoic acid (C g), decanoic acid (C,0) and dodecanoic  acid (C 12). A  large 

scale decanoic acid labeling o f the P. aeruginosa ACP was perform ed and the resulting 

decanoyl-A CP was dem onstrated to be readily  converted into JV -(3-oxo-dodecanoyl)-L- 

hom oserine lactone (3 -oxo-C i:-H SL ). u tilizing coupled reactions o f  three purified P. 

aeruginosa enzym es, namely m alonyl-C oA rA C P transacylase (FabD ), P-ketoacyl-A C P 

synthase I (FabB), and  3-oxo-C i:-H SL  synthase (LasI).

7.2 METHODS, RESULTS, AND DISCUSSION

To facilitate purification o f  A C P m ainly in its active form  (hoIo-ACP), we previously 

described two m ethods for its overexpression via an intein-chitin binding domain fusion 

protein (6 ). The first m ethod involved regrow ing ACP-expressing cells in fresh LB m edium , 

and the second m ethod involved expression  from a low copy num ber plasm id. Both m ethods 

reduced the percentage o f  apo-A C P that is co-purified with the holo-A C P to -5-10%  (figure 

7.2B). To achieve A C P preparations containing almost exclusively holo-A CP, routine P. 

aeruginosa ACP purification in o u r laboratory is now achieved by coexpression o f  acpP  

(encoding ACP) w ith cloned E. coli acpS  (encoding holo-acyl ca rrie r  protein synthase; figure 

7.1). To this end, the AcpS expressing pP S l 118 was constructed by subcloning the acpS  

gene on a 470 bp Ase\-H ind\\\ fragm ent from pDPJ (7) into pA C Y C 184 (1) cut with the 

sam e restriction enzym es. Purification o f  ACP in the presence o f  AcpS was done as 

previously described (6 ), except that expression strains were grow n in LB medium with 

am picillin (Ap; 100 p.g/ml) and chloram phenicol (Cm; 25 pg /m l) to m aintain both the acpP  

and acpS containing plasm ids. As evident from  figure 7.2B, there w as no more detectable 

apo-A CP in ACP preparations obtained from an strain coexpressing AcpS.
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F ig u re  7.1. Post-translational modification and labeling o f  ACP. S ince ACP does not 
contain a cysteine to serve as acyl carrier, ACP is post-translationally m odified by acyl carrier 
protein synthase (AcpS) at the serine residue in the DSLD m otif (see figure 5.2), utilizing the 
phosphopantetheine prosthetic  group derived from Coenzyme A (CoA ). This reaction can be 
achieved in vivo (figure 7.2B) or in vitro (7 ). Acylation o f A CP via form ation o f a thioester 
bond is achieved in the presence o f ATP by a cytoplasmic m em brane protein, acyl-ACP 
synthase (Aas). A bbreviations: AMP. adenosine m onophosphate; ATP, adenosine 
triphosphate; PP., pyrophosphate.
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A H„-Aas expression vector was constructed as follows. The E. coli aas gene was PCR 

am plified from genom ic D N A . using two prim ers (aas-Bam H I. 5 ' -CTT G G A T C C C LT1 1 CG 

A C CA CA A CG A A G  [a unique BamWl site is underlined] and aas-N del. 5~-GTTC A TA TG C T  

T T F l'A G C l 1 T lC G A A A  [a unique Ndel s ite  is underlined] u tilizing previously described 

conditions (4). The 2.2 kb PCR fragment w as gel-purified, digested w ith Ndel + BamHl and 

cloned between the same sites o f  pViet (4). A fter characterization by restriction enzym e 

m apping one clone. pPS1103, was retained and  transform ed into the E. coli expression strain 

SA 1503(D E3)(4). G row th o f this strain in LB m edium  follow ed by induction with isopropvl- 

P-D -thiogalactopyranoside (IPTG ) revealed the expression o f  the approx im ately  80 kD a H6- 

Aas protein (figure 7.2A). Large scale purification o f  H6-Aas was done by diluting an 

overnight culture grown at 37°C in LB with A p (100 pg/m l) and Cm  (25 pg /m l) 1:200 into 3 1 

o f  the sam e medium. The cells were then grow n at 37“C to an o f  -0 .7  and induced

with 1 mM IPTG for 12 h at room tem perature. Since Triton X -100 has been shown to 

facilitate solubilization o f  Aas (12), the harvested cells were resuspended in 50 ml o f  metal 

chelation affinity chrom atography buffer with triton  (M CACT) [2% T riton  X-100. 20 mM 

T ris-H C l, 0.5 M NaCl, 0.5 mM phenylm ethylsulfonyl fluoride (PM SF), pH  7.9], A French 

press was used to lyse the cells with three passes a t 19,000 psi. The lysate w as clarified by 

ultracentrifugation at 100.000 x g for 30 min at 4°C, before addition o f  100 units o f  D N asel 

(G ibco-BR L, G aithersburg. M D) and incubation on ice for 20 min to reduce viscosity. A 

portion (25 ml) o f the clarified lysate was passed through Ni‘~-NTA agarose (Q iagen, Santa 

C larita, CA)(1 ml bed volum e) in a 2 ml Talon disposable colum n (C lontech  Laboratories, 

Palo A lto, CA), which had been preequilibrated with 5 ml o f  M CA CT. Five ml o f  M CA CT 

contain ing  10 mM im idazole were passed through the column after app lication  o f  the first 25 

ml o f clarified lysate to rem ove non-specifically bound proteins. A fter passing through the 

last 25 ml o f clarified lysate, the column was w ashed with 10 ml o f M C A C T. followed by at 

least 100 ml o f M CA CT containing 50 mM im idazole. H„-Aas was then eluted with 3 ml o f 

M CA CG  buffer [20 mM Tris-H C l. 0.5 M NaCl, 0.5 mM PM SF, pH 7.9. 15% glycerol] 

contain ing 200 mM im idazole and small aliquots (200 pi) were frozen at -70°C. Figure 7.2A 

show s a SD S-PAG E analysis o f a 3 pi aliquot o f  the purified Aas taken d irectly  from the 3 ml
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F ig u re  7.2. Purification and functional analyses o f  Aas. (A) Sod ium  dodecyl sulfate 
polyacrylam ide gel electrophoretic  (SDS-PAGE) analysis o f  cell ex tracts  derived from 
uninduced (-IPTG ) and induced (+ I mM IPTG) cells, as well as purified  A as. The 10% 
SD S-PAG E was stained w ith C oom assie blue. The sizes o f  broad-range protein  markers (M) 
from Bio-Rad (H ercules, CA ) are indicated in kDa (top to bottom : m yosin , (3-galactosidase, 
phosphorylase b, bovine serum  album in, ovalbum in, carbonic  anhydrase, trypsin  inhibitor, 
iysozym e, aprotinin). (B) Native PA GE analysis o f  unlabeled (-C I0) and decanoic acid 
labeled (+C 10) ACP. T he various A C P preparations w ere incubated w ith  purified  Aas as 
described in the text, excep t the unlabeled reactions contained  no C 10. T he gel was stained 
with Coom assie blue. (C ) Native PAGE analysis o f  unlabeled A C P (-FA ; no fatty acids) and 
ACP labeled with fatty acids o f  various chain lengths: C 6, hexanoic acid ; C 8, octanoic acid;
C 10, decanoic acid; C 12, dodecanoic acid. The m ethods used for analyses o f  proteins for SDS- 
PAGE and native PA G E and Com m assie blue staining w ere previously  described  (4, 12).
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eluate from N r '-N T A  agarose column. Total yield was 0.35 mg o f  protein  per liter induced 

culture.

Figure 7.2B show s the results o f  a labeling experiment utilizing purified  Aas. In 30 

pi total volume, 10 p g  A C P from various A C P preparations was incubated w ith 0.5 pg  o f Aas. 

and 0.5 mM decanoic acid in buffer (10 m M  M gCI:. 1 mM dithiothreitol, 10 mM  ATP, and 

100 mM Tris-HCl, pH 8.0) for 18 h at 37°C. Purified H6-Aas converted  all o f  the holo-ACP 

present in the various A C P preparations to C 10-ACP but as expected did not act on apo-ACP.

To assess chain  length specificities, we also labeled ACP with various o ther fatty acids 

using the same conditions as described above. From the results show n in figure 7.2C, it is 

evident that purified Aas efficiently labeled A CP with all the fatty acid substrates tested in this 

experiment - i.e. fatty  acids with chain lengths o f  six to twelve carbons. A lthough high salt 

concentrations (0.4 M LiCI or NaCl) and Triton X-100 were shown to enhance the activity of 

E. coli Aas (12). these agents were not required  in our hands, and they w ere also not required 

for ACP labeling using V. harveyi Aas (15).

To show that ou r acyl-labeled ACP was functional, we coupled three enzym es in an 

attempts to synthesize 3 -oxo-C i;-HSL from  decanoyl-A CP as d iagram m ed in figure 7.3A. 

Decanoyl-ACP was synthesized on a large scale by labeling -1 0  mg o f ho lo-A C P with Aas in 

the presence o f 2 m M  decanoic acid as described above. Typically, the am ount o f  Aas 

obtained from a 3 1 culture (-1  mg) was enough to label 20-30 mg o f  A C P. The three 

enzyme coupled reactions were performed in a 500 p i mixture contain ing 20 mM Tris-HCl 

(pH 7.5), 200 pM  S-adenosylm ethionine (SA M ), 100 pM  m alonyl-CoA , - 5 0  p g  o f  decanoyl 

ACP (C lirACP). and 1 p g  o f  each FabD, FabB and Lasl. The reaction m ixtures were carried 

out at 37”C for 30 m in and extracted three tim es with 250 p i o f ethyl acetate. The ethyl 

acetate fractions w ere dried by rotary vacuum  evaporation. The residues were resuspended in 

30 pi of ethyl acetate and 10 pi aliquots were spotted on a C 18 reverse phase thin layer 

chrom atography (TLC ) plate as previously described (3). 3-oxo-H SL contain ing  fractions 

were detected by overlaying the dried TLC plate with the Agrobacterium tumefaciens 

detection strain N T L4(pZ LR 4) in the presence o f 5-brom o-4-chloro-3-indolyI P- 

galactopyranoside (X gal), as previously described (10, 15), and the results are shown in figure
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F ig u re  7.3. (A) Synthesis o f  3-oxo-Ci2-HSL from  C I0-A CP in FabD , FabB and LasI
coupled reactions. A ccording to  this m odel, FabD  (m alonyl-C oA :A C P transacylase) transfers 
the activated malonyl group to  A C P, which is then utilized in a  condensation  reaction with 
decanoyl-A C P (C 10-ACP), catalyzed  by FabB (0-ketoacyl-A C P syn thase  I), to form 3-oxo- 
dodecanoyl-A C P (3 -oxo-C ,,-A C P). LasI (3 -oxo-C ,,-H S L  synthase) then catalyzes the 
cyclization o f  the lactone ring from  5-adenosylm ethionine (SAM ) an d  transfer o f 3-oxo-C,-, 
to produce 3-oxo-C 12-H SL and 5 ’-m ethylth ioadenosine (M TA). (B ) D etection o f HSLs. 
A fter the extracted reactions m ixtures were spotted on a  C Ig reverse phase TLC  plate, it was 
overlaid with a A. tumefaciens HSL detection strain in the presence o f  40 pg/m l Xgal to detect 
reactions that contained active HSLs. The reactions m ixtures analyzed  contained all reaction 
com ponents (All) o r were m issing individual com ponents. Synthetic 3 -oxo-C I2-HSL was 
included as a standard (Std). (C ) C I8  reverse phase TLC  analysis o f  H S L  containing fractions. 
Selected reaction m ixtures from  the experim ent (B ) w ere spotted on a  TLC  plate, the plate 
was developed with 60% m ethanol in water and H SLs were detected w ith  an A. tumefaciens 
detection strain. A lthough not visible in this picture, there was a fa in t spot on the original 
TLC  plate in the 3-oxo-C 12-H SL  position for the reaction containing no FabD. A. 
tumefaciens 3-oxo-Cg-H SL extracted  from N T l/pT iC 58A acc/f (10, 17) and synthetic 3-oxo- 
C ,,-H S L  standard (Std) were a lso  applied as controls.
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7.3B. The results show that the C„,-acyI ACP substrate is convened into biologically active 3- 

oxo-HSL via the com bined actions o f FabD, FabB and LasI. W hen m alonyl-CoA . C U)-ACP. 

and FabB were individually excluded, no HSLs were detected, indicating that LasI cannot 

utilize C ,0 -A CP. Essential com ponents for HSL synthesis (SAM and LasI) were also required. 

W hen FabD  was excluded, som e HSL was detected since some spontaneous transacylation o f  

m alonyl groups from m alonyl-CoA  to ACP occurs in the absence o f  FabD (unpublished 

data) (5). A m inute am ount o f  HSL was also detected in the absence o f  FabB but only if the 

reaction w as carried out for a longer period (2 h at 37°C). due to spontaneous condensation 

o f  m alonyi-A C P and C I0-A CP at very' low rates (data not shown). T o  confirm  the identity o f 

3-oxo-C ,,-H SL , we separated HSL positive reaction m ixtures by C lg reverse phase TLC in 

60% m ethanol in w ater (v/v). and detected HSLs by overlaying the dried  TLC  plate with the 

N TL4/pZLR 4 A. tumefaciens indicator strain in the presence o f X G al. The results shown in 

figure 7.3C  dem onstrate that 3 -oxo-C p -HSL was indeed synthesized in the three enzyme 

coupled reactions.

7.3 CONCLUSIONS

W e overexpressed and purified the E. coli acyl-A C P synthase (Aas) by affinity 

chrom atography after histidine tagging the protein, and dem onstrated its function for 

saturated fatty  acids containing six to twelve carbons. T he broad substrate  specificity for E. 

coli Aas. including unsaturated (cis and trans) and saturated (Cg to C lg) fatty acids, has 

previously been dem onstrated (11. 14). We utilized the purified A as to achieve large scale 

labeling o f  holo-A C P with decanoic acid. To dem onstrate its activity, the labeled C 1(I-ACP 

w as used in a three enzym e coupled reaction and show n to be converted  into biologically 

active 3 -o x o -C I2 -HSL. This is the first example o f in vitro enzym atic synthesis o f a 3-oxo- 

acyl-A CP substrate required for studies o f 3-oxo-H SL synthases. A lthough this was not 

necessary' in the studies presented herein, the H6-Aas can be easily rem oved from reaction 

m ixtures by passage through a N i:'-N TA  agarose colum n or m icrocon 30 m icroconcentrators 

(Am icon. Beverly. M A). Subsequent passage o f the N i:* column eluate  through a desalting
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column (e.g. a PD -10 column from  Pharmacia Biotech. Uppsala. Sweden) allow s removal o f 

other com ponents (fatty acids. Mg'*. DTT. AMP, and A TP) o f the labeling reactions from the 

acyl-ACP preparations. The ease o f  purification and rem oval o f Aas after labeling will 

greatly facilitate synthesis o f various acyl-ACP substrates required for studies on the 

biosyntheses o f  fatty acids and acylated homoserine lactones, and other acyl-A C P requiring 

reactions.
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CHAPTER 8

In vitro synthesis of A’-(3-oxo)-dodecanoyl-L-homoserine lactones from simple metabolic 

precursors using purified Pseudomonas aeruginosa Fab proteins and LasI

(part o f a m anuscrip t in preparation by Tung T. H oang and H erbert P. Schweizer)

I acknow ledge the assistance o f  A lecksandr J. Kutchma in PC R  am plification and 

cloning o f  fabG  into pET-15b.

8.1 ABSTRACT

Cell-to-cell com m unication in P. aeruginosa is m ediated by m ainly two diffusible 

autoinducers, A -butyryl-L -hom oserine lactone (C .-H SL) and yV-[3-oxododecanoyl]-L- 

hom oserine lactone (3-oxo-C ,:-H SL). C4-H SL and 3-oxo-C i;-HSL are produced by the rhll- 

and /a 5 /-encoded  autoinducer synthases Rhll and LasI. respectively, using S- 

adenosylm ethionine (SAM ) and a source for the acyl side chains, e ither acylated acyl carrier 

proteins (acyl-A C Ps) from the fatty acid biosynthetic (Fab) pathw ay or acyl-coenzym e A 

(acyl-CoA) m olecules. However, it w-as hitherto unclear whether the Fab pathw ay was indeed a 

source o f  the acyl groups and w hether it was sufficient to provide even the 3-oxo-acyl chains 

found in som e HSLs. W e used an in vitro system  to assess the role o f  the Fab pathway in 3- 

oxo-C ,;-H SL  synthesis. Expression vectors were constructed and seven putative P. aeruginosa 

enzymes constitu ting the Fab cycle were purified as hexahistidine fusion proteins. In a 

reaction m ixture containing ACP. acetyi-CoA . m alonyl-CoA, SAM . N A D H , NADPH. and the 

seven purified Fab proteins. LasI w as able to synthesize biologically active 3-oxo-C,;-HSL. 

This reaction was inhibited by known Fab inhibitors. Om ission o f individual
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com ponents from the reactions allow ed establishm ent o f  the m inim al num ber o f  constituents 

required for a functional HSL biosynthetic pathway. Variations o f  enzym es and substrates of 

the Fab pathw ay provided evidence that this pathway can provide acyl chains for the 

syntheses o f  3-oxo-C„-HSL. 3-oxo-C„-HSL. 3-oxo-C 10-HSL. and 3 -oxo-C ,r-HSL by LasI. 

These results provide (i) the first d irect evidence that the Fab pathw ay is sufficient for 

synthesis o f  even the substituted acyl side chains found in the H SLs via acyl-A CP from 

cellu lar m etabolites and (ii) that LasI is sufficient for synthesis o f  shorter-chain  3-oxo-acyl- 

HSLs.

8.2 INTRODUCTION

The expression o f  m any extracellular P. aeruginosa virulence factors is regulated in a 

controlled, cell-density-dependent m anner by a process called cell-to -cell com m unication 

(20, 22, 23). This process is m ediated by the two Pseudomonas autoinducers (PAIs), (V-[3- 

o x o -C ,:]-L-hom oserine lactone (3 -oxo -C ,:-HSL) and yV-butyryl-L-hom oserine lactone (C 4- 

HSL), and at least 3-oxo-C ,,-H SL is required for biofilm m aturation (3). A lthough PAI 

production and action has been studied in considerable detail at the genetic level, little is 

known about the biochemical pathw ays involved in PAI synthesis. It is now  believed that the 

respective autoinducer synthases catalyze AI formation from acylated-acyl carrier proteins 

(acyl-A C Ps) and S-adenosylm ethionine (SAM ) (18, 19, 28). H ow ever, even though several 

studies have postulated an involvem ent o f  the fatty acid b iosynthetic (Fab) pathw ay by 

providing acyl-A C P as the acyl donor in heterologous in vitro reactions (18, 19, 28), no direct 

involvem ent o f  any o f the Fab enzym es has yet been dem onstrated. In addition, these studies 

were perform ed using protein com ponents from heterologous sources (18).

A ccording to the current m odel, the homoserine lactone m oieties o f  the AIs are 

derived from  SAM  and their acyl m oieties from  the cellular acyl-A C P pool (figure 8.1 A). 

This model predicts that the HSL synthases (LasI for 3-oxo-C ,:-H SL  and Rhll for C 4-H SL ) 

are sufficient for catalysis of the acyl transfer and lactonization reactions, and a reaction 

m echanism  has been proposed (18, 19) (see figure 1.5). W e have previously  obtained
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evidence that the Fab pathw ay plays an im portant role in HSL synthesis since (i) Fabl. when 

coupled to R hll. was capable o f  synthesis o f  C 4-H SL from the Fab in term ediate  crotonyl-A CP. 

and that this reaction was inhibited by the Fabl inhibitor triclosan (7, 8 ). and (ii) fab l m utants 

were greatly impaired in PAI synthesis ( 8 ).

W e have also been interested in estab lish ing  the P. aeruginosa Fab pathway since it 

offers diverse sites for inhibition by various antim icrobial agents, includ ing  triclosan (14, 17) 

and thiolactom ycin (4, 5. 11), and it is involved in diverse essential ce llu la r pathways, 

including lipid A synthesis, phospholipid synthesis, lipoprotein synthesis, and the synthesis o f  

protein-bound biotin and lipoic acid ( 2 ).

Since the Fab pathw ay is essential, conventional mutant analysis cannot be used to 

address its importance in HSL synthesis. T o  circum vent this problem , we purified the 

proteins im plicated in synthesis o f  acyl-A C Ps from  sim ple m etabolic p recursors as 

hexahistid ine (H6) fusion proteins (figure 8.1) w ith the aim  o f em ploying them  in an in vitro 

Fab synthesis system. These included FabA  (longer chain-specific P -hydroxyacy l-A C P  

dehydratase), FabB (P-ketoacyl-A CP synthase I), FabD (m alonyl-CoA : A C P transacylase), 

FabG . (N A D PH -dependent P-ketoacyl-A C P reductase). FabH. (P -ketoacyl-A C P synthase III), 

Fabl (N A D H -dependent enoyl-A C P reductase), and FabZ (shorter chain-specific  P- 

hydroxyacyl-A C P dehydratase). In addition , unm odified P. aeruginosa A C P was purified 

via an A C P-intein fusion protein (13) and LasI was purified as a H„ fusion  protein (7) (see 

a lso chapters 4 and 7).

U tilizing the purified enzym es, we dem onstrated (i) that the Fab  pathw ay, when 

coupled to LasI, is sufficient for 3 -oxo-C l=-H SL synthesis from sim ple m etabolic precursors, 

(ii) Fab com ponents that are essential for H SL synthesis, (iii) provide ev idence that Fab 

inhibitors may be effective inhibitors o f  H SL  synthesis, and (iv) show  that o ther 3-oxo-acyl- 

HSLs observed in P. aeruginosa culture supernatant can be synthesized via LasI with all acyl 

chains being derived from the Fab pathw ay.
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8.3 MATERIALS AND METHODS

8.3.1 Strains and reagents

The following strains were used in this study: E. coli strains D H 5a (15). BL21(DE3) 

(Novagen, M adison. W I); the w ild-type P. aeruginosa strain  PA O l (10): and the mutant P. 

aeruginosa strains PA 0191 (fabA) (9). PA 0192 (fabB) and PAO204 (fabDCTs)) (9. 12); 

Agrobacterium tumefaciens strains NTL4/pZLR4 (24) and N T l/pT iC 58A acc/?  (29); Erwinia 

carotovora strain EC 14 (25). Unless otherwise indicated, bacterial strains w ere grown in LB 

m edium  (Difco, Detroit, MI) which was supplemented w ith 100 pg/m l am picillin  (Ap; Sigma. 

St. Louis, M O) w here appropriate.

8.3.2 Construction of expression vectors and purification of Fab proteins. The genes for 

the individual enzym es were am plified from PA O l genom ic DNA essentially  as previously 

described for FabD , Fabl and LasI (7, 8 ). Primers (table 8.1) created novel restriction sites 

for Ndel at the N H .-term inal m ethionine and BamHl (o r Bglll for fa b C ) dow nstream  of the 

stop codon. PCR was perform ed with Taq polymerase, the fragm ents w ere purified, digested 

w ith BamHl+Ndel (or Bglll+Ndel) and then ligated into BamHl- and M /e l-d igested  pET15-b 

(N ovagen, M adison, W I). The am plified fabA and fabB  genes were first cloned into the TA- 

cloning vector pG E M -T (Prom ega, M adison, WI) before subcioning on an BamHl+Ndel 

fragm ent into pET-15b. These procedures yielded the expression vectors listed in table 8.1. 

For expression, the plasm ids were transform ed into BL21(D E3). Screening o f  fusion protein- 

expressing transform ants, expression o f H6-Fab proteins, cell lysis and purification of the 

soluble fusion proteins on N i2~-NTA agarose columns (Q iagen, Santa C larita , C A ) were 

perform ed as previously described (7), except for FabD. Since FabD eluted  from  Ni:*-NTA 

agarose colum ns with 40  mM im idazole, washing o f the colum n was done w ith at least 30 bed 

volum es o f m etal chelation affinity  chrom atography (M C A C ) buffer w ith  20 mM  imidazole 

instead o f  40 mM  im idazole.
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T able 8.1. Plasmids, expression vectors and primers.

pE T -15b
|

A pr; T 7-prom oter base vector for expression o f  proteins 
with am ino-term inal hexahistidine tag

N ovagen

pG EM -T A pr; TA  cloning vector P rom eea
-------------- ---------

| pPS847 A pr; PCR am plified fabA  gene (550-bp) cloned into 
pG E M -T

.... - -

This study

|
j pPS848 A pr;fabA  gene from  pPS847 was cloned into p E T -l5 b  

on an Ndel-BamHl fragm ent
This study

pPS836 A pr; PC R  am plified fabB  gene (1.2-kb) cloned into 
pG E M -T

This study

1

! pPS837 Ap'; fabB  gene from  pPS836 was cloned into pET-15b 
on an Ndel-BamHl fragm ent

This study

!
i pPS980
'

A pr; PCR am plified fabG  gene (0.8-kb) cloned on an 
Ndel-Bglll fragm ent into pET-15b cut with Ndel +
BamHl

_____-J

( 1 2 )

i pPS999
i1.

Ap'; PC R  am plified fabH  gene (1.1-kb) was cloned into 
pET-15b on an Ndel-BamHl fragm ent

.

i
This study

I

1 pPS937

.... _ . , , . „

A pr; PCR am plified fa b Z  gene (550-bp) was cloned into 
pET-15b on an Ndel-BamHl fragm ent

This study

fabA -N del*
l

5 ’ -TCATATG ACCAA ACAA CACGCCTTCAC This study

!
; fabA -Bam H I 5 ’ -g g a t c c c c c t t a g a a g c t g t c a g t g g a g This study

| fabB -N del 5 ’ -T C C  A T  A TG CG TCG CG TCG TT ATC ACCGGTC This study

: ’
j fabB-BamHI
i

5 - ATGGA TCCAA TCA ACCCTGCCAG CGCTTG AGG A This study
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T able 8.1. Plasmids, expression vectors and primers (continued).

fabG -N del 5 -G G A G A G A A T C A T A T G A G T C T G C A A G G T A A
G G TCG CA

' T h is study

fabG -B glll 5 ’ -G  A C A G A TC TTA TG A CA G A C CCG A G  A A A G G  
■ TA A C

! T h is study
I
i

fabZU 5 ’ -C C T C A T  A TG ATGG ACA TC AACG AG A TTC G I T h is study
'  J

fabZD
5 ’ - G  AG G ATCC AT C A A A C TC  A T AG TTT G C G T

! i
1 ;
t  T his study
1 * : 
I  ;

* Novel restriction enzym e cleavage sites in troduced by prim ers are underlined.

ACP was purified v ia  as intein chitin-binding dom ain fusion protein as previously described 

(13) with the im provem ents detailed in chapter 7. LasI was purified  as a fusion protein  with 

an N H .-term inal H „-containing extension (7)(chapter 4).

Protein concentrations were determ ined using the B radford  dye-binding assay  (Bio 

Rad Laboratories. H ercules, CA) and bovine serum  album in as the standard. P roteins were 

analyzed by electrophoresis on 0.1% sodium  dodecyl su lfa te -10% polyacrylam ide gel (SDS- 

PAGE) as previously described (16). The proteins were visualized by quick stain ing with 

Coom assie Brilliant Blue R-250 ( 1 ).

8.3.3 Complementation with H.-tagged Fab proteins. W herever possible, the biological 

activity of H6-fusion proteins was assessed by subcloning the fusion genes into an expression 

vector. To do this, the coding sequences for the H6-tagged FabA , FabB and FabD proteins 

were subcloned into the broad-host range vector pUCP21 (26) on Xba\-Bam\\\ fragm ents 

(XbaI cleaves betw een the T7 prom oter and the ribosom e-binding site, and Bam Hl cleaves 

im m ediately dow nstream  o f  the respective fab  coding sequences). Subcloning betw een the 

Xba I and Bam Hl sites o f pUCP21 placed the H 6-Fab coding sequences in the correct
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transcriptional orien tation  with respect to the lac prom oter contained  on this cloning vector. 

As a result, the H6-Fab coding sequences were constitutively transcribed  in P. aeruginosa cells 

that are naturally devoid  o f lac rep resso r.

To test for expression o f  functional H6-FabA and H6-FabB proteins, the respective 

plasm id constructs w ere transform ed into strains PA 0191 {fabA::G m r) and P A 0 1 9 2  

{fabB::G m r) (9). S ince FabA and FabB are required for unsaturated Fab, these strains will not 

grow at 42°C unless supplem ented w'ith oleic acid or com plem ented w ith e ither a FabA- or 

FabB-expressing plasm id . C om plem entation was therefore scored as the ability  o f  the 

transform ed m utants to grow' on RB rich m edium  at 42°C w ithout oleate supplem entation (9). 

To test for expression o f  a functional H6-FabD  protein, the respective plasm id construct was 

transform ed into PA O 204 (fabD{T s)). Successful com plem entation was scored as the ability 

o f  the transform ants to grow  at 42°C.

8.3.4 Assembly of the Fab-HSL pathway and extraction of ./V-(3-oxo-acyI)-L-

homoserine lactones. Com plete reactions (total volume 500 p i)  contained bu ffer (10 mM 

Tris-HCl (pH 7.4). 330 mM NaCl, 15% glycerol. 0.7 mM DTT. 2 mM EDTA, 25 mM M gS 04. 

0.1 mM F e S O j (18), with 2 p g  o f  ACP, 1 pg  each of FabA, FabB . FabD, FabH, Fabl and 

FabZ, 0.5 pg  o f FabG , 5 pg  o f  LasI. 0.25 mM  SAM, 0.08 mM acetyl-C oA , 0 .8  mM malonyl- 

CoA, and 0.6 mM each o f  NADH and N A D PH . Reactions w'ere incubated at 37°C for 1 h 

and extracted three tim es with 250 p i o f  ethyl acetate. Extracted H SLs w'ere d ried  by rotary 

vacuum evaporation and resuspended in 20 p i of acetonitrile. F o r detection o f  fractions 

containing HSLs, 10 p i o f  each fraction w'as spotted on a C l8 reverse-phase TL C  plates 

(W hatman, Clifton, NJ) and the plates w'ere dried at 37°C for 15 m in before being overlaid 

with the detection strain . For TLC analysis o f  HSL fractions, the dried plates w'ere developed 

in 60% methanol in w ater (v/v) (see chapter 6.3.7) and then dried for 20 min at 37°C prior to 

being overlaid w'ith the detection strain.

8 .3 .5  Detection and identification of HSLs. Agrobacterium tumefaciens detection strain 

(NTL4/pZLR4) w'as grow n at 30°C for 48 hours in M9 m edium  w'ith 1 mM M g S 0 4, 0.1 mM
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CaCU, 0.6 % glucose and 30 jig/m l gentamycin (27). Cells were harvested and resuspended 

in warm (~37°C) fresh M9 m edium  with 0.4 % agar, 1 mM M gS 04. 0.1 mM CaCL. 0.6 % 

glucose and 40  p.g/ml Xgal (24). This suspension was used to overlay the TLC plates. The 

presence o f HSLs was usually evident by the appearance o f  blue spots after incubation at 

room tem perature for 36 to 48 h. Synthetic 3-oxo-C i;-HSL, vV-(3-oxo-octanoyI)-HSL (3- 

oxo-C s-HSL) and A '-(3-oxo-hexanoyl)-H SL (3-oxo-C„-HSL) were included as positive 

controls or standards. The latter two were extracted from  10 ml o f stationary-phase clarified 

culture supernatants o f A. tumefaciens strain N T l/pT iC 58A acc/? (29) and Envinia carotovora 

strain EC 14 (25), respectively. To achieve this, cells were rem oved from  cultures by 

centrifugation at 1 0 , 0 0 0  x g and the supernatants were filter-sterilized by passing them 

through a 0.2 p m  filter (M illipore, Bedford. MA). The sterilized culture supernatants were 

extracted three tim es with 2.5 ml ethyl acetate. The pooled extracts w ere dried by rotary 

vacuum evaporation and resuspended in 0.5 ml o f ethyl acetate. U sually. 10 p.1 aliquots of 

these HSL preparations were spotted onto each TLC plate. Extraction o f  total HSLs from P. 

aeruginosa strain  PA O l was perform ed using the sam e procedure.

8.4 RESULTS

8.4.1 Purification of proteins composing the Fab-AI pathway. A ccording to our 

proposed m odel (8 ), at least seven Fab enzymes and A CP are required for providing the 3- 

oxo-C ,;-acyl-A C P precursor required as an acyl donor for the Lasl-catalyzed formation o f 3- 

oxo-C i;-HSL (Figure 8.1). In this study, we set out to com plete our previously begun task o f 

cloning, overexpressing and purifying all o f  these proteins. We previously described the 

cloning and characterization o f  the fabAB  operon (9) and a gene cluster containing fabD, 

fabG . acpP. and fabF, as well as the overexpression and purification o f  FabD and ACP (13) 

(chapters 5 and 7). M ore recently, we presented a detailed characterization o f  purified Fabl, 

encoding enoyl-A C P reductase, an important enzym e catalyzing the final reduction step of 

each cycle o f fatty acid elongation (8 )(chapter 6 ). W e also reported the purification of the
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F ig u re  8.1. Enzym es o f  the Fab-H SL biosynthetic  pathw ay. A ) T he proposed reactions 
o f  fatty acid elongation in P. aeruginosa. The first cycle is in itia ted  by FabH (P -ke toacy l- 
A C P synthase III), w hich condenses m alonyl-A C P w ith acetyl-C oA : subsequent cycles are 
initiated by condensation o f  m alonyl-A C P w ith acyl-A C P, catalyzed  by FabB ((3-ketoacyl 
A C P synthase I). The P -ketoacyl-A C P from  the synthase reactions is reduced to P- 
hydroxyacyl-A CP by FabG  (a N A D PH -dependent P -ketoacyl-A C P reductase). The 
subsequent dehydration step  is either catalyzed  by FabA  or FabZ , depending on the lengths 
o f  the P-hydroxyacyl-A C P substrates. The final step  involves reduction  o f  the dehydratase 
product to an acyl-A C P by action o f  Fabl (a N A D H -dependent enoyl-A C P reductase). The 
m alonyl-A CP used for initiation o f  the cycles is derived from  m alonyl-C oA  by m alonyl- 
C oA .A C P acyltransferase (FabD ). LasI (JV -[3-oxododecanoyl]-L-hom oserine lactone 
synthase) utilizes the 3-oxo-dodecanoyl-A C P from  the Fab pathw ay for the synthesis o f  A -[3- 
oxo-dodecanoyl]-L -hom oserine lactone. B) 0 .1%  sodium  dodecylsu lfate-13%  
polyacrylam ide gel electrophoretic  (SD S-PA G E) analysis o f  purified  ACP, the various Fab 
proteins, and purified A f-O -oxododecanoylJ-L -hom oserine lactone synthase (LasI). A ll 
proteins, except ACP, w ere purified with N H .-term inal H6-tag contain ing  extensions. A C P was 
purified in its native form  via an ACP-intein chitin-binding dom ain  fusion protein (see 
chapters 5 and 7). The sizes o f broad-range pro tein  m arkers (M ) from  Bio-Rad (H ercules, 
CA ) are indicated in kD a and were (top to  bottom ): m yosin. 0 -galactosidase , phosphorylase 
b . bovine serum album in, ovalbum in, carbonic anhydrase, trypsin  inhibitor, lysozym e. 
apro tin in ).
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very insoluble LasI protein under native conditions using a novel expression vector 

(7)(chapter 4 ). In this study, we overexpressed and purified FabA, FabB and FabG based on 

ou r previous characterization o f  the fabAB  operon (9) and the yiz6 G-containing fab  gene 

cluster (13). A m plification and cloning of the fabH  gene was achieved by identification o f 

the m ost likely hom ologous gene in the com pleted P. aeruginosa genome database 

(Pathogenesis C orporation) using other bacterial fabH  genes as query sequences. To assess 

the biological activity o f  som e H6-fusion proteins, the genes encoding the H6-tagged FabA. 

FabB and FabD  proteins were subcloned into the broad-host range vector pUCP21 (26) where 

the expression o f  the respective genes was driven by the lac prom oter. Com plem entation 

experim ents w ere not possible for FabG, FabH and FabZ since no mutants are available. The 

plasm ids com plem ented P. aeruginosa fabA  and fabB  m utations, as assessed by the ability o f 

the transform ants to grow  in the absence of oleic acid, o r by the ability o f  H6-FabD to 

overcom e the tem perature sensitive phenotype o f  a fabD{Ts) m utant. W e had previously 

show n that H 6-Fabl was enzym atically active (8 ). Using non-denaturing conditions, all Fab 

proteins, A C P and LasI were purified to apparent hom ogeneity  (figure 8 . IB).

8 .4 .2  A ssem bly  o f  th e  F ab -A I pathw ay . As shown in figure 8.2, when all theoretically 

required enzym es and substrates were included in the reaction mixture (spot labeled All), LasI 

was able to synthesize detectable 3-oxo-acyl-HSL. How ever, when either FabD, ACP. FabB, 

FabG, FabZ, FabI o r LasI were om itted from the reaction m ixture, no dectectable HSLs were 

synthesized, indicating that these enzym es are essential in the Fab-AI pathway and that they 

are functional as H6-tagged proteins. Conversely, when FabA and FabH were om itted from 

the reaction m ixture, significant amounts of HSLs were still synthesized, indicating that these 

enzym es w ere not absolutely required for the Fab reactions to occur. To assess substrate and 

co-factor requirem ents, reactions were set up missing e ither acetyl-CoA, o r m alonyl-CoA . or 

SAM , or N A DH or NADPH. The results indicated that m alonyl-CoA  and SAM were 

absolutely required  for HSL form ation. Some HSL was still synthesized in the absence o f 

acetyl-CoA and NADH, and om ission o f NADPH from  the assay mixture had seem ingly little 

effect. At the concentration tested (50 pM ). the know n Fab inhibitors cerulenin and triclosan
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F ig u re  8.2. Synthesis o f  3-oxo-acyl-H SLs in a reconstitu ted  enzym e system  from  
m etabolic precursors. E thyl acetate ex tracts o f  reactions w ere analyzed  fo r the presence o f  
HSLs by spotting sam ples on a  C I8-reverse-phase thin layer ch rom atography  (TLC) p late and 
overlaying it w ith the Agrobacterium tumefaciens HSL de tec tion  strain  N T L4(pZ LR 4) in the 
presence o f XGal. Spots indicate the p resence o f  3-oxo-acyl-H SL s and a  3-oxo-C 12-H S L  
standard (Std). The com plete  reaction (A ll) contained 2 p g  o f  A C P , 1 p g  o f  each FabA , FabB, 
FabD , FabH, FabI and FabZ , 0.5 pg  o f  FabG , 5 p g  o f LasI, 0 .25 m M  SA M , 0.08 m M  acetyl- 
CoA , 0.8 mM m alonyl-C oA , and 0.6 m M  o f  each N A DH and N A D P H . T he other reactions 
e ither lacked the indicated  enzym es, substra tes o r  co-factors. S om e reactions each contained 
50 pM  o f  the Fab inh ib itors thiolactom ycin (TLM ), cerulenin (C er), d iazaborine (D ia) or 
triclosan (Tri). Enzym e abbreviations: A C P, acyl carrier p ro tein ; FabA , longer chain-specific 
3-hydroxyacyl-A C P dehydratase; FabB, 3-ketoacyl-A C P syn thase  I; FabD , m alonyl- 
C oA :A C P transacylase; FabG , N A D PH -dependent 3-ketoacyI-A C P reductase; FabH, 3 - 
ketoacyl-A CP synthase HI; FabI, N A D H -dependent enoyl-A C P reductase; FabZ, sho rter 
chain-specific 3-hydroxyacyl-A C P dehydratase; and LasI, iV -[3-oxododecanoyl]-L - 
hom oserine lactone synthase. Substrate and  co-factor abbreviations: A cC oA , acetyl-C oA ; 
N A D H , reduced 3 -n ico tinam ide adenine dinucleotide; N A D PH , reduced  3 -n ico tinam ide 
adenine dinucleotide phosphate; M aCoA , m alonyl-CoA ; SA M , 5 -adenosy lm eth ion ine.
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efficien tly  inhibited HSL form ation, and th io lactom ycin  and diazoborine showed som e 

inhib itory  effect.

8.4.3 Nature o f homoserine lactone molecules synthesized in vitro. To putativeiy identify 

HSL m olecule species contained in the reactions w’ith biologically active HSLs (figure 8.2). 

the contents o f these reaction mixtures were further characterized by TLC  analysis in the 

presence o f appropriate standards. As shown in figure 8.3A, all active reactions con tained  3- 

o x o -C ,;-H SL and trace am ounts o f 3-oxo-C I0-H SL, w ith the exception o f  the reaction 

containing no N A D PH  which produced m ostly 3 -oxo-C g-HSL, 3-oxo-Cu,-HSL. and trace 

am ounts o f 3-oxo-C 6-HSL. Since 3-oxo-Cs-H SL is the cognate A. tumefaciens au to inducer, 

its spot size is not indicative o f  a higher quantity  o f  3-oxo-C s-HSL relative to the o ther 3-oxo- 

acyl-H SL s, but rather indicates a better response to its native HSL. Synthesis o f shorter chain  

3-oxo-acyl-H SLs w as dependent on the co-factor present, as well as the  concentration o f  

FabG . W hen the Fab-AI pathw ay operated under optim al conditions (figure 8.3A, lane 

labeled All), the preferred substrate for LasI is 3 -o x o -C i;-ACP since only  minute am ounts o f 

shorter chain 3-oxo-acyl-H SLs were discernible. In the absence o f  N A D PH  and presence o f  

N A D H . i.e. conditions under which the FabG catalyzed  reaction is greatly  slowed dow n. LasI 

synthesized only sm all am ounts o f 3-oxo-C ,;-H SL  but large am ounts o f  3-oxo-C„-HSL and  

3 -oxo-C ,0-HSL (figure 8.3A, lane labeled -N A D PH ). Sim ilar results w ere obtained when the 

am ounts o f FabG present in the reactions w’ere m anipulated in the absence of NADPH (figure 

8.3B. lane labeled 0.25 p.g FabG-NADPH). Increases in the am ounts o f  FabG present in the 

reactions were accom panied by synthesis o f  h igher levels o f 3-oxo-Cfe-H SL (figure 8.3B, lane 

labeled 1 )ig FabG -N A D PH ), a finding consistent with the accum ulation o f increasing levels 

o f 3-oxo-C n-ACP due to a more efficient elongation o f  the first two fatty acid cycles at the 

FabG catalyzed step (figure 8.1). These results ind icated  that LasI a lone is sufficient for 

synthesis o f shorter chain 3-oxo-acyl-HSLs provided that the respective acyl donors are 

available and under conditions where LasI can com pete  with FabG for these substrates. W hen 

cells are grown under appropriate conditions, P. aeruginosa culture supernatants contain 3- 

oxo-C„-H SL and 3-oxo-C ,(,-HSL (figure 8.3, lane labeled PA O l).
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F ig u re  8.3. Identification o f  H SL s produced in in vitro synthesis reactions. The extracted 
and concentrated reaction products w ere spotted onto a C Ig-reverse phase  TLC  plate, the plate 
was developed with 60% (v/v) m ethanol in w ater and overlaid with an  A. tumefaciens detection 
strain in the presence o f XGal. (A ) All, com plete reaction m ixtures contain ing  the 
com ponents listed in the legend to  figure 8.2; other reactions lacked the indicated  enzymes, 
substrates o r co-factors, o r contained  50 pM  o f  the Fab inhibitors th io lactom ycin  (TLM) or 
diazoborine (Diaz). The relative m obility  o f  known 3-oxo-acyl-H SLs and the sam ple origin 
are m arked on the left. (B) TLC analysis o f  HSLs extracted from  cu ltu re  supernatants o f P. 
aeruginosa (P A O l), Erwinia carotovora (E.ca.) and Agrobacterium tumefaciens (A.t.), as well 
as from in vitro synthesis reactions lacking NADPH (-NADPH) and con tain ing  either 1 pg or
0.25 p g  o f  FabG. The relative m obility  o f  known 3-oxo-acyl-H SLs and the sam ple origin are 
indicated by arrows.
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A lthough the A. tumefaciens detection strain used for th is experim ent can a lso  detect straight 

chain HSLs w hich are unsubstituted at C3, the HSLs show n in figure 8.3A are m ost likely 3- 

oxo-acyl-H SLs because they m igrate on TLC plates w ith  a com et-like tail, as have been 

observed by o ther investigators (27). In addition, we have previously shown that LasI is 

unable to utilize 3-unsubstituted straight chain decanoyl-A C P as a substrate (chap ter 7; figure 

7 .3B ).

8.5 DISCUSSION

Using purified Fab enzym es and LasI, we established an in vitro system  for the 

synthesis o f  3-oxo-H SLs from  sim ple m etabolic precursors. This in vitro system  defined the 

coupled P. aeruginosa Fab-3-oxo-acyI-H SL pathway and  allowed determ ination o f  its critical 

enzym es and substrates.

The am ounts of enzym es chosen for the initial establishm ent o f  the pathw ay  were 

based on som e prelim inary experim ents with the in vitro reconstituted E. coli Fab system  (6). 

S ince A CP is the most abundant protein in the cell (2), the amounts o f  ACP (2  p g ) used in the 

reactions were tw ice than that o f the o ther Fab proteins (1 pg), with the exception  o f  FabG. 

The am ounts o f  FabG (0.5 pg ) were ha lf than that fo r the o ther Fab proteins and only 10% of 

the am ounts o f LasI (5 pg) because FabG competes w ith  LasI for 3-oxo-acyl-A C P 

interm ediates. T he amount o f  LasI utilized relative to FabG  com pensates for th is com petition, 

thus allow ing m ore efficient production o f  3-oxo-acyl-H SLs. A sufficient am oun t o f  SAM 

was used to ensure that it did not becom e the limiting fac to r for HSL synthesis by LasI.

Excess m alonyl-CoA  and NA DH /N AD PH were included in the reaction relative to  acetyl-CoA 

because five rounds o f the Fab cyclic pathw ay are requ ired  for synthesis o f  3-oxo- 

dodecanoyl-A C P, requiring five m oles o f  m alonyl-CoA and NA DH /N AD PH p er m ole o f 

acety l-C o  A.

O m ission o f  individual com ponents allowed an assessm ent o f their rela tive  importance 

in the Fab-H SL pathways. A lthough som e spontaneous transacylation o f  m alonyl from  CoA 

to A C P can occur in the absence o f FabD  (13)(chapter 7), no synthesis o f H SL w as detected
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in the absence o f  FabD, because in order to com plete the five cycles o f  the Fab pathw ay 

required  for 3 -oxo-C ,:-acyl-ACP synthesis, a high concentration o f  m alonyl-A CP is required, 

and spontaneous transacylation would not yield sufficient m alonyl-A C P for synthesis o f  the 

3 -o x o -C ,:-A C P interm ediate. An absolute requirem ent fo r A C P dem onstrated that A C P and 

not CoA  serves as the acyl carrier in fatty acid and HSL syntheses. Since FabB is the m ajor 

condensing enzym e, it was essential for HSL form ation from  m alonyl-CoA . In contrast.

FabH  was not required presum ably since FabB can decarboxylate m alonyl-A CP to  acetyl- 

A C P and then condenses these two m olecules to initiate the cycle w ithout FabH, as has been 

suggested  for E. coli FabB (2). This would also  explain the form ation o f HSLs in the 

reactions contain ing no acetyl-CoA (figure 8.2). O f the tw o dehydratases, only FabZ  was 

essential for HSL form ation but not FabA. This is probably due to the fact that FabZ  is 

m ostly required in the initial cycles since its E. coli counterpart has substrate specific ity  for C4 

to Cs (3-hydroxyacyl-ACP intermediates (6). In contrast, FabA  acts preferably on C in to C u |3- 

hydroxyacyl-A C P interm ediates. As expected. SAM and m alonyl-C oA  were essential, 

corroborating  the results o f  previous studies (18, 19). Exclusion o f  NADH led to the 

detectab le  HSL production but at much reduced levels. S ince NA DH is the reductant 

preferred  by FabI (8), this result indicates that FabI can utilize NA DPH but that th is step 

becom es rate-lim iting in the absence o f NADH. W hereas in the absence of N A D PH  only 

m inute am ounts o f  3-oxo-C ,;-HSL were synthesized, the levels o f  3 - oxo -C h-H S L  and 3-oxo- 

C i:-H SL were greatly  elevated (figure 8.3). A lthough FabG can utilize NADH, N A D PH  is the 

preferred  cofactor for FabG and in its absence the FabG catalyzed  step becomes rate lim iting, 

leading to accum ulation o f shorter chain 3-oxo-acyl-A C Ps. This enables LasI to com pete for 

the shorter-chain  3-oxo-acyl-A CP substrates and use them  for synthesis o f the corresponding 

shorter chain 3-oxo-acyl-H SLs. An increase o f  FabG from  0.5 to 1 p.g in the absence o f 

N A D PH  allow ed a more efficient elongation o f  fatty acids in during initial two cycles, leading 

to accum ulation o f  3-oxo-C ft-ACP which resulted in increased 3-oxo-C6-HSL levels (figure 

8 .3B ).

Since the natural HSL produced by A. tumefaciens is 3-oxo-C^-HSL and this 

au to inducer preferentially  binds to the TraR regulatory protein , levels o f HSLs w ith different
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acyl-chain lengths cannot easily be quantitatively compared using the results shown in figure 

8.3. B ased on m inim al detection lim its previously reported (27). TraR prefers 3-oxo-H SLs in 

the o rder 3-oxo-Cg-HSL »  3-oxo-C6-H SL > 3-oxo-C,0-HSL »  3-oxo-C ,;-HSL. Therefore, 

spots containing no NADPH and 0.5 p.g o f  FabG appear bigger since they contain more 3- 

oxo-C 6-H SL and 3-oxo-C„-HSL relative to the reaction containing all com ponents (figure 8.2. 

spots labeled All and -NADPH). A lthough the HSLs shown in figure 8.3 are postulated to be 

3-oxo-acyl-H SLs. they could also be 3-hydroxyacyl-HSLs. However, th is unlikely since (i) 

the m igratory patterns (tear drop shapes) resem ble those o f 3-oxo-H SLs and (ii) excluding 

FabA from  the reaction slightly reduces HSL synthesis (figure 8.2 and 8.3A. spots labeled All 

and -FabA ). The latter argument is founded on the fact that E. coli FabA  prefers C 10 to C u P- 

hydroxyacyl-A C P substrates, and its exclusion should caused accum ulation o f 3-oxo-C 6-ACP, 

3 - o x o - C 8-A C P  and 3-oxo-C ,0-ACP fo r synthesis o f  the respective 3-oxo-acyl-H SL. Thus, if 

the observed spots were in fact 3-hydroxyacyl-H SLs. then we should have seen m ore HSLs 

detected in reactions labeled -FabA (figures 8.2 and 8.3A).

Although the predom inant H SL norm ally found in P. aeruginosa culture 

supernatants is 3-oxo-C ,:-HSL (21), o thers have also reported high levels o f  3-oxo-C6-H SL. 

3 -oxo-Q -H S L , 3-oxo-C I0-HSL, and 3-oxo-C ,:-HSL (27). These apparent discrepancies, 

coupled to our observations that LasI is sufficient for synthesis o f  these various o ther 3-oxo- 

HSLs leads to several conclusions. First, all acyl intermediates required for synthesis o f  3- 

oxo-C 8-H SL, 3-oxo-C„-HSL, 3-oxo-C ,u-HSL. and 3-oxo-C,;-HSL are derived from the Fab 

pathway. Since w-e are using all purified com ponents, this is to date the m ost com pelling 

evidence that the Fab pathway indeed provides the acyl groups found in the AHLs. Second, 

LasI is able to synthesize all these HSLs and no additional autoinducer synthase(s) are 

required as previously thought. Lastly, the types o f HSLs produced m ay depend on the 

m etabolic state o f  the cell, i.e. the rate o f flux through the Fab pathw ay and the availability o f 

substrates and/or reductants. The flux o f  the Fab-AI pathway may also be controlled at the 

genetic level (e.g. by differential expression o f  the fab  genes) or at the protein level (via 

substrate allosteric effects). It can be postulated that substrate flux through the Fab pathway 

also d iffers during the various stages o f  cell growth. This may explain w hy rapidly growing
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cells, i.e. cells posing a high dem and for acyl-A C P substrates for phospholipid synthesis, etc.. 

express little, if any. HSLs. In contrast, when entering the stationary phase cell grow th slows 

dow n and m ore acyl-ACP substrates becom e available for the increased levels o f  HSL 

synthesis. Extracts o f total HSLs from  stationary phase cultures ( -3 6  h) o f  P. aeruginosa 

contained only 3-oxo-C„-HSL and 3-oxo-C ,0-H SL (figure 8.3B) and no 3-oxo-C„-H SL and 

3 -oxo-C l2-H SL, as has previously been observed by o ther investigators (21, 27). Hence, it will 

be interesting to see if there are changes in the types and levels o f  d ifferent H SLs produced 

during various phases o f  cellu lar stationary  growth. Thus, besides the w ell-know n genetic 

regulation o f  autoinducer synthase expression, there may be hitherto unrecognized  levels o f 

regulation o f  autoinducer type expression . Since nothing is known about the regulation o f 

the P. aeruginosa Fab pathw ay, an understanding o f  its regulatory m echanism s m ay yield 

som e inform ation about these yet unknow n regulatory' autoinducer synthesis m echanism s.

Finally, our in vitro Fab pathw ay coupled to the LasI autoinducer synthase provides 

the fram ew ork fo r establishm ent o f  a high-throughput screening m ethod for drugs 

interfering with the Fab and/or HSL pathw ays. This m ethod was validated by testing some 

known Fab inhibitors. W hereas ceru len in  and triclosan efficiently  inhibited H SL synthesis at 

the concentrations tested, others, i.e. thiolactom ycin and diazoborine, had little effect. 

A lthough we did not further elaborate on studies with inhibitors, these initial studies 

nonetheless indicate the usefulness o f  a refined in vitro system  for drug screening purposes.
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CHAPTER 9

9.1 CONCLUDING REMARKS

4*

This study was initiated to define the pathw ays for fatty ac id  and acylated hom oserine (HSL) 

biosynthesis in Pseudomonas aeruginosa. To facilitate these studies, im proved genetic and 

biochem ical approaches for analyzing fatty acid and HSL biosynthesis in this bacterium  were 

developed. The genetic technologies described in chapter 2 facilitate construction o f 

unm arked fab  m utants and autoinducer synthase mutants, em ploy ing  the yeast F lp -F /fT  

system  and several im proved gene-replacem ent vectors. In chap ter 3, I present a  novel system 

for single-copy insertion o f  DNA at a defined location in the P. aeruginosa chrom osom e, 

facilitating studies o f  H SL-regulated genes using prom oter-reporter gene fusions. Currently, 

nothing is known about the regulation o f  fa b  genes in P. aeruginosa. In E. coli. FadR plays a 

dual role in the regulation o f fatty acid degradation (Fad) and  biosynthesis (4-6). FadR acts a 

repressor o f genes involved in (3-oxidation and as an activator o f  fabA. In the presence o f 

exogenous fatty acids. FadR complexes with fatty acids in the  form o f acyl-CoA s and the 

acyl-C oA -FadR  com plex leads to derepression o f  fa d  genes. How ever, this com plex no 

longer activates fabA . Since an equivalent o f eight ATP m olecules is required for each cycle 

o f  Fab. this reciprocal action o f FadR on Fad and Fab ensures that no energy is w asted in 

futile Fab cycles when exogenous fatty acids are available. Initial experim ents in our 

laboratory using a m erodiploid fabA-xylE  transcriptional fusion dem onstrated that 

transcription o f  P. aeruginosa fabA  is dow nregulated in the presence o f exogenous fatty 

acids (data not show n). The ease o f m anipulation o f the P. aeruginosa chrom osom e by 

using the above m entioned novel technologies (chapters 2 and  3) for the introduction and 

deletion o f  DNA sequences will facilitate future genetic studies aim ed at the regulation o f fab  

and HSL regulated genes.
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The procedures described in chapter 4 allow ed the purification o f  very insoluble 

proteins (e.g. LasI, R hll. and Rm lD) by regulated expression from low -copy num ber 

plasmids. The reduction in copy number from 20-100 (C olE l origin) copies per cell with 

com m ercially available T7 expression vectors to <5 copies (pSClOl origin) per cell with the 

new vector reduced the level o f  expression so that these very insoluble proteins remained 

largely soluble. Induction in late exponential growth (A**, o f  0.7-0.8) and expression at 

room tem perature for 6 h was sufficient; longer induction and incubation tim es com prom ised 

the outcom e o f  the experim ents and led to accum ulation o f these proteins inside the cells in 

inclusion bodies. Addition o f inducer at higher cell densities ensured sufficien t protein 

production.

Jiang et al. (9) previously argued that the FA degradative pathway (Fad) may be the 

major supplier o f  the acyl groups for Af-butyryl-HSL synthesis by providing acyl-CoA  

substrates. The results presented in this dissertation indicated that this is not the case and my 

results corroborate those o f Parsek et al. (10) who assayed Rhll synthase activ ity  using 

radioactive 5-adenosylm ethionine (SAM). I have successfully  developed a non-radioactive 

Rhll assay by coupling this enzym e to enoyl-ACP reductase (FabI), the enzym e catalyzing 

the last step in Fab. To date, these experiments perhaps provide the strongest evidence yet 

that the Fab and H SL biosynthetic pathways are tightly linked. I have also attem pted to assay 

Rhll activity utilizing a nonradioactive substrate (E llm an’s reagent, see chapter 4). by 

m easuring the A C P-SH  released during the synthase reaction (unpublished data) (figure 1.5). 

In contrast to previously proposed reaction m echanism s, the results obtained w ith this 

particular assay indicated that Rhll may possess thioesterase activity and cleave butyryl-ACP 

in the absence o f  SAM . Future experiments should be designed to confirm  this result, since it 

could have a significant im pact on our understanding o f  the physiology o f  P. aeruginosa 

free fatty acids, acyl-A C P and acyl-CoA pools during stationary phase grow th. Cleaving of 

fatty acids o f f  butyryl-A C P would yield free fatty acids which can be utilize in p-oxidation 

(via butyryl-C oA ) during nutrient limiting conditions o f  stationary phase grow th (3).

Purification o f  ACP in its functional form (hoIo-ACP) is essential fo r the synthesis o f  

substrates required  to study fatty acid and HSL biosynthesis. I developed a m ethod for
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purification o f  A C P containing close to 90%  holo-A C P (chapter 5). This m ethod was 

subsequently  im proved by coexpression o f  acpP  from  a low-copy num ber p lasm id  along 

with A C P synthase (AcpS, encoded by acpS) to achieve A C P preparations w ith close to 100% 

in the form  o f  holo-A CP (chapter 7). This m ethod yielded about 10 mg o f  ho lo-A C P from 4  

1 o f  culture. H ow ever, future experim ents should be aim ed at coexpression o f  acpP  with 

acpS  from  high-copy num ber p lasm ids to  further im prove the yields o f  holo-A C P. This 

w ould allow  an even more efficient production o f  acyl-A C Ps, required as substra tes for 

further studies o f  the Fab-HSL pathw ays involving synthesis o f  acyl-ACP substra tes, by acyl- 

ACP synthase (A as; chapter 7). A lthough Aas has previously been used for labeling o f ACP 

with m ostly saturated and unsaturated fatty acids (13. 14), labeling o f  ACP w ith  substituted 

fatty acids (e.g. hydroxyl-substituted FA) using E. coli Aas m ay also be possib le. However, 

this w ould require previous chem ical synthesis o f  substituted fatty acids, e.g. 3-oxo- or 3- 

hydroxyl-FA , but this has hitherto rem ained  a form idable challenge.

E vidence obtained in the course o f  the studies presented herein indicated  that the last 

enzym atic step in Fab (catalyzed by FabI) may be accom plished by more than one enzyme in 

P. aeruginosa (chapter 6), although a second enoyl-A C P reductase has yet to be 

dem onstrated  in any bacterium . First, an unm arked P. aeruginosa fa b l  m utant was 

constructed  using the FRT-Flp recom binase system  and the presence o f the desired  mutation 

was confirm ed by both PCR and Southern hybridization analysis. Second, this m utant grew 

equally well as the wild-type but in clarified  cell lysates possessed only half o f  the total enoyl- 

ACP reductase m easured in w ild-type extracts. The rem aining enoyl-ACP reductase  activity 

in the fa b l  m utant was not inhibited by triclosan, indicating a different class o f  enoyl-A C P 

reductase. T hird, even though there was a significant reduction o f HSL levels in the mutant, it 

still produced 50%  o f the levels found in w ild-type indicating again involvem ent o f  yet 

another enoyl-A C P reductase activity  in P. aeruginosa HSL biosynthesis. S ince this fab l 

m utation was obtained by insertional inactivation o f  the fa b l  gene in the m iddle o f  the gene 

and not by deletion , argum ents have been raised that the resulting m utant could  still produce 

a functional Fabl fusion protein. H ow ever, when the m utant fa b l  gene was PC R  am plified, 

cloned into an expression vector and transform ed into an E. coli fabl{Ts) m utant, it was
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unable to com plem ent the Fabl(Ts) phenotype. Ongoing experim ents are aim ed at PCR 

am plification and cloning o f  the inactivated  fab l sequences fo r expression o f  this Fabl fusion 

protein as a recom binant histid ine-tagged protein, and testing  w hether this purified protein 

has enoyl-ACP reductase activity. I f  there is in fact ano ther Fabl hom ologue in P. 

aeruginosa, the o th er enoyl-A C P reductase activity (ten tatively  nam ed FabJ) can be purified 

from the P. aeruginosa fa b l  m utant P A 0235  isolated during  m y studies. Initial experim ents 

indicated that am m onium  sulfate precipitates of a clarified  cell lysate o f  strain P A 0 2 3 5  

contained an enoyl-A C P reductase activity  in the 40-50%  fractions. W hen coupled to  R hll. 

these dialyzed p ro te in  fractions led to the production o f  de tec tab le  butyryl-H SL from  

crotonyl-ACP, N A D H  and SAM. Thus, this assay can be used in future experim ents aim ed at 

purification o f the FabJ-m ediated enoyl-A C P reductase ac tiv ity  from  the fa b l  m utant. Since 

the P. aeruginosa genom e sequence is completed, further purification  o f this pro tein  via ion- 

exchange chrom atography and gel filtration, followed by am ino-term inal sequencing, should 

allow rapid identification o f  FabJ and its coding sequence fo r further m anipulation.

The ultim ate goal o f  my studies was to assem ble and  define the com plete Fab-H SL 

pathway in vitro leading to the synthesis o f  3-oxo-Ci:-H SL (chap ter 8). With the exception of 

FabH, all enzym es o f  the Fab pathw ay were shown to be enzym atically  active and to possess 

functions equivalent to  those o f  previously  described E. coli hom ologues. T he HSLs 

produced in these reactions have not yet been quantitated and  the efficiency o f  the in vitro 

reconstituted cycle has yet to be assessed. Ongoing experim ents are aimed at quan tita ting  the 

amounts o f  HSLs produced in these reactions using either one o f  tw o published m ethods (10, 

17). Since there w as no difference in the amounts o f  HSLs produced  in the reactions that 

contained no FabH versus the reaction that contained all com ponen ts (figure 8.2), 1 am  not 

sure whether the purified  FabH is functional. It is possible that P. aeruginosa FabB can also 

initiate the cycle, as has been observed with E. coli FabB. H ow ever, the initiation reaction 

may be m uch slow er w ith FabB than that with FabH. and the am ounts o f HSLs produced in 

the reaction containing all com ponents (figure 8.2) may on ly  be a fraction o f  the pathw ay 

capability in the presence o f  a functional FabH hom ologue. In a three enzym e coupled  

reaction containing FabD , FabH and FabG , no FabG activity  w as detected by m easuring
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utilization o f NADPH o r N A D H  in the presence o f  ACP. and the substrates acetyl-CoA and 

m alonyl-CoA (data not show n), a result that m ay be indicative o f  an inactive FabH. Thus. I 

am not yet certain w hether I indeed purified the FabH hom ologue o f  P. aeruginosa. My 

current view is that the FabH  purified in this study may not be the correct enzyme, especially  

since there is at least one o ther potential FabH in P. aeruginosa with high homology to the E. 

coli FabH. Efforts are underw ay to PCR am plify and clone the gene for this other FabH 

(tentatively named FabH 2). The purification o f  a histidine-tagged FabH 2 will allow 

elucidation o f  its function as condensing enzym e in the three enzym e coupled reaction 

described above, and its potential role in the Fab-H SL pathw ay by assessing levels o f  3-oxo- 

C i:-HSL synthesis in the presence and absence o f FabH2. A lso, the function o f FabH2 can be 

assessed in the Fab-H SL pathw ay leading to N -butyryl-H SL synthesis in the absence o f  FabB 

(discussed below).

The Fab-H SL pathw ay (figure 8.1) can produce all o f the H SLs previously found in 

P. aeruginosa cell-free culture supernatants (10. 11. 16). During exponential growth o f  E. 

coli, there are significant pools o f  acetyl-ACP and m alonyl-A CP. but acyl-A C Ps with chain 

lengths o f four carbons o r longer are not m ajor com ponents (15). T hus, if this is the case for 

P. aeruginosa, the production o f  HSLs in P. aeruginosa during exponential phase may be 

insignificant, considering the availability o f acyl-A C P substrates and the low levels o f 

expression o f autoinducer synthases. However, since HSLs are m ostly m ade during stationary 

phase, the levels o f acyl-A C Ps with chain lengths o f  four carbons o r longer could be 

significantly different in stationary phase. In addition, the expression o f  A l synthases is 

elevated during stationary phase to be able to com pete with Fab enzym es for acyl-ACP 

substrates which could sh ift in the favor o f HSL production. Previous experim ents indicated 

that P. aeruginosa culture supernatants contained HSLs that com igrated  on C ,s reverse-phase 

TLC plates with 3-oxo-C6-H SL, 3-oxo-Cs-HSL, 3-oxo-C 10-HSL, and 3-oxo-C ,:-HSL standards 

(16). My results show that the Fab-HSL pathw ay can produce H SLs which comigrate with 3- 

oxo-C„-HSL, 3-oxo-C8-H SL . and 3-oxo-Ci:-H SL standards on C,„ reverse-phase TLC plates. 

Although I did not have 3 -oxo-C l0-HSL standard available to m e, I am  pretty certain that 3- 

ox o -C U)-HSL was also produced from the pathw ay (figure 8.3). These experim ents indicated
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that all o f  the 3-oxo-acyl-H SLs observed in P. aeruginosa culture supernatan ts can be 

synthesized by 3 -oxo-C i;-H SL synthase (LasI), depending on the availab ility  o f  substrates, 

m etabolic flux through the Fab pathw ay as discussed in chapter 8.5, and  com petition o f  HSL 

synthases during stationary phase with Fab enzym es for acyl-ACP substrates as discussed 

above. Future experim ents should be directed tow ards purification and  identification o f  the 

structures o f  the d ifferen t HSLs observed in the experim ents illustrated in figure 8.3 to 

confirm  that they are indeed 3-oxo-acyl-H SLs and not 3-hydroxyacyl-H SLs. The possible 

production o f 3-hydroxyacyl-H SLs from the Fab-A I pathw ay could be assessed  by 

synthesizing the 3-hydroxyacyl-A C P substrates fo r LasI and assessing production of 3- 

hydroxyacyl-H SL s.

Although the Fab-H SL pathw ay has not yet been successfully assem bled  for the 

synthesis o f N -butyryl-H SL (C4-HSL). results described in chapter 4  ind icated  that the acyl 

group found in this HSL is indeed derived from the Fab pathway. This ev idence was 

obtained by coupling the last step o f  the Fab pathw ay (Fabl) with the A -butyryl-H SL  synthase 

(Rhll). In addition, A -hexanoyl-H SL could be synthesized by Rhll from  hexanoyl-A C P and 

SAM (chapter 4). Therefore, the results described in this dissertation ind icate  that LasI and 

Rhll are sufficient fo r synthesis o f  all HSLs previously observed in P. aeruginosa culture 

supernatants (8, 10, 11, 16). The assem bly o f the Fab-HSL pathway fo r the production o f  C4- 

HSL was attem pted using the sam e conditions as described in chapter 8 .3 .4  for 3-oxo-C,;- 

HSL synthesis, but using 0.3 mM  o f  acetyl-CoA and m alonyl-CoA , and I pg  o f  FabG, and 

replacing LasI with R hll. How ever, no C4-HSL was detected in TLC overlays with 

Chromobacterium violaceum  detection strain CV 026 (chapter 4)(data no t shown). This could 

be because the FabH used is not functional in initiation o f the Fab cycle, and although FabB 

can initiate the cycle it may be too inefficient fo r the production of su fficien t C4-HSL 

detectable by C V 026. Relative to the amount o f  3-oxo-C i;-H SL required for detection by the 

A. tumefaciens strain N TL4(pZLR4) (12, 16). the am ounts o f  C4-HSL required  for detection 

by CV 026 are m ore than 200-fold higher (9). T his is likely the reason w hy the low levels o f 

3-oxo-C ,,-H SL  synthesized in the 3-oxo-C ,;-H SL pathw ay was detectable using the A. 

tumefaciens indicator strain, but sim ilar amounts o f  C4-H SL produced in the C4-HSL pathw ay
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was too low to  be detected by C V 026. Hence, the F ab-H S L  pathw ay assem bly for the 

synthesis o f  C 4-H SL awaits the identification o f the true  P. aeruginosa FabH  hom ologue and 

perhaps a m ore sensitive detection strain. Regardless, this pathw ay leading to the synthesis o f 

C,-HSL can be  used to screen fo r a functional FabH in  the absence o f  FabB .

The Fab-H SL  pathway established during my stud ies for this d isserta tion  may be 

useful for fu ture  screening o f novel antim icrobials. D esp ite  considerable in terest in finding 

new class(es) o f  antim icrobials inhibiting  the Fab cycle , d ifficu lties in synthesizing  

appropriate substra tes and defining assays for Fab enzym es have lim ited the discovery o f 

such inhibitors. T he availability o f a coupled in vitro F ab -H S L  pathw ay lead ing  to  the 

production o f  detectab le  HSL m olecules will undoubtedly  facilitate  screening  procedures for 

inhibitors o f  th is  pathw ay. For exam ple, the assay illustrated  in figure 7.3 m ay potentially be 

useful for the screening  o f  drugs that inhibit FabD, F abB , o r  LasI by screening fo r the 

absence o f  3 -oxo -C ,;-HSL production. In addition, in the presence o f  an excess o f  FabB. 

FabD and all substra tes, this coupled reaction can be u sed  to  assay for 3-oxo-H SL  synthase 

activity, e.g. L asI. This is the first easy enzym atic assay  fo r a  3-oxo-acyl-A C P synthase and 

nicely com plem ents the Rhll assay w hich uses enzym atically  synthesized butyryl-A C P and 

radiolabeled SA M  (10). The availability  o f  such an assay  w ill greatly  facilitate ongoing 

collaborative stud ies aim ed at elucidation o f  the LasI c ry sta l structure. A nother potentially 

useful assay fo r drug discovery is the three enzyme coup led  reaction involving FabD , FabH, 

and FabG, w here N A D(P)H utilization by FabG can be  assayed  for the screening  o f  drugs that 

inhibit this reaction , as well as the initial condensation reaction  catalyzed by FabH. The 

availability o f  these assays will com plem ent existing assays such as the ones previously 

established for Fabl ( l,2 )(ch ap te r 6), and FabA and F abZ  (7). Finally, fu rther developm ent 

and refinem ent o f  assays for the individual enzymes o f  this pathw ay is only lim ited by the 

ability to synthesize the necessary substrates which are com m ercially  not availab le. If stable 

saturated, unsaturated  and substituted FAs can be chem ically  synthesized, then perhaps the 

recom binant acy l-A C P  synthase (chap ter 7) can be used  fo r enzym atic synthesis o f  some o f 

these substrates.
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