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Abstract

Infections caused by Pseudomonas acruginesa are
iritiated by the adherence of the organism to the host
mucosal surface. Of the various adhesins of pP. aeruaginos.,

the proteinaceous pili are the most dominant . Proevious

Studies on pili have led to the identification of the domain

in the pilin monomer that makes contact with the host oot
receptors: the epithellial cell-binding domain. Synt het i
peptides of this domain have been synthesized and coupled to
the reporter enzymes alkaline phosphatase and horse-radich
peroxidase.

The present study employs the peptide-enzyme
conjugates in a novel assay termed PELA (Peptide-Enzyme
Linked Assay) . Two peptides were used in this study: one
éncompasses 17 amino acids o©f the epithelial cell-bindina
domain (residues 128 to 144, containing a disulfide loop) and
the other, containing 7 extra residues (residues 121 to 144) .
These peptides were used to evaluate PELA.

The peptide-enzyme conjugates were shown to bind to
human buccal epithelial cells (BECs) in a manner similar to
that of pure pili and bacterial whole cells, but with lower
apparent Km values (therefore, higher affinities), and weree
also observed to be inhibited by free unconjugated peptides
and pure pili. Thus, PELA is demonstrated to be an effact e

method for examining the interaction between peptide ligands

and their receptors.
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1. Introduction

PPseudomonas aeruginosa is a major cause of descending
pulmonary infections in individuals with cystic fibrosis (CF)
(Rivera and Nicotra, 1982), burn victims (Sato et al. 1988),
intensive care unit (ICU) patients (Garibaldi et al. 1981y,
and patients whose immune system is suppressed and
compromised (Rivera et al. 1982). This bacterium is a gram-—
negative, rod-shaped organism that is commonly found in many
environments, including that of a hospital. Thus,
fioudomonas aeruginosa is a significant nosocomial agent,
along with other organisms such as Staphylococcus aureus,
Escherichia «c¢cli, and Candida albicans (Cross, 1985).
Because P. aeruginosa infections rarely occur in the normal,
healthy population, it is also referred to as an
opportunistic pathogen (Johanson et al. 1972).

This organism is responsible for 8 to 10% of all
nosocomial infections (Bisbe et al. 1988). Of these, about
27% occur in the ICU (Costantini et al. 1987), where it is
often endemic (Allen et al. 1987) and the mortality rate
ranges from 15% for pneumonia {(Craven et al. 1988) to 50% for
bacteremia (Bisbe et al. 1988). In CF patients, pulmonary
disecase is a major cause of death. Forty to 90% of all CF
patients acquire pulmonary disorders through infections of
one or more of the following: Aspergillus fumigatus, S.
aureus, and P. aeruginosa (Schonheyder et al. 1985; Sordelli

et al. 1985; Rivera and Nicotra 1982). Staphylococcus aureus



and Haemophilus influenzae are the most prominent  organismes

in CF of childhood, but FP. aeruginosa proedominatos in CF o

clder children and adults {Hoiby, 1991). The result 1o o

chronic infection of the lower respiratory tract and almost

all of the CF deaths due to respiratory diseases are
associated with F. aeruginosa infections (Kulcoyeki et it

1978) .
In addition to the above, P. aeruginosa is alno the

causative agent of various other infections. One of these ig

S |

bacteremia in burn victims where the mortality is high (up to

s) (Mclianus et al. 1985). This organism has also boeon
associated with wurinary tract infections introduced by
catheters (Kunin, 1979). Eve infections, such as bacterial
keratitis can alsoc be caused by P. aeruginosa (Stern et al.
1985) . Keratitis is characterized by corneal ulceration and

extensive destruction of the stroma which may lead to severc

visual impairment and eventual loss of vision

Thus, P. aeruginosa is an important opportunistic

pathogen. Moreover, antibiotic therapy of P. aeruginosa i

O]

frequently ineffective due to innate antimicrobial resistanc

@

and the inherent plasmid-mediated resistance of this organism
tc many antibiotics. For these reasons, a greatecr

understanding of its infection process is needed.



1.1 Virulence Factors of Pseudomonas aeruginosa

The success of Pseudomonas aeruginosa as a maijor
pathogen can be attributed to its growth characteristics and
its ability to produce a number of virulence factors,
including several exoproducts, lipopolysaccharides, capsule
and pili. These factors, along with the inherent resistance
of the organism to many antibiotics contribute to the
virulence of P. aeruginosa.

Some of the features that contribute to the
rathogenicity of this organism are a.) its ability to grow
over a wide temperature range, i.e. 20°C to 42°C (Cross,
1985), b.) 1its ability to grow with minimal autrients
(Costerton, 1984; Holder, 1977), and c.) its ability to adapt
in response to environmental change. An example of the
latter is the fact that P. aeruginosa is a nonfermentative
aerobe that can alsc grow anaerobically if nitrates are
supplied to act as the terminal electron azsceptor instead of
molecular oxygen (Vasil, 1986) . Ine cin also grow
anaerobically if arginine is availalble; arginine is
anaerobically converted to ornithine by the arginine
dehydrolase enzyme pathway, thereby generating ATP by
substrate level phosphorylation (Vasil, 1986). This may
explain the ability of P. aeruginosa to survive in soil and

to establish infections in parts of the body where the oxygen

tension is low.

)



Although F. aeruginosa produces many virulence tactor::,
they do not play prominent roles in all psceudomon.ad
infecticns, i.e. the effects of cach fuactor difrfer, Jdepoendinag
on the strain, the site of isolation and the type of discane.
For instance, elastase, exoenzyme S, alkaline protease, and
exotoxin A are prominent in acute lung infections, whereas in
chronic infections, such as those associated with CF, these

exoproducts are of minor importance (Woods et al. 1984;

Doring et al. 1987).

The lipopolysaccharide, or LPS, of P. aeruginos.ag
plays an important role in the pathogenesis of the organism
and 1is unique to gram-negative bacteria. The LFS is alaso
referred to as an endotoxin, although the Pseudomonas
endotoxin 1is not as toxic as those found in other gram-—
negative bacteria (Sadoff, 1974; Liu, 1974; Wilkinson, 19873).
Among the properties of the P. aeruginosa lipopclysaccharide
are its ability to elicit the classical symptoms of endotoxic
shock (Barasanin et al. 1978), and its mitogenicity for
splenocytes (Barasanin et al. 1978; Pier et al. 1981).

The LPS is composed of three basic structures: the
highly wvariable, O-specific polymeric side chain, a core
oligosaccharide, and the hydrophobic 1lipid A (Wilkinson,
1983) . The latter two are wusually phosphorylated and

conserved. Bacterial 1lipid A <contains 1,6'-B-linkecd

disaccharide of D-glucosamine carrying O- and N- fatty acvyl



subztituents, but is characterized in P. aeruginosa by its
high content of acid labile phosphate residues (Drewry et
al. 1972; Wilkinson et al. 1975). The core oligosaccharide,
which connects the 1lipid A to the O-specific side chain,
contains two residues of KDO (2-keto-3-deoxyoctonate) which
facilitates identification of LPS. The core differs from
that of the enterics in the composition of other sugars. For
example, the outer region of the Pseudomonas core
oligosaccharide consists of D-glucose, L-rhamnose, D-
galactosamine and possibly the amino acid, L-alanine
(Wilkinson, 1983).

The O-side chain consists of 15-20 repeating units of
small sugar chains and is the basis of serotyping (Wilkinson,
1983) . There are 17 serogroups of P. aeruginosa (Difco
Manual, 1984) but evidence shows that strains associated with
chronic infections are frequently nontypeable or
polyagglutinable (Hancock et al. 1983). It is thought that
this portion of the LPS, due to its high variability, is
responsible for dodging the host's immune system. Studies
with mutants lacking the O-side chain (rough mutants) have
shown that these mutants are susceptible to complement action
while those possessing the O-side chain (smooth phenotype)
are not (Hancock et al. 1983). The O-side chain is rich in
unique amino sugars. Sugars frequently present in this
portion of the LPS are: 2-amino-2-deoxyglucose, 2-amino-2-
deoxygalactose, 2-amino-2, 6-dideoxyglucose, 2—-amino-2-

deoxygalacturonic acid, 2,4-diamino-2,4,6-trideoxyglucose,

&



2,3-diamino-2, 3-dideoxyhexuronic acid (with the D-gluco-, b-

manno-, and L-gulo- configurations), .and 2,3-(2-met hy -2
imidazolino—5,4)—2,3—dideoxymannuronic acid (Wilkinson,
1983) . -
Together with other components of the outer membrane,
the LPS is an effective barrier against most antibiotics
(Godfrey et ali. 1984; Nikaido and Hancock, 1986). Another
barrier to antibiotics is the lower number of pores found in
the outer membrane of P, aeruginosa, as compared to those
found in the enterics (Hancock et al. 1979) . This may

account  for the dinnate resistance of thig Glygabidl sm Lo

antibiotics.

1.1.2 Exotoxin A.

Because the Pseudomonas endotoxin (LPS) was known to
be less toxic than that of the Enterobacteriacecac,
investigators searched for another, more toxic factor to
account for the lethality of P. aeruginosa infections.
Exotoxin A is produced by 80% to 90% of all clinical isolates
of P. aeruginosa (Bjorn et al. 1977; Pollack et al. 1977) .
It is the most toxic product of this organism purified thus
far, and is an extracellular enzyme with a reported molecular
weight of 66,583 (Wick et al. 1990).

Like diphtheria toxin, the production of exotoxin A
is regulated by the concentration of iron (Bjorn et al.
1979). Increasing amounts of iron results in a low vield of

toxin production (Bjorn et al. 1978). Exotoxin A mutant



studies showed that toxin production is under the control of

at least two chromosomal loci (Gray and Vasil, 1981) and at
the transcriptional level (Wick et al. 19¢0). Recently,
Storey et al. (1390) 1indicated that the regulation of

exotoxin A production was from two promoters, Pl and P2.
Expressicn from Pl was shown to be independent of the level
of iron present while P2 was tightly controlled by iron.

Stwulies with infected animals have demonstrated the
presence of <nzymatically active toxin at infected burn sites
and in the serum (Saelinger et al. 1977). Exotoxin A was
also found to cause damage in eye infections in young adult
mice (Snell et al. 1978). It was also shown that serum
antibodies against exotoxin A confer protection, resulting in
an increase in the chances of survival from a Pseudomonas
bacteremia (Cross et al. 1980).

The toxin is a single-chain polypeptide, which is
secreted as a proenzyme. This proenzyme toxin becomes
activated by proteolytic cleavage or denaturation (Vasil et
al. 1985). The current model for the structure of exotoxin A
suggests three structural domains (Wick et al. 1990): the
amino terminal (domain I) which is involved in the
recognition of the eukaryotic target cells; the hydrophobic
central region (domain II) which is involved in the secretion
of the toxin into the periplasm and the translocation of the
toxin once it has been internalized by the host cell; and the

carboxy-terminal (domain III) which possesses the enzymatic



activity. This 1l r region was demonstrated to have a

cleft, which is believed to be the active site of the

s toxin.
The mode of action of exotoxin A is similar to that
ot diphtheria toxin (Iglewski and Kakat, 1975). The toxin,

once inside the cell, transfers the adenosine diphosphat e
(ADP) ribosyl moiety of nicotinamide—adenine dinucleot ide
(NAD) to elongation factor 2 (EF2). EF2 functions in the
franslocation of the ribosome along messenger RNA in the
elongation of the polypeptide being synthesized. Exotoxin A
inactivates EF2, resulting in the inhibition of protein

synthesis (Iglewski and Kabat, 197%)

1.1.3 Proteases.

2

P. awruginosa produces three extracellular proteases
that are separable by ion-exchange chromatography and
isoelectric focusing. These are protease I, protecase II
(elastase), and protease III (alkaline protease) (Morihara,
1964) . These virulence factors are also referred to as
"aggressins™ (Vasil, 1986), anrd cause local tissue damage, as
well as enhance virulence. Besides exerting their damaging
effects, proteases can facilitate the spread of the bacteria
to other tissues and to the bloodstrean (Wretlind and
Pavlovskis, 1983). In studies using the burned mouse model,
it was observed that polymeric nutrients that were too large
to enter through the bacterial cell envelope were modified by
proteases into smaller molecules, where they were used by the

organism, thereby contributing to the rapid establishment of



an infection (Cicmenec and Holder, 1979). The burned skin
site allows for the initial colonization and proliferation of
P. acruginosa, and it was noted that as few as ten organisms
caused 100 % lethality in the burned mice when inoculated
subcutaneously; this, however, was not seen in normal =kin
(Stiertz and Holder, 1975).

Both elastase and alkaline protease cleave laminin
associated with the basement membrane, although the two
enzymes produce different cleavage products (Heck et al.
1986) . The substrates of these proteases vary. Elastase is
active against case.in, elastin, hemoglobin and other
proteins, bhut not against collagen, and has specificity for
hydrophobic and bulky amino acids (Wretlind and Pavlovskis,
1983) . It is thought that elastase and alkaline protease
enhance P. aeruginosa invasiveness by inactivating C3b and
Cta complement components and thereby inhibiting opsonization
and the generation of chemotactic factors. It was also
observed in patients with cystic fibrosis that these
proteases inhibit the actions of IgA and IgG by degradation
of these immunoglobulins (Doring et al. 1883). Proteases
were also found to cause tissue damage in Pseudomonas
pulmonary infections, bacteremias and burn infections. In
pulmonary infections, elastase was found to be responsible
for the disruption of epithelial cells from neighbouring
cells and the basement membrane, whereas alkaline protease

had no effect on the ciliated epithelium (Amitani et al.

1991) .



1o
Proteases play a destructive role in Pacadomonas oye
infections. In studies where proteascs wore injoected into
the cornea, dissolution of collagen fibrils was  soon,
probably due to the loss of the proteoglycan ground substance
of the cornea (Kreger and Griffin, 1974; Kessler et al. 1977;
Snell et al. 1978). Passive or active immunivation against
the proteases conferred protection in e¢xperimental studioes
(Kawaharajo and Homma, 1976; Hirao and Homma, 1978 .
Elastase, when injected into the skin of animals, causes
hemorrhagic lesions within minutes (Kawaharaijo et al. 1975%).
Woods and Iglewski (1983) describe a study where injectinn of
proteases causes lesions of the cornea, lungs and the
intestinal tract. These lesions are thought to occur as a
result of degradatior of collagen, fibrin and other
coagulation factors by elastase. Elastase also
proteolytically inactivates human anti-proteinase, g -

pProteinase inhibitor a:.q airway lysozyme (Morihara et al.

1978), thereby enhancing tissue damage.

1.1.4 Phospholipase C.

Also known as heat-labile hemolysin, phospholipase C
(PLC) is a wvirulence factor that contributes to the:
pathogenicity of P. aeruginosa in lung infections. PLC iz a
single polypeptide with molecular weight of 78,000 (Vasil et
al. 19885). Together with rhamnolipid, PLC is regulated by
the level of inorganic phosphate in the environment: low

amounts of phosphate induces the synthesis of PLC and



rivamn,lipid., The: structural gene -“hat encodes PLC, plcS, is
F 3

reyrtatoed ot tho trazrocriptional level and its gene prodush

15 an 82,600 Dalton protein which is ewventually cleaved into
t.hie: mature PLC proteln (Pritchard and Vasil, 1986) . Two
cenes, designated as plcR1 ard plcRZ2, are located downstream
ot plcs. It is believed that the products of the plcR genes
hhave a negative effect on the synthesis of PLC and other
iPhosphate-regulated products in the presence of high levels
of inorganic phosphate (Ostroff and Vvasil, 1987).

PLC acts to hydrolyse certain phospholipids into
diacylglycereol and phosphorylcholine. The phospholipid
subbstrates of this enzyme are components of the eukaryotic
cell membrane (Vasil, 1986). For example, PLC can act upon
phosphatidylcholire, a major component of lung surfactant
that 1is critical to lung physiology. Evidence that this
enzyme 1is produced in vivo is seen in patients with cystic
fibrosis, where antibkodies againsc phospholipase C were
detected (Granstrom et al. 1984). In addition to the
hemolytic PLC, a non-hemolytic PLC was identified in 1987.
This enzyme was capable of hydrolyzing phosphatidylcholine

and a synthetic PLC substrate, p-nitrophenylphosphorylcholine

(Ostroff and Vasil, 1887).

1.1.5 Rhamnolipid and heat-stable glycolipid.
The rhamnolipid is & heat-stable hemolysin
(cytotoxin) excreted by P. aeruginosa during the stationary

growth phase or during growth in media where phosphate is



limiting (Syldatk et al. 1985). The hemolyasin,

with o1

molecular weight of 660 (Sierra, 1960), is alio Kiow:s: o oo
a—L—rhamno—pyranosyl—a—L—rhamnopyranosyl—B—hydrmxydvUan41w

and can exist without one of the rhamnoses. The rhamnolipidg
is an amphiphilic molecule that disrupts cukaryotic cel!

membranes by the insertion of its fatty acid chains (v g

et al. 19887). Apparently, another f{function of Fhomoeo ) by i e
is to facilitate survival of Pseudomonas by ridding { he
environment of competing bacteria. Rhamnolipids are vnown ta

be bactericidal, mycoplasmacidal and antiviral (Leisinager and
Margraff, 1979). In addition to this, it was found 1 ho
rhamnolipids cause ciliastasis by altering the ultrastructure
of the cilia (i.e. reduction of ciliarv protein:) and
reducing ATPase activity (Hastie et al. 1986), thereby
facilitating bacterial colonization of the respiratory tract
(Hingely et al. 1986). It is also suggested that the
rhamnolipid stimulates chemotaxis and chemokinesis (enhanced
random migraticn) of human neutrophils (Shryock et al. 1984).
The glycolipid of P. aerujinosa is alsoc a heat-stable
hemolysin consisting of a dimer of two major acidic
glycolipids. One component of the dimer is composard of  tweg
moles of rhamnose and two moles of B-hydroxydecanoic acid.
The other part is composed of one mole of rhamnose arnd v
moles of P-hydroxydecanoic acid. The hemolysis-proaducing
moiety resides in the dimer of the B-hydroxydecanoic acid in
the glycolipid molecule (Fujita, 1987). The glycolipid may

be responsible for some of the cytopathic effects obserwved in



the infected luny (Winkler et al. 1985). The glycolipid may
alzn be involved in the induction and modulation of
inflammatory mediators (such as histamines and leukocurienes)
from various cells, as observed in burn patients (Bergmann et

al. 1989).

1.1.6 Leucocidin.

Leucocidin is a 42,500 Dalton cytotoxin produced by
most pathogenic strains of P. aeruginosa (Hirayama et al.
1983) . Its significance in pathogenesis lies in the fact
Lhat 1t destroys granulocytes and leukocytes (Scharmann,
1976; Scharmann, 1976). It is suggested that the action of
leucocidin is initiated by its binding to specific receptors
on the surfa : of target cells (Godfrey and Putney, 1984;
Scharmann, 1976). Hirayama et al. (1984) found that
pseudomonal leukocidin bound to polymorphonuclear leucocytes
from rabbit peripheral klood. It was also reported that the
destruction of leucocytes by leucocidin was enhanced by an
increase in the concentration of cytosolic calcium ions,
resulting in the conversion of phosphatidylinositol to

phosphatidic acid (Hirayama and Kato, 1983; Hirayama and

Kato, 1984) .

1.1.7 Exoenzyme S.
Exoenzyme S, 1like exotoxin A, is an ADP—ribosyl
transferase. Its substrates include a small subset of

cellular proteins (Woods and Que, 1987), primarily cell

oy
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membrane associated, with molecular weights ranging  trom
23,000 to 25,000, some of which ar. GTP-binding proteing
(Coburn et al. 1989). Thus, it differs from exotoxin A i
Substrate specificity.

Excenzyme S can be extracted in toxic or nontoxic
form depending on the level of calcium ions present during
purification. It binds to ganglioseries glycolipids and
glycerolipid receptors and may have two interrelated Linding
sites (Lingwood et al. 1991). Recently, it was demonst rated
that exoenzyme S can also function as an adhesin of p.

aeruginosa (Baker et al. 1991).

Sokol et al. (1990) cloned the gene for exoenzyme 4
from P. aeruginosa strain DGl into Escherichia coli DH1 and
the resulting protein r which had & molecular weight of
68,000, reacted with antibodies to exoenzyme S. Alt hough
toxic, the protein failed to demonstrate ADP-ribosyl
transferase activity. When the gene was cloned back into p.
aeruginosa, a precursor form of exoenzyme S (64,000 Daltong
that was not seen in the E. coli Strain, was detected along
with the mature form, indicating that processing does not
occur in E. coli. The toxin expressed in P. aeruginosa was
observed to be enzymatically active. The promoter for
exoenzyme S has not yet been located, but tnhne gene can be
expressed under the control of a suitable promoter in F.
coli.

Exoenzyme S 1is involved in dissemination of the

bacteria an<d not initial colonization because antibodies to



crxoenzyme 5 inhibited dissemination but not colonization
(HNicas et al. 1985; Nicas and Iglewski, 1985). Studies were
carried out in which it was seen that strains producing
exoenzyme S produced greater lung damage compared to those
strains that did not produce the enzyme (Nicas et al. 1983).
In a study with rat 1lungs, intratracheal administration of
purified exoenzyme S produced damage within 2 hours, with
necrosis of the respiratory epithelium and accumulation of
polymorphonuclear leucocytes (PMNs); injury was also observed

at the pulmonary arterioles and venules (Woods et al. 1988).

1.1.8 Capsule.

The majority of deaths of CF patients is due to
chronic pulmonary infections caused by mucoid strains of P.
aeruginosa. Chronic pulmonary infections usually involve
endobronchial infections caused by mucoid strains that
gradually lose most of the O-antigenic determinants of the
LPS (Hoiby, 1991). The mucoid phenotype is characterized by
the production of the capsule, which is composed of alginate.
Alginate is an acetylated exopolysaccharide consisting of B-
1,4-1linked D-mannurcnic acid and L-guluronic acid, similar to
the alginate polysaccharide found in seaweed (Linker and
Jones, 1966). Krieg et al. (1988) reported that mucoid
strains are able to utilize phosphorylcholine for growth and
for the gradual formation of a capsule. Phosphorylcholine is
the product of the hydrolysis of phosphatidylcholine (a lung

surfactant) by phospholipase C. Therefore, mucoid strains

15



have the ability to use lung surfactant as a nutrient

source
and for forming a capsulie.

The alginate polysaccharide is produced by the bactoria
in the exponential to the stationary phasce of growth (Annison
and Couperwhite, 1987) and is involved in various roles in

the virulence of ~P. aeruginosa. Bacterial c¢learance i

associated with a rise in the titre of antibodies

against
alginate, as seen in the rat lung mode. (Wcods and Bryan,
1985) . Alginate confers protection against antibiotics by

promoting the formation of microcolonies (aggregates ol

3

ks

-

wcoid bacteria) and by decreasing the activity of the
antibiotics (Winkler et al. 1985; Baltimore et al. 1987).
The involvement of alginate in the formation of microcolonies

enables the bacteria to resist mucociliar: clearance
Y

opsonisation and phagocytosis, thereby impairing the host
immune system (Oliver et al. 1985; Winkler et al. 1985;
Simpson et al. 1988). In fact, exogenous alginate (inclu’ing
that which is found in seaweed) confers antibiotic resistance
£o0 non-mucoid P. aeruginosa (Baltimore et al. 1987) and
inhibits their uptake and degradation by macrophages (Simpson
et al. 1988). The alginate, by its ability to enhance
microcolony formation, is also an adhesin of P. aeruginosa,
although it is not as efficient an adhesin as the pilus
(McEachran and Irvin, 1985). The binding of alginate to
human buccal and tracheal epithelial cells was observed and
characterized (Doig et al. 1987; 1989) as was its interaction

with rat lung lectin (McArthur and Ceri, 1983).



Various studies indicate that different structural
forms of alginate exist. Pugashetti et al. (1982) observed
that mnucoid strains from various c¢linical 1isolates had
different chemical compositions; in 1985, 1Irvin and Ceri
demonstrated that an alginate-specific monoclonal antibody,
designated Ps 53, reacted with only some P. aeruginosd
alginates. It was suggested that the degree of acetylation
of D-mannuronic acid and the ratio of L-guluronic acid to D-
mannurcnic acid differed from strain to strain (Evans and
Linker, 1983; McArthur and Ceri, 1983), accounting for the

heterogeneity among P. aeruginosa alginates.

1.1.9 Pili.

The Pseudomonas bacteria possesses polar,
chromoscmally encoded appendages termed pili. These pili are
distinct from the pili that are responsible for bacterial
conjugation (Bradley and Pitt, 1974). The degree of
piliation varies significantly from isolate to isolate. Pili
function mainly in mediating the adhesion of the bacterium to
various surfaces, including mammalian cells. Pili are also
utilized as receptors by various pilus—-specific
bacteriophages (Bradley and Pitt, 1974) and pilus retraction
and extension results in a form of movement called twitching
motility (Bradley, 1980). Twitching motility is defined as a
flagella-independent movement across a surface (Lautrop,
1961) and all species exhibiting this form of motility

possess polar pili. Organisms capable of twitching motility
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were observed to form spreading colonies on solid At

(Henrichsen et al. 1972). Therefore, this was dittorent (iom

flagella-mediated motility, which regquires semi-solid o

liguid medium. Bradley (1980) found that P. aerugincsa
strains PAK and PAO possessed pili that were retractile and

those strains that did not hawve pili or whose pili were non-
retractile did not demonstrate twitching motility.
Pili of Pseudomonas aeruginosa strains K (PAK) and O

(PAO) have been well characterized. The pilus of PAK

is a
flexible filament with a diameter of 5.2 nm and a length of
approximately 2500 nm (Bradley, 1972; Folkhaid et al. 198i).
It is a polymer composed of a 15,000 D, 144 amino acid
polypeptide subunit termed pilin (Paranchych et al. 198%) .
It is a type 4 pilus, comprised of the pilin monomer arranged
in a helical array, with 5 pilin subunits per turn and a
pitch of 4.1 nm (Paranchych et al. 1986) .

The pilin protein has several interesting features.
First of all, the N-terminal region of this polypeptide is
highly conserved and begins with the residue N-
methylphenylalanine, and thus, it is an N-MePhe pilus (Frost
et al. 1978; Paranchych et al. 1979). This is a common
feature in pilins from Neisseria gonorrhoeae, Neisseria
meningitidis, Dichelobacter (Bacteroides) nodosus, Moraxella
bovis, Vibrio cholerae and Moraxella nonliquefaciens (Froholm
and Sletten, 1977; Paranchych et al. 1985) and suggests an

important structural function for this domain. This region

of the pilin is also extremely hydrophobic, suggesting that



thig is the region responsible for subunit-subunit
interactions (Watts et al. 1983).

Following the N-terminus 1is a highly conserved,
hydrophobic region of about 30 amino acids, a hypervariable
central region, and a semi-conserved C-terminal region
(Paranchych et al. 1978). The latter region contains the
domain that 1s responsible for binding to mammalian cell
receptors (Sastry et al. 1985; Irvin et al. 1989). The amino

acid sequence of the PAK pilin monomer is presented in Figure

1.

1.1.10 Motility.

P. aeruginosa is toxigenic due to its ability to
produce numerous vVvirulence factors (exoproducts), and
invasive because it is motile. The latter is due to the
flagella which, like the pili, is located at the poles of the
bacterium. Using the burned mouse model, various studies
were done to correlate bacterial motility with invasive
infections (McManus et al. 1980; Craven and Montie, 138:;
Montie et al. 1982; Luzar and Montie, 1985; Drake and Montie,
1888). In these studies, it was observed that non-
flagellated bacteria were less virulent than those that were
flagellated and non-motile bacteria were less virulent than
those that were motile. Motility was seen to contribute to
the invasiveness of the organism, although non-motile P.

aeruginosa clinical isolates are also frequently obtained.
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1.2 Role of Adherence in Pseudomonas Infections

Adherence is an important mechanisn by which many

bacteria establish infections. Several studies have

suggested that adherence is the initial step  in the

establishment of P. aeruginosa respiratory infections

(Johanson et al. 1972, 1979, 1980), and that adherence

preceded bacterial colonization of mucosal surfaces (Johanson

et al. 1972; Gibbons and van Houte, 1975). Johanson et al.

(1972) observed that nosocomial respiratory infections

developed in 23% of the patients who

Were Cuoloniuzed witlh

gram—negative bacilli, compared to only 3.3% in noncolonized

patients. In this study, underlying conditiconse such as
previous respiratory disease, hypotension and tracheal
intubation were associated with colonization. Todd et al.

(1989) observed that increased adherence of bacteria to TECs
of ICU patients was associated with gram-negative pneumonia
and that adherence was not related to whether or not the
patients were intubated.

In 1979, Johanson et al. demonstrated that
Pseudomonas aeruginosa adhered to buccal epithelial cells in
greater numbers in seriously ill patients as compared tao
healthy people. All of this suggests that the host cell
surfaces undergo some sort of alteration that enhancesg
adherence of the bacteria and facilitates the subsequent
development of infections. More specifically, the affinity

of P. aeruginosa to the epithelial cell surface changes with



the otatus of the patient (Irvin, 1991). Normal, healthy
el show no colonization of gram-negative bacilli, and it
has been suggested that this is due to the unavailability of
specific receptors on normal cells for the binding of these
bhacilli. Therefore, the persistence of infection is due to
the ability of P. aeruginosa to adhere to the epithelial cell
surfaces which are altered to allow the exposure of receptors
and to escape mucociliary clearance (Woods et al. 1983) .
Niederman et al. (1983) compared the binding of P.
deruginosa to ciliated tracheal, and nasal epithelial cells
and squamous buccal epithelial cells. Their results indicate
that ciliated cells bind bacteria better than the non-
ciliated buccal cells and that factors such as IgA and
elastase levels, pH, and nutritional status affect the
binding of bacteria (Niederman et al. 1983, 1984, 1986).
Several adhesins mediate the attachment of P.
aeruginosa to the host cell surface. Up until now, the major
adhesins of P. aeruginosa that have been identified are
exoenzyme S, alginate and pili. Each of these play a role in
the adhesion process, but their specific contributions and

mechanisms are not yet clearly understood.

1.3 Pseudomonas Adhesins

1.3.1 Exoenzyme S.

This wvirulence factor has only recently been

identified as an adhesin (Baker et al. 1991). As mentioned

[aN]
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before, it is an ADP-ribosylating toxin, similar to

CNXOL OMin
A, and is purified in toxic and nontoxic forms (Colwirn ot 1.
1989; Woods and Que, 1987). Recently, eoxoenmyvme £ has boon
identified as an important adhesin of P. aeruginosa, binding
to the possible receptors for P acruginosa:
gangliotriosylceramide, gangliotetraosylceramide, and
lactosylceramide (Baker et al. 1991). In this particular
study, it was observed that exoenzyme S found on the out o
surface of the bacteria functioned as an adhesin, and that

the binding specificities for the receptors were the same as

those of whole bacteria. Exoenzyme S5 was also found to have
some homology to the C-terminal region of the pilin and
reacted with monoclonal and polyclonal antibodies specific to

the pilin C-terminus (unpublished observations, this

laboratory) .

1.3.2 Alginate.

Mucoid strains of P. aeruginosa are associated with
cystic fibrosis (CF), as stated earlier. The mucoid
phenotype 1is due to the production of the alginate
polysaccharide, which is composed of polymers of D-
mannuronic acid and L-guluronic acid (Linker and Jones,
1966) . Alginate has been identified as an adhesin for mucoid
strains (Ramphal and Pier, 1985). In fact, McArthur and Ceri
(1983) observed that rat 1lung lectin interacted with
exopolysaccharide from CF isolates and ruled out the role of

LPS in adherence. Initial adherence to the host is mediated



by nonmucolid strains which change to the mucoid phenotype
churing the acourse of the infection (Pilier, 1985). These form
microcolonies (Costerton et al. 1983) . Doig et al. (1989)
investigated the effect of microcolony formation on the
adheraence of P aeruginosa to BECs and found that it
increases the number of bacteria binding to epithelial cells
and promotes bacterial proliferation.

The alginate remains associated with the cell
envelope of P. aeruginosa, forming a slime layer (glycocalyx)
(Sutherland, 1977), or a capsule (Costerton, 1981; Costerton
et al. 1981.). Irvin and Ceri (1985) demonstrated that
alginic acid or L-guluronic acid is associated with the outer
membrane where a monoclonal antibody (Ps 53) specific for P.
aeruginosa alginate reacted with L-guluronic acid residues of
alginic acid and the outer membrane. Among other roles, the
antiphagocytic activity of alginate allows tihe bacteria to
persist in the respiratory tract.

Although alginate plays a role in the adhesion of P.
aeruginosa to human buccal epithelial cells (BECs), the pilus
is a more efficient adhesin (McEachran and Irvin, 1985).
Doig et al. (1987) kinetically analysed the binding
characteristics of purified alginate from P. aeruginosa
strain 492c to BECs and tracheal epithelial cells (TECs).
The purified alginate adhered to both cell types in a
concentration-dependent and specific manner. It was found to
be multivalent, capable of agglutinating both TECs and BECs.

It was also observed that there is a structural diversity



among alginates produced by p. agruginosa, i.0., some straings
of P. aeruginosa produce alginate that bind to BECs and TECS
while some strains do not. Irvin and Cori (19845
demonstrated the heterogeneity in alginates by noting that
the previously mentioned monoclonal antibody Ps 953 did not
react with L-guluronic acid from all alginates and 1t hat the
degree of acetylation in the alginate may be responsible for

this heterogeneity.

1.3.3 Pili.

Pili have been identified as the adhosins that
mediate the attachment of nonmucoid strains of . aecruginosa
to human BECs (Woods et al. 1980). Ramphal et al. (1984)
extended this further by observing that pili also mediated
the adherence of nonmucoid strains to TECs. It was concluded
from this study that pili msdiated the adherence of nonmucoid
strains but not mucoid strains: nonmucoid variants derived
from mucoid strains also used pili for attachment to the cell
surface. Previous studies indicated that the pilus is
probably responsible for the initial adherence of the
bacteria to the host cell surface, as opposed to the
alginate, due to the higher efficacy with which it binds
(Doig et al. 1987, 1988; McEachran and Irvin, 1985, 1986).
These studies show that adhesion mediated by pili reaches
saturation, occupying all of the available binding sites on
the epithelial cell surfaces. While there are pilus-

associated adhesins in other pili types (e.g. P pili), there



P ne evidence of such proteins in the P. aeruginosa pilus
(ITrvin, 1991).

Experiments with naturally cleaved and synthetic
poptide fragments of the Pseudomonas pilin  subunit
demonstrate that the epithelial cell-binding demain resides
inn the C-terminal region of the pilin structural protein
(bLoig et al. 1988). Naturally cleaved fragments of P.
acrugincsa strain K (PAK) pilin were derived by arginine-
specific cleavage with trypsin, generating fragments termed,
o~r-1, ¢T-I1, <¢T-I1I, and cT-IV, corresponding to the N-
terminal to C-terminal regions, respectively (Watts et al.
1983) . Synthetic peptides with amino acid seqguences
identical to the C-terminal region of the PAK pilin were also
generated and bound specifically to BECs and TECs (Irvin et
al. 1989). These synthetic peptides werz also found to
compete with purified pili for the binding sites on BECs.
The creation of the epithelial cell-binding domain in the C-
terminal region was supported by two additional studies. The
first used monoclonal antibodies and their Fab fragments
specific to various regions of the pilin (to inhibit binding)
(Doig et al. 1990). The second showed that anti-peptide Fab
fragments directed against the C-terminal region inhibited
the binding of PAK pili to buccal epithelial cells (Lee et
al. 1989). It was also found that a disulfide bridge
existing between amino acid residues Cys-129 and Cys—-142 in
the C—-terminus was important in the maintenance of the cell-

binding function of the pilin, giving the adhesin a higher
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affinity for the receptors (Doig et al. 198R; lrw .y ot al.

1889) .

Monoclonal antibodies have bvron 1adsed dagainast

various regions of the pilin polypeptide (Doia ot al. 1990) .

The monoclonal antibody that is specific to the C-terminal

region, PK99H, has been shown to inhibit the funct ion of thee

pilus adhesin. In fact, in a study using colloidal aold,

PKS9H bound to the tip of the pilus, the site of interact o

with the host cell surface (Irvin, 1990). The opitopes toy

other monoclonal antibodies, PK41C and FK34C, were localilned

at the N-terminal region and the C-terminal region,

respectively, the latter being dependent on the disulfide

bridge. The epitope for monoclonal ant ibody PK3BR i

suspected to be dependent on the three-dimensional struct inre

of the pilin protein (Doig et al. 1990).
1.4 Receptors for Pseudomonas aeruginosa

Until recently, human receptors for P. acruginosa

pili have not been clearly identified. Woods et al. (1980)

observed that a decrease in bacterial binding was associated

with a decreased level of fibronectin on the surface of

respiratory epithelial cells. Surface glycoproteins were

indeed found to bind PAK pili, as well as certain sugar

moieties (Doig et al. 1989). There have been several

findings indicating that carbohydrate moieties play an

important role in Pseudomonas adherence to epithelial cells.



The latter group of investigators identified L-fucose and N-
acetylneuraminic acid as necessary components of the receptor
activity for P. aeruginosa PAK pili. It has also been
reported that mucins and sialic acid are components of
receptors for P. aeruginosa in the lower respiratory tract
(Ramphal and Pyle, 1983).

Asialo-GM1 ar+d asialo—GM2 have been implicated as
possible receptors fo. Pseudomonas (Krivan et al. 1988a). P.
aeruginosa and P. cepacia, two common isolates found in

cystic fibrosis patients, were seen to bind specifically to

asialo~GM1 and asialo-GM2. B-N-acetylgalactosamine appeared

to be necessary for binding. Asialo-GM1 and asialo-GM2. are
also recognized by other pulmonary pathogens, (such eas
Haemophilus influenzae, Staphylococcus aureus, and

Streptccoccus pneumoniae), in addition to fucosylasialo-GM1
(Krivan et al. 1988Db). Within these glycolipids, the
sequence GalNAcPl-4Gal was found to be essential. It was
also demonstrated in this study that asialo-GM1l occurred
frequently in human lung tissue. However, in these studies,
it was not revealed whether the adhesin mediating attachment
was pili, alginate, or exoenzyme S. The latter was also

observed to bind to asialo-GM1l (Baker et al. 1991) .

.5 Ligand-Receptor Interactions

The development of reliable ligand binding assays 1is

of considerable importance due to the need for a better



understanding of interactions between drugs, hormones toxin:

R

and adhesins and their respecctive receptors present on t he
cell membrane. Even small peptides have been observed (o
interact with their receptors in vivo. For eoxampleo,

vasoactive intestinal polypeptide (VIP), a 28-amino acid
peptide hormone that was first isolated from the  small
intestine of a hog, is known to be responsible for seoveral
physiological conditions such as systemic vasodilat ion,
hypotension and hyperglycemia (Said and Mutt, 1970) .
Andersson et al. (1991) observed that natural VIP displaced
12571_viP in a dose—-dependent manner from pig liver membranec,
further demonstrating that a small peptide can bind to o
receptor. Other examples of small peptides that can bind
specifically to their receptors include gluczgon (29 amino
acids; Rodbell et al. 1971), neuropeptide Y, or NPY (36 amino
acids; Kazuhiko et al. 1982), and the heat-stable toxin of
enterotoxigenic Escherichia coli (18 amino acids; Thompsaon,
1887) .

Previous assays have employed radiolabeled ligands to
quantitate precise measurements of binding. Although theagse
assays have many advantages (such as sensitivity and the
ability of the 1labeled protein to retain biologiacal
activity), there are various limitations and considerations.
First, it is necessary to know that the speciiic
radioactivity of the ligand is enough to detect binding to

the expected number of receptors. Also, a differentiation

has to be made between specific binding to receptors and



nonspecific binding to components of the membrane other than

the receptor (Hollenberg and Nexo, 1981). Another limitatio:n

—

\

to ligand binding assays 1s the degradation of receptors and
ligands by proteases, resulting on the underestimation of
binding affinities and capacities. Thus, a rapid ang more
efficient method of analysing binding kinetics is essential.
Irvin et al. (1989) utilized monoclonal antibodies
and a second labeled antibody to detect the binding of
synthetic peptide 1ligands to epithelial cell receptors,
thereby eliminating the use of radicactivity. However, the
limitations of this assay included time-consuming wash steps
and incubation periocds. A modification of this assay led to
the development of a more rapid and efficient assay termed
PELA (peptide-enzyme linked assay), to be used as a tool for

1i i binding assays (see below).

1.6 Research Objectives

The purpose of this project was to kinetically
characterize the epithelial cell-binding domains of PAK pilin
and other P.aeruginosa pilins, using a new methocd PELA
(peptide—-enzyme linked assay) . Characterization of this
assay is of importance, due to its potential as the basis for
a diagnostic kit and as a tool for studying subunit-subunit
interactions and interactions between a bacterial adhesin and
the host cell surface. Because of the importance of

adherence, and therefore adhesins, in the pathogenesis of P.



aeruginosa, it 1is necessary to 1look at the interaction
between the epithelial cell-binding domain of the pilin and
the epithelial cell. Previous studies demonstrated that
acetylated synthetic peptides of the epithelial cell-binding
domain (including the previously mentioned intrachain
disulfide bridge between Cys—-129 and Cys 142) bound to and
competed with PAK pili for receptor sites on the scurface of
human respiratory epithelial cell (Irvin et al. 1989) . The
previous study involved the use of monoclonal antibodies and
a labeled secondary antibody. In PELA, the synthetic
peptides are conjugated to enzymes such as alkaline
phosphatase or horseradish peroxidase to facilitate the

detection of adherence, thereby shortening the procedure.

N



2. Materials and Methods

2.1 Bacterial strain, culture conditions and pilus
purification.

The conditions used for the growth of Pseudomonas
aeruginosa strain K (PAK) have been previously described
(Bradley and Pitt, 1974; Paranchych et al. 1979). Bacteria
were grown on Oxoid Nutrient Broth (2% (wt/v)) agar plates)
for 24 h at 37°C. Pili from PAK were purified as previously
described by Paranchych et al. (1979) and obtained from Dr.
W. Paranchych. The following procedure was used: PAK grown
on solid media was harvested by scraping the surface of the

agar and suspending the cells in 1 L of SSC Buffer (110 g wet

wt/1 L buffer). The suspension was stirred with a magnetic
stirrer at 5°C for 2 h. Large pieces of agar were removed by
passage through a sieve. Pili were sheared from the cells by

blending 200 mL portions for 2 min at 2,000 rpm with a
Sorvall Omnimixer and bacteria were removed by centrifugation
at 10000 x g for 15 min. The sodium chloride concentration
of the supernatant was adjusted to 0.5 M. Polyethylene
glycol (PEG) 6000 was then added to a final concentration of
1% (wt/v). Following this, the solution was stored for 18 h
at 4°C while the flagella and pili precipitated out. The
precipitates were collected by centrifugation at 7,000 x g
for 20 min. The resulting PEG pellet was resuspended in 10 %

(wt/v) ammonium sulfate solution, PH 4.0, and allowed to

incubate at 4°C for 2 h. During this time, pili were
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precipitated while the majority of flagella remained in

solution. This step was repeated once more to remove any

remaining flagella from the pili. Finally, the pellet was
resuspended in water and dialysed to remove ammonium sulfate.
The solution was then subjected to CsCl density gradient
centrifugation which involved layering 20 mlL of the pili
solution onto 16 mL of a preformed step gradient in which the
density of CsCl ranged from 1.1 to 1.5 g/ml . The
centrifugation lasted 20 h (20,000 rpm in an SW27 rotor using
a Beckman L2-65B ultracentrifuge). The pilus band was
removed, subjected to another CsCl aensity gradient, and
dialysed against distilled water to remove the CsCl (the
buoyant density of pili is approximately 1.3 g/ml) . The pili
were suspended in distilled water, washed several times by

centrifugation (2 h at 50,000 rpm in a 60-Ti fixed angle

rotor), and the purity was verified by SDS-PAGE (100 Hg per

sample) .

2.2 Peptide synthesis and conjugation to enzymes.
Synthetic peptides AcPAK(121-144)ox and AcCPAK (128-
144)ox (corresponding to residues 121 to 144 and 128 to 144
of the PAK pilin, respectively, with a disulfide bond between
Cys—129 and Cys—-142), as well as the Pl and PAO peptides,
were synthesized by the solid phase method previougsly
described (Parker and Hodges, 1984; Merrifield, 1986; Doig et
al. 1988; Lee et al. 1989). Briefly, the peptides were

synthesized using the Merrifield solid-phase procedure on a



Beckman 9%0 peptide synthesizer. The insoluble solid support
was a styrene—-divinylbenzene polymer. The C-terminal cof the
first amino acid served as the attachment point to the resin
support. Each subsequent amino acid to be added was
protected at its N%-amino group by tertiary butyloxycarbonyl,
which was later removed by acid treatment with hydrogen
fluoride. The peptides were then purified by reversed-phase
HPLC.

Conjugation of the synthetic peptides to bovine
alkaline phosphatase (AP) (Sigma) or horseradish peroxidase
(HRP) (Accurate Chemicals) were as follows: At the N-
terminal end c¢f the peptide, the photoreactive moiety
benzoylbenzoic acid (BBA) (Aldrich, Milwaukee, U.S.A.) had
been attached using the solid phase synthesis coupling method
described earlier. One mg of the peptide and 4 mg of the
enzyme were dissolved in a minimal volume of 0.01 M PBS, pH
7.4 in a 10 x 75 mm glass tube and irradiated at 350 nm with
a RPR 208 preparative reactor (Rayonet, Southern New England
Ultraviolet Company) for 30 min as described by Parker and
Hodges (1985). The conjugates were then brought up to 1 mL
of PBS and dialysed (to remove unconjugated peptides) against

PBS at 4°C (several changes), divided into aliquots, and

stored at -20°c.

2.3 Amino acid analysis.

Amino acid analysis was carried out by freeze-~drying

50 puL of the peptide-enzyme conjugates. Five hundred UL of 6
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N HC1l was added and the hydrolysis was allowed to continue

ocvernight in a 110°C oven. The analysis was carried out in
the Department of Biochemistry, University of Alberta,
Edmonton, Canada, on a Durram D-500 amino acid ana:

(Dionex, Palo Alto, CA, U.S.A.).

2.4 Purification of IgG.

IgGs were obtained as described by Irvin and Ceri
(1985) and Doig et al. (1990). Separation of the ascites
fluid from hybridoma cells was carried out by centrifugation
(5,000 x g for 20 min at 4°C). IgGs were precipitated out of
solution with 50 % (v/v) saturated ammonium sulfate. The
precipitated IgG was dissolved in 10 mM PBS, pH 7.2, and then
dialysed against PBS (several changes) and purified by HPLC
(Waters 501 pump) (100 PL of crude IgG per injection), using
a HiPac protein G affinity column (ChromatoChem) . The
antibodies were eluted in glycine buffer, pH 2.75, while the
flowthrough was in PBS, pH 7.2. The IgGs were concentrated
to approximately 2 mL using PEG 15000 (Sigma), divided into
aliquots, and frozen at -20°C until further use. Th ability
of the IgGs to bind to PAK pili was evaluated by ELISA and
the protein concentration was determined by the mini Folin-

Lowry protein assay (Lowry et al. 1951).

2.5 Preparation of Fab fragments.

Briefly, antibody was dialysed against 20 mM

cysteine-HCl, 10 mM EDTA in 20 mM sodium phosphate buffer, pH



6.2. One mg of antibody was added to 150 UL of immobilized
papain (Pierce) and incubated at 37°C with shaking at 250
rpm. The reaction was stopped at wvarious intervals by
centrifugation to remove immobilized papain and the samples
were put through a protein G ceolumn to remove Fc fragments
and uncleaved antibodies. The Fab fragments were collected
in the flowthrough (PBS, pH 7.2), while the Fc fragments and
uncleaved antibodies were eluted with 0.1 M glycine buffer,
pH 2.75. Activity of the different time fractions was
determined by ELISA. The active fractions were then
concentrated with PEG (Doig et al. 1990), dialysed against
PBS and activity determined again by ELISA. The
concentrations of the Fab fragments were determined by the
mini Folin-Lowry assay with bovine serum albumin (BSA)
(Boeringer Manheim) as a standard. The cleavage products
were analysed by discontinuous sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS—-PAGE), using Rainbow
Markers (Amersham) (14,300 - 200,000 D) (Laemmli and Favre,

1873) .

2.6 ELISA.

Ten Hg of PAK pili in 100 UL of 0.1 M sodium
carbonate buffer, pH 9.5, was added to each well of a
microtitre ELISA plate (Linbro) and incubated overnight at
4°c. The remaining protein binding sites were saturated by
adding 200 pL of 5% (wt/v) BSA in PBS, pH 7.4. After

incubating the plate for 2 h at room temperature, the wells
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were washed 5 times with 250 uL of PBS, pH 7.4, containing
0.05 % (wt/v) BSA. Ten-fold serial dilutions of the Fab
fragments were added to the wells in triplicate (100 puL/well)
and incubated at 37°C for 2 h. The wells were then washed 5
times with 250 pL of 0.05% (wt/v) BSA by aspiration.
Following this, 100 UL of the second antibody, goat anti-
mouse IgG (heavy plus 1light chains [H+L]) immunoglobulin-
horseradish peroxidase conjugate (Jackson Laboratory), was
added to each well, and the plate was incubated at 37°C for 2
h. The wells were washed again 5 times with 0.05 $% (wt /v)
BSA in PBS, pH 7.4, and 125 ML of the substrate solution {1
mM 2,2'-azido-di-(3-ethylbenzthiazoline sulfonic acid)
(ABTS), 0.03% (v/v) hydrogen peroxide in 10 mM sodium citrate
buffer, pH 4.2] was added to each well. The plate was
incubated for 45 min at room temperature and the reaction was
stopped by the addition of 125 uL/well of 4 mM sodium azide.

Absorbance at 405 nm was determined by using an ELISA plate

reader (Titertek Multiskan Plus).

2.7 Mini-Folin Lowry Protein Assay.

Using BSA as a standard, the concentration of a
sample of protein was determined. 40 UL of standard and
sample were added to the wells of an ELISA plate in
triplicate. Dilutions of the sample used were 1:2, 1:5, and
1:10. The concentrations of the BSA standards ranged from
300 to 25 pg/mL. 160 pL of Reagent A (see below) was added

to each well and the plate was allowed to incubate for 10 min



at room temperature with gentle shaking. Following this, 50
HL of 0.4 N Folin phenol reagent was added to each well and
after careful mixing, the plate was incubated for 10 min at
room temperature with shaking. Absorbance was read at 562 nm
(Lowry et al. 1951) using a microplate reader (BioTek
Instruments) .

Reagent A was prepared as follows: Reagent Al

consisted of 1 g of NaK tartrate dissolved in 100 mL of

water. Reagent A2 was prepared by dissolving 0.5 g CuS0O4*5H,0

in 100 mL of water and Reagent A3 consisted of 2 g of NajyCOj

in 100 mL of 0.1 N NaOH. Working Reagent A was prepared by
the addition of 1.25 mL of Reagent Al, and then 1.25 mL of

Reagent A2 to 100 mL of Reagent A3.

2.8 SDS-PAGE.

Antibodies and Fab fragments were analyzed using 12 %
acrylamide discontinuous mini-gels by the procedure described
by Laemmli and Favre (1973). Electrophoresis was performed

using a voltage of 200 for approximately 45 min in a Mini-

Protean II cell (Bio—-Rad).

2.9 Buccal epithelial cells (BECs).

Human buccal epithelial cells were collected with
wooden applicator sticks from healthy male non-smoking
volunteers (n=10). The cells were removed from the sticks by
gentle agitation in PBS, pH 7.2 and washed three times with

PBS (2 000 x g for 10 min at 4° C). The BECs were then
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passed through a piece of nylon mesh twice (pPore sice 70 pm)
and counted using a hemocytometer. Cell concentration was

adjusted to 2.0 x 10° cells/mL.

2.10 Binding of horseradish peroxidase (HRP) and
alkaline phosphatase (AP) to BECs.

Aliquots of 1 mL of BECs (at a concentration of 2.0 x
10° cells/mL) were placed in 1.5 mL polypropylene Eppendorf
vials (Fisher). 0.1 mL of 5 % BSA was added to each vial (to
minimize nonspecific binding), along with 0.1 ml, of the
enzyme (HRP or AP), with concentrations of the enzymes
ranging from O to 0.025 UM. The vials were incubated for 1 h
at 37°C with rotation on a labquake shaker (Labindustries)
and subsequently washed 7 times with 0.1 mM PBS, pH 7.2
(12,000 x g for 1 min at room temperature) . After washing,
the cells were transferred to new Eppendorf vials. Six
hundred UL of the substrate solution was added to each vial
and incubated for 30 min at 37°cC. The substrate solution
for HRP was 1 mM ABTS, 0.03% (v/v) hydrogen peroxide in 10 mM
sodium citrate buffer, pH 4.2 while the substrate solution
for AP was 1.0 mg/mL p-nitrophenyl phosphate disodium in
diethanolamine buffer, pH 9.8. The reaction was stopped by
~he addition of 125 UL of 4 mM sodium azide (for HRP) or 2 N
sodium hydroxide (for AP). BECs were then collected by

centrifugation (12,000 x g for 1 mir) and Agos5 ©of the

supernatant was determined using an ELISA plate reader



(Pitertelk Multiskan Plus) . BECs were resuspended in 1.0 mL
ot i, and counted using & hemocytometer.
2.11 Use of BSA to reduce nonspecific enzyme-BEC

interactions.

EECs were placed in Eppendorf vials as previously
degaribed above (section 2.10), along with 0.1 mL of 0.18 uM
of the conjugate PAK(121-144)-AP. 0.1 mL of BSAE (final
concentrations ranging from 0 to 1.9 % (wt/v)) was added to
each vial and incubated for 1 h at 37°C with shaking. The
acerlls were then washed 7 times as described above,
transferred to new vials, and incubated with 600 uL of the AP
substrate solution for 30 min at 37°cC. The reaction was
stopped using 125 ML of 2 N sodium hydroxide. BECs were then
collected by centrifugation and BA,gg of the supernatant was
determined. BECs were resuspended in 1.0 mL of PBS, and

counted using a hemocytcmeter.

2.12 Binding of synthetic peptide-enzyme conjugates
to BECs.

Aliquots of BECs (1.0 mL at 2.0 x 10° cells/mL) were
placed in 1.5 mL polypropylene Eppendorf vials and incubated
with 0.1 mL of 5 % (final concentration: 1.9 %) BSA and 0.1
mlL. ¢of the peptide-enzyme conjugates (concentrations ranging
from 0 to 250 nM) at 37°C with rotation on a labgquake shaker
{Labindustries) . After 1 h the cells were washed 7 times

with PBS (12,000 x g for 1 min at room temperature) and



transferred toc new Eppendcrfi  vicis. The  appropriat.e
substrate solution (600 RILY  was added to oaoh o vial  oand
incubated at 37°C. The reaction was o' opped using 125 gL oo
4 mM sodium azide in the case of the horseradish peroxidase
conjugate or 2 N sodium hydroxide in the case of the alkaline

phosphatase conjiijate. BECs were then collected by

centrifugation and Agpg ©f the supernatant was dotermined a:s

described ab. ve »~tion 2.10). BFECs were resuspended in 1.0
mL of PBS, and - nt> . using a hemocytometer.

This assuav was also performed on a ManifoldglH
filtration arr aratus {(Hoefsr Sqoirncif!- Inotoies.UL) uuiineg 1.
Hm polycarbonate filters (Nuclepore) . In this version of thes
assay, 1 mL of BECs at 1 x 10° BECs/ml. were added to the
filters that had previously been incubated with & ° BSA (1 h
at room temperature). 0.1 mL of the conjugates and 0.1 mlL of
1 % BSA was added to the cells and incubated for 1.5 h at
room temperature. Following incuration, the filters werc
washed seven times with 2 mL of PBS and ecach filter wa s
incubated in 1 mL of substrate buffer in scintillation vials.
The colourimetric reaction was stopped with 125 uL of 2 1l

NaOH (in the case of alkaline phosphatase conjugates) or 4 my

sodium azide (in the <case of horseradish peroxidase

conjugates) . The solution was centrifuged to remove anvy
cellular debris. The results were recorded using an ELISA

plate i :ader and Agps was determined.



2.13 Time course assay.

The ti: course of binding was determined. BECs (1.0
ml, at 2.0 = lO5 cells/mL) in Eppendorf vials were incubated
with 0.1 mL of 5% (wt/vol) BSA and 0.1 mL of 0.18 uM PAK(121-
144)—-AP as described earlier. The binding reaction was
stopped at 10 minute intervals over a period of 1 h. The

cells were washed as described above, transferred to new

vials, and incubated with substrate solution. The reaction
wa:, stopped by the addition of 125 upuL of 2 N sodium
hydroxide. BECs were then collected by centrifugation and
Ajpgos ©f the supernatant was determined. BECs were

resuspended in 1.0 mL of PRS, and counted using a

hemocytometer.

2.14 Dissociation of PAK(128-144)-AP from BECs.

The 17-amino acid peptide—alkaline phosphatase
conjugate PAK(128-144)-AP (final concentration of 0.015 uM)
was added to 1 mL of BECs at 2.0 x 10° BECs/mL, along with
0.1 mL of 5 % BSA in 1.5 mL polypropylene Eppendorf vials.
The mixture was incubated for 1 h at 37°C and then washed
seven times with PBS, pH 7.2. The alkaline phosphatase
substrate buffer (600 UL per tube) was added after allowing
the cells to sit in the PBS buffer for 0, 20, 30, 40 and 60
minutes. Incubation of the <cells with substrate was

maintained for approximately 45 min at room temperature. The

reaction was stopped with 2 N NaOH and Agjos was determined.



BECs were collected as described earlier and counted using o

hemocytometer.

2.15 Inhibition of conjugate binding by free

peptides.

=4
BECs (1.0 mL at 2.0 x 10° cells/mlL) woere incubat odd

with 0.1 mL of 5% (wt/vol) BSA, 0.1 mL of 0.178 UM PAK (128-

144)-AP and 0.1 mL of varying concentrations of free peptides

(ranging from 0 to 5 uM) in Eppendorf vials. Incubation wasg
at 37°C for 1 h. The cells were collected and washed as
described above and incubated with +he rhosphataca substiatl .o

solution. The reaction was stopped, Agps was determined, and
the final cell concentration was determined. K a3say was

also performed on the Manifold™ filtration & ¢ . ..
2.16 Inhibition of PELA by PAK pili.

A competition assay between the conjugates and PAK
pili was performed by the addition 0.1 mL of 1 % (wt/wv) BSA,
0.1 mL of PAK pili and 0.1 mlL of 2.8 UM PAK(128-144)-AP to
BECs immobilized onto 12 Hm polycarbonate filter. The:
filters had been incubated with BSA as described above
(section 2.12). The concentration of the pili ranged from )
to 80 ug/mL. Incubation with BECs was carried out on the
Manifold™ filtration apparatus at rcom temperature. After
1.5 h, the filters were washed 7 times as described above
(szction 2.12) and incubated with substrate buffer in

scintillation vials for 45 min. The colourimetric reactic.n



was  stopped with 125 pyL of 2 N sodium hydroxide. The
solution was centrifuged to remove any cellular debris. The

results were recorded using an ELISA plate reader and Agos

was determined.

2.17 Effect of Fab fragments on the binding of
conjugates to BECs.

Three different dilutions of each of PK99H, PK3EB,
commercial normal mouse (Jackson Laboratory) Fab fragments
were pre—incubated with an equal volume of conjugate at 37°C
for 1 h. 0.1 mL of the Fab and conjugate solution was added

to 1.0 mL of BECs (2.0 x 10° cells/mL) along with 0.1 mL of 5

T (wt/vol) BSa in i.. ml, Eppendorf vials. The incubation
was carried out at 37°C for 1 h. The cells were washed as
described above (section 2.12) and incubated with the
appropriate substrate solution. The reaction was stopped
after 45 min. BECs were then collected by centrifugation and
Asos ©f the supernatant was determined. BECs were

resuspended in 1.0 mL of PBS, and counted using a

hemocytometer.

2.18 Binding of PAK(128-144) -HRP to monoclonal
antibodies.

5 pg/mL of PK99H, PK3B, PK129A monoclonal antibodies,
and normal mcouse IgGs were cocated onto an ELISA plate
(Linbro) and nonspecific protein binding sites were blocked

o]

with 5 % BSA (200 uL per well) by incubation overnight at
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4°cC. Dilutions of the 17-amino acid residue peptide

conjugates were added to the 1gGs (100 UL per well) and

incubated at 37°C for 2 h with shaking at 100 rpm using o

Gyrotory™ shaker (model G2) (New Brunswick) . The wells were
then washed five times with 0.05 % BSA in PBS, pH 7.4 and
incubated with 125 gL of the appropriate substrate buftoer.
After 1 h, the reaction was stopped and the Dagon WwWas
determined.

2.19 Competitive binding of free AcPAK (128-144)o0x and

PAK(128-144)-HRP to PK99H IgG.

An ELISA plate was coated with 10 HM of PKO99H Ig6G and

X

blocked with 5 % BSA as described above (section 2.18).
Equal volumes of a constant amount of conjugate and varying
concentrations of free peptide were mixed and added to the
woated wells. Incubation was for 1 h at 37°9C with shaking wut
100 rpm. The wells were then washed 5 times as describaod

above and incubated with 125 HL of the horseradish peroxidas.

substrate. The reaction was stopped, and Agpos was then
determined.

2.20 Binding of the peptide-enzyme conjugates to PAK
pili.

10 pg/mL of PAK pili was coated onto ELISA plates
(100 pL per well). The remaining protein binding sites were
saturated by adding 200 UL of 5 % BSA and incubating the

plate overnight at 4°c. Dilutions of the peptide-enzyme

14



conjugates were added to the pili-coated wells (100 HL/well)

and incubated at -7°C for 2 h. The wells were then washed §

times with 0.05 % BSA and incubated with the appropriate

substrate buffer. After 45 min, the reaction was stopped and

Agps was determined.

N
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3. Results

3.1 Binding of alkaline rhosphatase (AP) and
horseradish peroxidase (HRP) to BECs.

The binding of AP and HRP to BECs in 0.01 M PRS bufter,
PH 7.2, was performed to assess the amount of background
absorbance present when synthetic peptides conjugated Lo
these enzymes are bound to BECs. AP was observed to bind
weakly to BECs in a concentration-dependent manner, reaching

a maximum A405/105 BECs reading of 0.16 at a concentration of

0.025 UM (Figure 32) Similarily, HRP also bound to BECs in
& concentration—-dependent manner, approaching an A405/1o5
BECs reading of 0.25 at a concentration of 0.025 um (Figure
3B) . Assay conditions were set to maximize specific binding

while minimizing nonspecific interactions.

3.2 Use of BSA to reduce nonspecific enzyme-BEC

interactions.

Various concentrations of BSA (ranging from 0 to 1.9
% (wt/v)) were incubated with BECs and the conjugate PAK(121-
144)~-AP to assess the ability of BSA to reduce nonspecific
binding sites on BECs while retaining the ability of the
peptide to interact with its receptor. As the concentration
of BSA increased, the amount of conjugate binding to BECs

decreased (Figure 4). Binding of the conjugates was highest

when no BSA was present, indicating the adherence of the



~onjugates to nonspecific sites as well as specific receptor

Sites,

3.3 Binding of synthetic peptide-enzyme conjugates to
BECs.

Both the 17-amino acid peptide and the 24-amino a-id
peptide (PAK(128-144)ox and PAK(121-144)ox, respectively),
conjugated to alkaline phosphatase or horseradish peroxidase,
bound to human BECs in a time-dependent (Figure 5) and
concentration-dependent (Figure 6) manner, reaching
equilibrium in approximately 30 minutes, at a concentration
of 0.18 uM. The data was subsequently replotted as double

reciprocal plots (Figure 7) and the apparent K4 values of the

peptide-enzyme conjugates binding to BECs were determined.
The average calculated Kq values of the conjugates, along
with that of the peptide analogous to the epithelial cell-
binding domain of the Pl strain of Pseudomonas aeruginosa are
presented in Table 1. The K4 values represent the apparent
equilibrium dissociation constants of the conjugates to their
receptors on BECs. According to these results, it appears
that the PAK peptides have a higher affinity for the BEC
receptors than the Pl conjugate. However, the fact that the
Pi1 conjugate binds to BECs in a concentration—-dependent
manner (Figure 8) indicates that the epithelial cell-binding
domain resides in the region of the pilin represented by the

the synthetic peptide (amino acid residues 126-148) (Figure
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2) . The data for the binding of the P1 conjugate to BECs was
replotted as a double reciprocal plot (Figure Q).

The binding as. ay was alseo carried out using the
Manifold™ filtration apparatus and the results were
comparable to those reactions carried out in polypropylenec
Eppendorf vials. Statistical analysis was carried out on the
K4g values of the PAK conjugates using the (non-parametric)
Wilcoxon Rank Sum Test. In comparisons between each of the
conjugates, the p values indicate that there was no

statistically significant difference between AP or HRP

conjugates or utilizing AcCPAK(121-144)ox or AcPAK (128-144)0ox

for the conjugation.

3.4 Dissociation of PAK(128-144)-AP from BECs.

The dissociation of bound peptide-enzyme conjugate
PAK(128—144)~-AP was examined to determine if the observed
bPinding of the conjugates to BECs was reversible (i.e. in
equilibrium) . The amount of the peptide-enzyme conjugate
bound to BECs was observed to decrease with the length of
time the conjugates were left in solution with the BECs
(Figure 10). After the incubation time and washing, the
conjugates that were bound to the BECs were left in PBS for
various lengths of time, and then incubated with substrate
buffer. The fractions that were left the longest in PBS
prior to the addition of the substrate buffer showed the

lowest A,gpg5 readings, indicating that the binding of the

peptide—enzyme conjugates to BECs was reversible.



3.5 Competitive binding of free peptide and conjugate
to BECs.

A competition study employing free acetvlated peptide
as a competitor indicated that there was a competition for
the same binding sites on the BECs (Figure 11). The binding
of the conjugates decreased as the concentration of free
peptide increased. This indicates that the binding of the
conjugates to the BECs 1is specific. The ICgg (the
concentration at which there is 50 % inhibition) was

extrapolated from the graph to be 0.04 uM.

3.6 Inhibition of PELA by PAK pili.

A competition assay was performed using PAK pili and
the PAK synthetic peptide-enzyme conjugate PAK(128-144)-AP as
competitors (Figure 12). The binding of the peptide-enzyme
conjugates to BECs was inhibited by the addition of PAK pili
and the inhibition was dependent on the concentration of the
pili. The A4 05 decreased as the concentration of the pili
was increased, indicating the specificity of the binding and

a competition for the same receptor sites on the BECs. The

ICgg was determined to be 5.6 pg/mL.

3.7 Effect of PK99H IgGs and Fab fragments on the
binding of the peptide-enzyme conjugates to BECs.

The effect of various Fab fragments on the binding of
the peptide—enzyme conjugates to BECs was studied to confirm

that the specificity of the monoclonal antibody PK99H was
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directed to the C-terminal region of the pilin monomer .
Intact IgGs were found to increase Ajos readings, which
represented increased binding of the corjugates to BECH.
Therefore, monovalent Fab fragments were used.

In an experiment where a single dilution of Fab
fragments was employed and compared to the fraction
containing no Fab fragments, there was relative inhibition of
binding with the fraction containing the PK99H Fab fragment s
(Table 2). According to the results presented in Table 2,
PK3B Fab fragments also appear to inhibit conjugate binding,
which is the opposite of what was expected. This could be
due to nonspecific hydrophobic peptide-protein-antibody-BEC

s

interactions. Incubation with the polyclonal normal mouse
IgG Fab fragments (used as controls) displayed higher Asios
readings, indicating 1little or no inhibition, but rather,

enhancement of binding.

3.8 Binding of PAK (128-144) -HRP to monoclonal
antibodies.

Three different concentrations of the 17-amino acid
long peptide—horseradish peroxidase conjugate were added to
immobilized monoclonal IgGs in a binding assay to confirm the
specificity of the monoclonal antibody for that region of the
pilin. The binding was demonstrated to occur in a
concentration-dependent manner to PK99H IgGs (Figure 132).

The conjugates did not bind significantly to PK3B IgG nor to



PR1IZ29A 1gG, confirming that the AcPAK(128-144)ox peptide was

specific for FK992H.

3.9 Competitive binding of free AcPAK(128-144)ox and
PAK(1l28-144)-HRP to PK99H IgG.

A competition experiment between free AcCPAK(128-
144)o0x and its HRP conjugate was performed to assess the
affinity of the conjugate for the PK99H antibody. When a
constant amount of the peptide—enzyme conjugate and varying
concentrations of the free peptides were added to immobilized
PK99H IgG, there was a reduction in the Agq05 readings. This
indic~r' vz that the binding of the peptide to PK99H is

specific (Figure 14).

3.10 Binding of the peptide—-enzyme conjugates to PAK
pili.

The interaction between PAK(121-144)-AP and PAK pili
was examined in the earlier studies of Doig et al. (1988).
These authors showed that the 24 amino acid peptide could
bind to PAK pili. The 24-amino acid peptide—-enzyme
conjugated to AP bound to immobilized PAK pili in a
concentration-dependent manner (Figure 15). However, the
same assay performed with the 17-amino acid conjugate
indicated no binding to the pili, suggesting that the extra
seven amino acids in the longer peptide play a role in pilin-

pilin subunit interactions.
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4. Discussion

Pseudomonas aeruginosa is a major nosocomial pat hogon

of humans, responsible for morbidity and mortality amonyg

patients with burns (Sato et al. 1988) cystic fibrosis

(Rivera and Nicotra, 1982), and those who are
immunocompromised or immunosuppressed (Rivera et al. 1982y .
Infections caused by P. aeruginosa are thought Lo be

initiated by the adherence of the organism to the respiratory
mucosa (Johanson et al. 1972, 1979, 1980; Niederman et a].
1983, 1984, 1986) and the organism accomplishes this by means
of a number of adhesins. The major adhesins identified thus
far are the capsule, exoenzyme S and pili (Woods et al. 1980;
Ramphal and Pier, 1985; Baker et al. 1991) . Of these, the
dominant adhesin is considered *o be the pilus, due to the
efficacy with which it adheres to epithelial surfaces (Doig
et al. 1987; McEachran and Irvin, 1985, 1986).

The pilus, made up of pilin subunits, has previously
been extensively characterized, both biochemically (Bradley,
1972; Folkhard et al. 1985; Paranchych et al. 1978; 1985,
1986; Watts et al. 1983) and functionally as an adhesin
(Woods et al. 1980; Ramphal et al. 1984; Doig et al. 1988;
Irvin et &l. 1989). The domain of the pilin which makes
contact with the epithelial cell surface (the epithelial
cell-binding domain) has been localized in the C-terminal of
the polypeptide (Doig et al. 1988). In this research

project, a 24— and 17- amino acid synthetic peptide



cncompacoing the epithelial cell—-binding domain of the pilin
of . acruginosa strain KO (PAK) has been used to study the
effectivencess of an assay called PELA (Peptide—Enzyme Linked
Aosay) . Thiz assgay can be used tov facilitate the study of
interactions between subunits within a protein, and can also
e used &z the basis for a diagnostic kit that will detect
patients wiio are susceptible to ventilator-associated
pneumonia. The previously mentioned synthetic veptides were
con jugated to enzymes such as alkaline phosphatase ({AP) and
horseradish peroxidase (HRP) to measure their adherence to
the epithelial cell surface.

Alkaline phosphatase and horseradish peroxidase have
molecular weights of 140,000 and 40,000, respectively. After
conjugation of the enzymes with the peptides, the resulting
peptide:enzyme ratio ranged from 3:1 to 7:1. When the
peptide:enzyme ratios of the conjugates was lower than 7:1,

there was little difference in the binding characteristics of

1 conjugat =s. However, at higher coupling ratios (e.g.
17:1), the experiments were difficult to carry out. This was
due to the cross-linking of the BECs. The conjugates caused

agglutination of the BECs, making the counting of the cells
difficult. Under the light microscope, the cells were seen
as three-dimensional clumps (data not shown). Agglutination
of the cells serves as further evidence of the interaction

between the C-~terminal region o©f the pilin and the BEC

surface.
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The binding of the reptide-onryme coniuait oo oocurred

in a specific, concentration-deoenion maniterr verry much ik
) ’ Y

the binding characteristics o

,

Po o Geruginosa whole oellans

(McEachran and Irvin, 1985), consistent with {he epithelial

cell-binding domain being localized within that rexion.,

These experiments were performed in rolypropyvlene Fppendord

vials and on the Manifold™™ filtration apparati:s. In the

former method, BECs were washed soven times aftler  the

incubatior step to remove unbound conjugates. Thiz was a
time consuming step, and due to the possibility ot cell loss
during the removal of the supernatant, tinal BEC

concentration had to be determined. Using the latter method
proved to be rapid, because the final stage of count ing BECa
(to account for those 1lost in the washing steps wa s
eliminated, since the BECs were immobilized on the filters.
However, Dboth methods were reproducible und results

W re
comparable.

The affinities of the peptide-cnzyme conjugatas are
expressed as equilibrium dissociation constants (Kd) (Table
1) . In a comparison between the binding of the 24-amino acid
peptide and the l1l7-amino acid peptide, one can seec that the
average Ky value of the 17-amino acid residue peptide ig
slightly lower. his, therefore wolad dndicate a higher
affinity of the shorter conjugates for the receptors present
on the BEC surface. However, these differences are not

statistically significant, according to the Wilcoxzon FRank Sum

Test. It was originally enticipated that the extra sewven



aminG acids present in AcPAK(121-144)ox functioned to

‘ilize the peptide—-enzyme coniugate and to provide a

.nger linker arm to remove the peptide off the surface of
the enzyme.

The results presented in Table 1 suggest that there
i no significant role played by these extra residues. The
results also demonstrate that the type of reporter enzyme
used in the conjugates has little effect on the binding of
the conjugates to the BECs. The only difference lay in the
fact that when horseradish peroxidase was used asc the
reporter enzyme, colour development in the substrate buffer
was faster and the signal was higher. Therefore, it would
seem that horseradish peroxidase 1is the enzyme of choice in
practical situations.

The apparent Ky value of the l17-amino acid peptide
that was determined by Irvin et al. (1989) using monoclonal
antibodies as a means of detecting adherence is reported as
6.40 uM, which 1is significantly higher than the values
calculated for the peptides used in PELA (all of which were
less than 1 uMj). Therefore, by using PELA, thc conjugates
were shown to have higher affinities for the BECs than
demonstrated by the previous method. This discrepancy could
be due to the loss of peptides from BECs due to shifts in
equilibrium of binding during the washing steps that were
used by Irvin et al. (1989} . In PELA, several of these wash

steps are eliminated, so there is only one wash step after



the incubation with the peptides. In this way, etticiency is
increased and error is reduced.

For the sake of comparison, a binding ALSay war
performed with a peptide representing the epithelial cell-
binding domain of the pilin of the clinical tisolate p.
aeruginosa strain P1. P. aeruginosa Pl was originalty
isolated from & CF patient in Minnesota, U.S.A. The 1 ilin
subunit of the P1 pilus contains a large C-termina! disulfide
loop which consists of 17 residues (Figure 7' (Pasloske ot
ai. 198y). The Ky value of the P1 peptide (3.707 uM) i
higher than that of all the PAK peptide—enzyme conjugat es,
indicating that the binding affinity of the Pl peptide o
less than that of the PAK peptides. However, the fact 1 hat
the Pl peptide does adhere to BECs confirms that the
epithelial cell-binding domain is within the disulfide loop,
which 1is considered functionally important in maintainineg
receptor binding activity, possibly due to the +threoc-
dimensional structure it provides.

Specificity of conjugate binding to BECs was
demonstrated by competition with free, unconjugated peptides
(Figure 11). There is a discrepency betweesn tie ICqqy of
PAK(128-144)-AP (0.04 uM) and its Kq value of 0.293 uM. OGne
possible explanation for this 4is the fant that theceo
experiments were performed on different days. Another rcason
for this difference can be explained by the difference in
binding affinities between the conjugate and free peptide.

According to the results, competition did not reach

[}

.-
A



comp et ion., High bhackground and insufficient amounts of free
peptide are possible cxplanations for this observation. The
binding of HRP and AP to BECs was performed +o demonstrate
the level of background present in the assays (Figure 3) and
can be seen in other figures.

PAK pili were observed to inhibit the binding of

)

i

PAK(128-144)-AP in a concentration-dependent manner (Figur
12), lindicating a competition for the same receptor sites on
the host cell epithelial cell surface. Doig et al. (1988)
observed the same result when they competed whole bacterial
cells with purified pili. This again confirms that the P.
aeruginosa pilin has its epithelia. cell-binding domain
localized within the region represented by the synthetic
peptides. Inhibition of conjugate binding by PAK pili and
free unconjugated peptides also demonstrates the specificitly
of binding. The ICgpn of PAK pili was relatively high (5.6
Hg/mL), supporting the high affinity (lcw Kgq values) of the
conjugates.

Experiments were performed using Fab fragments of
monoclonal antibodies directed against various regions of the
PAK pilin. PKO99H is specific to the C-terminal region and
therefore, 1is postulated to inhibit adherence. It had been
previously demonstrated to inhibit whole cell and pilus
binding to BECs (Doig et al. 1990). The epitope for PK3B is
thought to be dependent on the three-dimensional structure of

the pilin. The negative control was the normal mouse Fab

fragments (Pierce).



~According to the results presented in Table

competitive binding with PK99H Fab fragments  inhibitas
adherence of the conjugates +to BECs. At tirst, the
experiment was carried out using IgGs. This did not work
because of the bivalency of the antibodies. The bivalenoy

caused cross-linking of the conjugates, resulting in
increased conjugate binding to the BECs. Theretore, the Ay
readings were higher, the opposite of what was expected.

In most circumstances, the assay with Fab fragment o
was difficult to carry out. The assay was carried out with
different dilutions of the Fab fragments ant & constant.
amount of the conjugate PAK(128-144)-AP. The results did not
demonstrate inhibition of conjugate binding to BECs by the
appropriate Fab fragments (i.e. PK99H Fab fragments woere
expected to inhibit binding). This could be explained by
nonspecific protein-protein interactions, considering that
there are many proteins present in the system (Fab fragments,
enzymes, peptides, BSA, and especially the high molecular
weight enzymes) . In previously published inhibition studies
with Fab fragments, increasing the amount of Fab fragments of
PK99H IgGs inhibited the binding of PAK whole cells (Doig et
al. 1988; 1990), and pili (Doig et al. 1990) to BECSs. Thie
methods employed in these assays do not utilize the hiqgh
molecular weight enzymes (horseradish peroxidase and alkaline
phosphatase), reducing any nonspecific interactions and
accounting for specific interactions between Fab fragments

and the antigens.



In order to better investigate the specificity of
Linding of the monoclonal antibodiecs to the synthetic

peptides, assays were performed using immo/bilized antibodies

on ELISA plates. PK99H, PK3B and normal mouse IgGs were
coated onto plates and reacted with the 17-amino acid
synthetic peptide conjugates. The conjugates bound well to

PK99H, somewhat less efficiently to PK3B and not at all to
the normal mouse antibody. This further shows that PK99H,
which is specific to the epithelial cell-binding domain of
thic pilin, 4is also specific to the synthetic peptide ol that
domain, confirming Doig et al. (1990). Also, in this assay,
competitive binding between free and conjugated peptides was
demonstrated. This data also indicates that both AcPAK(121-
144)ox and AcPAK(128-144)ox are freely accessible to PK99H
when they are coupled to either AP or HRP.

Nonspecific interactions are suspected to be caused
by the hydrophobic nature of the peptides. Hydrophobicity is
considered to be controlled by surface charges and solvent
and hydration energetics (Irvin, 1990). In addition to the
use of BSA to minimize nonspecific interactions, one can
manipulate the system by using other proteins, such as
gelatin or ovalbumin, increasing the ionic strength of the
sclvent, or decreasing the surface tension of the aqgueous
sclution. However, there are limits as to what extent one
can manipulate the reaction system, since it is necessary to

mimic as close as possible, host physiological conditions.
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The very fact that the peptide-enzyme conjugat es bind
effectively to human BECSs in the same manner as bBactoerial
cells makes PELA an effective candidate for a diaanostic kit .
BECs would be obtained from patients from the ICU and rinding
assays would be performed in order to identify individuals
who would need to undergo prophylactic treatment, whether by
antibiotic therapy or vaccination.

Another application for PELA would be its role o o
toocl for studying subunit-subunit interactions within o
protein moeliecule. The 24-amino acid peptide conjugatoed Lo
alkaline phosphatase bound to PAK pili {(which werce
immobilized on to ELISA plates) in a concentration dependoent
manner and in competition with its respective unconjugat e
form (data not shown). The binding experiment was also
carried out using the 17-amino acid peptide-enzyme conjugate
but it failed to bind to the pili ({data not shown) . Tt ic
therefore speculated that the extra amino acids present in
the 24-amino acid peptide are involved in the interaction

between the pilin monomers, interacting in some way with the

N-terminal region of the pilin, possibly by folding

mechanisms.

Summary.

PELA (peptide-enzyme linked assay) was demonstratcd
to be a simple and e - .. ive method in examining the kinetics
of ligand-receptor i =+ - - ns. The epithelial cell-binding

dorain of the Ps-.... . .n~: aeruginosa strain K pilin was



reprecented by the synthetic peptides used in this project

faryed

t.o

tthe

those

binding characteristics

of pure pili and the P.

~f the peptides were similar

aeruginosa bacteria.
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Table 1.

Apparent average K4q values of synthetic peptide-

enzyme conjugate binding to human BRECs

PAK (121- PAK (121- PAK(128— PAK(128- 1=
144)-HRP 144)—-AP 144) -HRP 144) -AP HRIP
Apparent 0.670 0.272 0.191 0.293 3,707
Average Xm
(M)
Standard 0.832 0.277 0.054 0.136 3.644
deviation

Statistical analysis on the PAK peptide conjugates using the

Wilcoxon Rank Sum Test

indicate that the

differences among

the Ky values are not statistically significant and that they

are comparable.

For each

of the conjugates,

values were derived from N=4 values.

average K,



Table 2. Effect of monoclonal antibody Fab fragments on the

binding of PAK(128-144)-AP to human BECs

Fab Fragment Mean A405/105 BECs Standard Deviation
no Fab fragment 1.975 0.071
normal mouse Fab 1.340 0.082
PK3B 0.5980 0.103
PK99H 0.4065 0.056
N=2

Agjpos Vvalues represent the amount of the peptide-—-enzyme
conjugate PAK(128-144)-AP bound to BECs. The PK99H Fab
fragments were shown to inhibit conjugate binding to BECs

when compared to the normal mouse Fab fragments and when no

Fab fragments are present.



Figure 1. The amino acid sequence of the PAK pilin monomer.
Cysteine residues 129 and 142 are linked by a disultide
bridge in the native protein and in the synthetia pept ide-—

enzyme conjugates used (Paranchych et al. 1986) .
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Figure 2. The amino acid sequence of the Pl pili: monomer.A
disulfide bridge exists between cysteine residues 127 and 145
(Pasloske et al. 1988). The synthetic peptide uscd in Lhe

experiments include amino acid residues 126-148.
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Figure 3. A.) Binding of alkaline phosphatarse (A1) w..
observed to occur in a concentration—dependent o,
reaching a maximum Ayns reading of 0.16 at a concentrat ion oo
0.025 umM. 0.1¢8 kygg accounts for the backoround al.oorion.
observed in subsequent figures involving AP conjugatorn, Bo)
Binding of horseradish peroxidase (HRP) to BECS SPProaaiied

.

saturation &t an Aspg reading of 0.2% at a concontrat ioo.

0.025 pmM.
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Figure 4. Binding of the conjugate PAK(121-144)-Ab .

in the presence of increasing amounts of BSA was e

2o brioat e

dssess the efficiency of BSA in minimizing nonspe

vinding. Increasing concentraticns of BSA

rersu iy

decreased nonspecific binding of the conjugate to BECS.



s

{1]
n

<
i

(S
(o)
g
'

.20
0.10 =
0.00 T T
. 0.5 1.0 1. 2
% BSA (wt/v)



Figure 5. Tlme  Ccu. s lhalng  or the  pept ide=envyre

conjugate PAK(121-144)-AP to BECS reached aaquil it fam oty o

20 rinutes of incubation. The concentration ot 1 o e

ras 0.8 uM. The error bars represent stand

o vio~'_,'.:_;fi\:y

(N=3) . The backgrounua A, reading was ar. .U
405
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Fijure 6. Einding of the peptide-—enzyme conjugate PAF () DH-

IR B § o b YT ™ L M. . - A . ey Y .
- iy Lma - e POPAFENINP I PR PSRN S R S e S R 1ot

Lo wWas o el Lo
enzyme . Binding was cbserved to occur in . concontrat iomn-
dependent manner, apprcaching saturation of receptor St
after 1 h of 2 ibation. Error bars were not included due Lo

variations occurring from dey to day (i.e. physiological

conditions of BECS).
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Figure 7. Double re
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plots of  the biodding dat

represented in Figure 6 for the determination of Kq values
for the binding of the PAK pept ide-enzyme contugataos o BRECS.

A.) Binding of PAK(121-144)-2P to RECSs. Lincar

regression
coefficient=0.926. B.) Bindina of PAK{121=144)-HRP to RECS
Linear regression coefficient=0.957. C.) Binding of PAK(I28-
144)-AP to BECs. Linear regression coefficient=0.919. )
Binding o©f PAK(128-144)-HRF to BECs. Lincar regression

coefficient=0.9234. Average K values for the

. conjugates are.

listed in Table 1.
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Figure 8. Binding of Pl peptide-lRP to BECs. Hinding is
shown tc © in a concentration-dependent manner, identical
to the k ... ..g curve demonstrated for the PAK pept ides, The:

molar coupling ratio was 3 peptides:l HRP enzyme.
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Figure 9. Determination of Kq for the binding of the P1

peptide-HRP conjugate to BECs. The apparent Ky is calculated

to be 3.478 UM. The linear regression coefficient is 0.83.
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Figure 10. Dissociation of bound PAK(128-144)-AP from BECSs.
After incubating the conjugates with the BECs, the bound
peptide-enzyme conjugates were allowed to sit in 1 mL of 0.1
M PBS, pH 7.2, for varying lengths of time. The amount of
bound conjugates appeared to decrease with increased time in
the buffer, indicating that another equilibrium had been
reached. The result presented is a single representative
exreriment, duc to limitations in tne number of BECs that are
Obtainable for a given experiment. Also, the number of cells
required for each data point precluded utilizipg multiple

replicates. Thus, error bars are not inciuded.
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Figure 11. Binding of free AcCPAK(128-144)0ox in competition
with 0.178 um PAX {128-144)-AP to BECs. Binding of the
peptide—-enzyme conjugates decreased with increasing addition
of free peptides. Concentration of the free peptides ranged

from 0 to 1 umM. The IC5g was extrapolated from the graph to

be 0.04 umM. Error bars are not included (see legend to

(

Figure 10).
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Figure 12, Inhibition of PELA by PAK pili. 2.8 UM of the

conjugate PAK(128-144)~AP was added to BRECs along with

varying concentrations of PAK pili (0 to 80 Lg/mL) and

incubated at room temperature for 1.5 h. The binding of the

conjugyates decreased with increased amounts of pili. The

IC5p was extrapolated from the graph to be 5.6 pug/mL.
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Figure 13. Binding of PAK(128-144)~-HRP to monocleonal

antibodies PK99%H, PK3B and PK129A bound to the wells of a

microtitre plate. The conjugates bound to PKS9SH in &
concentration-dependent manner in an ELISA assay. Binding to
PK3B and PK129A was not significant. 5 Hg/mL of each

antibody was coated on to ELISA plates.
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Figure 14. Binding of PAK(128-144)-HRP to monoclonal
antibody PK9Y99H in competition with free ACPAK(128~144) ox.
Equal volumes of free conjugate and Peptides were added to 5
Ha/ml. of immobilized IyG in an ELIS2Z assay. Increasing the
free peptide concentration resulted in a decrease of the

conjugated peptide binding to the antibody.
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Figure 15. Binding of the 24-amino acid peptide-enzyme

conjugate PAK(121-144)-AP to PAK pili was concentration-

d=2pendent . The same assay performed with the 17-aminc acid

conjugate did not demonstrate adherence.
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