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Pathogens have developed many sûategies for swival in hosts which possess
very effective defense mechanisms. The outcome of the host-pathogen interaction during
infection is clearly influenceci by a number of factors. We have investigated several of
the factors that make BwkhoIderia pseudomallei a successful pathogen.
Burkholderia pseudomallei is the causative agent of melioidosis, a disease king

increasingly recognîzed as an important cause of morbidity and mortality in many regions
of the world.

An intriguing observation regarding melioidosis is that a agniscant

percentage of patients who develop the disease have preexisting diabetes mellitus. In this
regard, we have tested the hypothesis that insulin may modulate the growth of B.

pseudornaZlei. We have demonstrated that iosuün markedly inhibits the growth of B.
pseudomallei in vitro and in vivo. Thus, it appears that serum insulin levels may play a

signincant role in modularing the pathogenesis of B. pseudomdlei infections.
Several features of melioidosis suggest that B. pseudomallei is a facultative
intraceliular pathogen. We assessed the abiiity of B. pseudomallei to invade and survive

in eukaryotic cells. We have shown that B. pseudonallei has the capacity to invade
cuitured ceil Iines and to survive and replicate intraceliularly in professional phagocytic
cells. Additionaily, electron rnicroscopic MSualization of B. pseudonallei infected HeLa
cells and PMN confirmed the presence of intracelMar bacteria within membraue-bound
vacuoles.

We have examined two mechanisrns by which B. pseudomuiZei may survive an

encounter with polymorphonuclear leukocytes (PMN). B. pseudomallei was found to be
resistant to human neutrophil peptides (defensins). Additiondy, PMN exposed to B.

pseudomaIZei generated a weak respiratory binst
We have used transposon mutagenesis to generate mutants deficient in the abiiity

to invade type II pneumocytes (A549 cells). Using this system, we describe the cloning

and sequencing of a novei two-component regdatory system in B. pseudomallei. This
regdatory system plays a role in the invasion of eukaryotic ceiis by B. pseudomaIIei and

the resistance of B. pseudomdllei to heavy metals. Genes identified in B. pseudumallei in
these studies share considerable homology with two-component regdatory systems

involved in the regdation of heavy metal efflwc-
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1.1.

B. pseudomu~~e~
Pathogend

Pathogens have developed many stnitegies for survival in hosts which possess
very effective defense mechanisms (Gross, 1993). The outcome of the host-pathogen

interaction during iafection is clearly influenced by a aumber of fxtors.

We have

investigated severai of the factors that make BurkhoZderÎu pseudoma~~ei
a successful
pathogen.

1.1.1. General featura of patbogenesis

Burkholderiu pseudomallei (formerly Pseudomonas pseudomallei; Yabuchi et ai.,
1992) is a srnaii, motiie, non-spore foming, gram negative bacillus (Howe et al., 1971).

It is the causative agent of melioidosis, a glanders-iike disease. WhiIe melioidosis affects

humans and animals equally, glanders is primarily a disease of horses, resuiting in
muitiple abscesses, particuiarly aiound the head and neck (Howe et al., 1971).
Melioidosis was fkst described by Whitmore and K r i s h w a m i in 1912 in Rangoon,

Burma

Autopsy findings of debilitated morphine addicts revealed subcutaneous

abscesses and caseous consolidation of lung tissue (Leelarasamee and Bovomkitti, 1989).

Whitmore noted the similarity between these ciinical hdings and those seen in glanders,
caused by Bwkholderiu mallei.
Burkholderia pseudomallei is a nahual inhabitant of soil, stagnant water and nce
paddies in endemic areas (Sanford, 1995). It has been found to be endemic in Southeast
Asia, particularly northeast Thailand and northem Australia (Chaowagul et al., 1989). B.

pseudornallei is most kquently isolated during the rainy season in these areas,
suggesting that as the water table rises to the d a c e it carries the bacterium with it

(Chaowagul et al., 1989). Sporadic cases have also k e n reported in the Philippines,
Mexico, Papua New Guinea, M c a and South America, It is rare in the western

hemisphere, however, a few cases have been reported in North Amenca These include
laboratory-acquired hfiections and Vietnam veteraos developing the disme when they

retumed home (Green and Tufheu, 1968; Schlech et ai., 1981). This bacterium is a
common cause of opportunistic infections in areas of endemicity (Smith et al., 1987).
Individuals particularly susceptible to infection inciude diabetics and those with rend
disease (Chaowagul et al., 1989).
BurWtolderia pseudomailei is an obligately aerobic, fkee-living organism. B.

pseudornallei is motile by means of a polar tuft of 2-4 flagelia (DeShazer et al., 1997). It
is one of the most nutritionaiiy versatile members of the genus Burkholderia. It can grow

on a wide range of organic compounds including carbohydrates, amino acids and fany
acids (Nigg et ai., 1955). Growth is maxunusd at 37°C; however, it is capable of growth

at 18-42OC. Growth on solid media redts in colonies v-g

fiom smmth to rough,

which often becorne dry and wrinkled after a few days of incubation (Leelarasamee and
Bvornkitti, 1989). It has been found that there is no correlation between colonial

morphology and toxicity (Nigg et al., 1955).
The pathogenesis of melioidosis has not k e n well defied. Several putative

viruience factors have identified although they have not been weil characterized. Putative
extracellular M e n c e factors include a thermolabile to*

a protease, lipase, and

lecithinase (Ashdown and Koehler, 1990; Colling M., et al., 1958~1,1958b, Sexton et al.,
1994). Cell-associated Wulence detecmioants include iipopolysaccharide (LPS), pili,
extracellular polysaccharide and flagella (Smith et al., 1987). B. pseudomallei produces
a water-soluble siderophore for iron acquisition fhm the host, which contributtes to its
survival and maintenance (Yang et al., 1991). Endotoxin has also k e n considered in the

pathogenesis of the disease; however, the toxicity of B. pseudomaiIei endotoxin is
reportedly low (Coliing et al., 1958; Heckly and Nigg, 1958). DeShazer et al. (1997)

reported that flagella W o r motiiity did not play a signincant role in the vinilence of B.
pseudomoilei in diabetic rats or Syrian hamsters.
Bwkhoideria pseudomallei is resistant to the bactericidal action of normal human
senun, which provides a significant survival advantage to the organism since it may be

directly introduced into the blood via cuts or skui abrasions (Ismail et al., 1988). It has
also been found to survive and multiply in human phagocytes in vitro, suggesting that
Burkhdderiu pseudomaIIei is a facuitative intraceUu1a.r organism (Prusachartvuthi et al.,

1990; Razak and Ismail, 1982).
BurMtolderia pseudomallei has k e n shown to be a potent activator of
complement (Eagan and Gordon., 1996). In the absence of antibody, the alternative
pathway has k e n found to be the predominant mode of activation. The mechanism of
activation has not been investigated but is thought to include Lipopolysaccharide, which is

the prototypic activator of the alternative pathway by gram-negative organism in the
absence of antibody (Eagan and Gordon, 1996; Joiner et al., 1994).

BurWMlderia pseudomullei is capable of penetrating skin abrasions and cefluiitis
somethes develops at the site of entry. Acute lymphadenitis forms and is usually
accompanied by regional lymphadenitis (T'anphaichitra, 1989). B. pseudomallei ais0
infects humam through the respiratory route and perhaps by ingestion (Tanphaichitra,
1989). Ephotic disease occuts, but animals are not thought to be a reservou of human

disease (Tanphaichitra, 1989). Human to human transmission of infection is muSual
although venereal transmission has been reported (McComiick et al., 1975).
Melioidosis c m be seen as an inapparent infection, asymptomatic pulmonary
infiltration, acute l o c ~ suppurative
d
infection, acute pulmonary infection (most
cornmon), acute septicemic infection or chronic suppuratve infection (Dance, 1991;
Whitmore and Krishnacwami, 1912). B. pseudomulIei cm disseminate fiom sites of
localized Section, such as the lungs or skin, to Wtually any other organ of the body
(Dance, 1996). Multiple small abscesses are formed, usually containhg necrotic debris,
polymorphonuclear leukocytes, and B. pseudomallei, that later tend to coalesce and
cavitate. Hemorrhage may ais0 be seen in lung abscesses (Tanphaichitra, 1989). tu

chronic melioidosis the lymph nodes and the lungs are most involved and lesions show
centrai necrosis and occasionaily peripheral grandomas and giant ceils but rarely B.
pseudomallei bacilli (Tanphaichitra, 1989). The protean manifestations of melioidosis
contribute to the diff?cuity of diagnosis in rural south-east Asia where infection is an
occupationai risk for families working in flooded nce paddies (Brown et al., 1990). It has
k e n shown that in some areas this organism is a major cause of community-acquired
sepsis with a mortality which approaches 70% despite treatment (Chaowagul et al, 1989).

However, with better diagnosis and more prolonged appropriate therapy, mortality in
foms except the septicemic, shouid be low (Chaowagul et al., 1989). B. pseudomallei is

usually sensitive to chlomnphenicol, TMP-SMZ, kanamycin, tetracycline and the tbirdgeneration antipseudomonai cephalosporins except cefdodin (Sanford, 1987; Sanford
and Moore, 1971).

Up to 15% of healthy Thai adults have signifiant indirect hemagglutinationantihdy titer (>1:80) to B. pseudomallei and aithough the exact prevalence of
melioidosis has not been accurately determined, it almost certainly is much greater than
that detemiined fkom the number of clinically recognized cases (Tanphaichitra, 1989).

1.1.2. Meiioidosis and diabetes

A consistent and intriguing observation regarding septicemic melioidosis patients

is that a signifïcant percentage of these patients are diabetic (Chaowagul et al., 1989;

Puthucheary et al., 1992). In a 1986 prospective study of aU cases of melioidosis
admitted to a large provincial hospital in noaheast Thailand, septicemic melioidosis

presented mainly in the rainy season; the disease occurred predominantly in rice farmers
or their families, and was significantiy associated with preexisting diabetes mellitus
(Chaowagul et al., 1989). Of the 63 patients with melioidosis, 20 (32%) had underlying
diabetes as compared to 37 (18%) of the 206 other patients (Chaowagul et al., 1989). In
a recent review of 50 cases of septicemic melioidosis fkom Malaysia it was reported that

38% of these patients had underlying diabetes mellitus (Puthucheary et al., 1992). The

patients in each of these two studies were shown to d e r h m type 1 diabetes. Based
upon these observations. it is evident that patients with insulin-dependent type 1 diabetes
are significantly at risk of acquiring septicemic melioidosis.

Diabetes meliitus occurs in aii parts of the world, but with striking variations in
prevalence in different races and geographical locations. The two main types are insulindependent (type 1) diabetes and non-insuün dependent (type 2) diabetes. In the tropics
another type of diabetes known as tropid pancreatic disease has to be considered

(Bamett, 1991). Type 1 diabetes is associated with pancreatic beta ceil destruction and
insulin insufficiency, whereas type 2 diabetes involves resistance of target organs to the

effects of insulin. Each of these types results in an upward shift in blood glucose, and
treatment of diabetes involves normaiization of blood glucose levels by iasulin injections
(type 1) or the administration of oral hypoglycemic dmgs (type 2) (Barnett, 1991). It is

well established that patients with diabetes are prone to infection including fungai
infections, necrotizing infections and osteomyelitis. The reasons for this have k e n
amibuted to the poor circulation and lack of local sensation in these patients or to the
ketoacidosis associated with diabetes (Taîiy, 1993).
Based upon these observations that patients with indimiependent type 1
diabetes are sigdicantiy at risk of acquiring septicemic melioidosis, the present midies
were designed to test the hypothesis that insulin may moduiate the growth of B.

pseudomallei, and in this manner inauence the pathogenesis of disease due to this
organism. We have clearly demonsûated that insulia suppresses the growth of B.
pseudomullei both in vitro and in vivo.

We hypothesized that in insulin-deficient individuais infected with B.
pseudomallei, the growth rate of the organisms is not inhibited and the infection
progresses to a septicemic form.

In insulin-Suffjcient individuals idiected with B.

pseudomallei, the inhibition of p w t h rate that occurs due to the presece of insulin may
trigger a chronic or latent form of the infecton as the organisms assume an intraceiiular
habitat-

1.1.3. Intraceiiular pathogenesb
Severai features of melioidosis suggest that B. pseudornuilei is a facultative
intraceliular pathogen. The incubation period is not weii defked and has ranged fiom 2
days to 29 years (Mays and Ricketts, 1975, Cbodimeiia et al., 1997). This infection bas

the potentiai for a pmlonged latency period with recrudescence into an acute, fbhhating,
and fatal infection (Koponen et al., 1991). The latent f o m of melioidosis is of

considerable diagnostic and epidemiological importance. The activation of the latent
infection is often associated with concurrent disease or injury. This often leads to

f i c u i t y in prompt diagnosis, and in conjunction with the resistance to antimicrobial
therapy encountered in chronic foms of melioidosis, this infection ofkm results in
significant morbidity and mortaiity (Mackowiak and Smith, 1978; Momson et ai., 1988).
Relapses of melioidosis after apparent clinical resolution of the prirnary infection
have k e n assumed to be a recrudescence of the primary infection (Kingston, 1971).
Snidies by Sexton et al. (1993) and Desmarchelier et al. (1993) have used ribotype

anaiysis to demonstrate that in many cases, relapse resuits fiom reactivation of a
persistent endogenous source of infection. It has been postdated that after the initial
phase of infection, B. pseudomrltei can persist in a domant stage in macrophages for

months or years (Prulcsachartmthi et ai., 1990). B. pseudomdei has been found to

survive and muitiply in human phagocytes in

@ruksacbartvuthi et al., 1990). The

mechanism by which this organism survives within human phagocytes is not known.
Relapse after apparent cure, fkquent recumnces of infection when the course of
treatment is not long enough and diflïcuity in treating melioidosis despite the fact that

antimicrobial agents are effective against the organisrn Ni vitro, also suggest that

intracelluiar survivai of B. pseirdon>alei

may be important in the pathogenesis of

infection (Howe et al., 1971; Pniksachtvuthi et al., 1990).

Melioidosis is associated with impaired cellular irnmunity; total lymphocyte
counts are usually less than 1000 per cubic millimeter, the percentage of total T ceiis is
less than 50% due to a decrease in T helper ceils; and skin tests with
diaitrochlorobenzeneare negative. The number of T suppressor celis is normai, as is the
number of B cells (Sanford, 1987). That the celiular immune system appears to play a
crucial role in the host response to B. pseudomallei iafection is fûrther supported by the

histopathological ciifferences between Iocalized and disseminated disease (Piggott, 1976),
the association of sepsis with such conditions as diabetes meiiitus and chronic rend

disease (Chaowagul, 19891, and the occurrence of disease arising nom latent infections in

hosts who become i.munocompromised (Sadord and Moore, 1971). Brown et ai (1990)
assessed the activation of cellular immune responses in melioidosis patients in Ubon

Province, Thailand, by measuring the urinary neopterin as a quantitative measure of in
vivo

T ceii-macrophage activation.

The cellular immune system of patients with

melioidosis was found to be massively activated as assessed by measurements of urinary
neopterin and the authors state that sepsis may have k e n preceded by the presence of
inadequate specific cellular immune responses which failed to Limit proliferation and
dissemination of B. pseudomdIei. The excessive number and widespread distribution of
bacteria which resulted were the likely cause of secondary, non-specinc T cellmacrophage activation reffected by the urinary neopterin excretion (Brown et al., 1990).
The present studies were designed to examine the ability of B. pseudomaIIei to
invade non-professional phagocytic ceiis, to assess intracellular survival and replication

in professional phagocytes and to uivestigate possible mechanisms by which B.
pseudomaZZei may s w i v e intracelidarly. We have demonstrated that B. pseudomaIIei

has the abiiity to invade cuitured eukaryotic ceiis and to survive and replicate
intraceiiuiarly in professional phagocytes.

1.1.4.

Host respow to B. pseudomailei and intricellular pathogens

Facuitative intraceilular pathogens avoid killing by phagocytic celis and caa
persist in the host, with debilitating diseases often the resuit (Modder, 1985). Survival

mechanisms used by intracellular pathogens include: inhibition of the respiratory burst,
inhibition of phagosome-lysosome fusion, and suMval within or escape fiom the

phagolysosome.

The molecular basis of these survival strategies remaias largely

unknown (Kaufinann, 1993).
We have examined two mechanisms by which B. pseudomallei may survive an

encounter with PMN. B. pseudonallei was found to be resistant to human neutrophil
peptides (defensins). Additionally, PMN exposed to B. pseudomaltei generated a weak
respiratory burst.
One mechanism of immune-ceii k i h g of bacteria involves the actions of a group
of amphipathic, cationic, antimicrobial peptides found in neutrophü granules,
macrophage phagosomes of some species and secretions of mucosal epithelia (Gunn and
Miller, 1996). These cationic peptides include defensins ( C h u et ai., 1985), azurocidin

and bactericidal permeability increasing factor

(Shafer et al., 1984).

Cationic

antitnicrobial peptides are thought to kill bactena by binding to lipopolysaccharide
through ionic bonds 6 t h the unsubstituted, negatively charged pbosphoryl groups of
lipid A (Gunn and Millet, 1996). M e r binding, sequentid permeabilization of the outer
and inner celi membranes results in cell death (Lehrer et al., 1989). Other examples of
compounds with diverse st~cturesthought to kill bacteria by a similar mechanism
include protamine d a t e , plymyxin 8, polylysine, cecropins, mellitin, magainins and
senun complement (Oum and Miller, 1996; Vaara, 1992).
On contact with a PMN, most opsonized and some nonopsonized bacteria induce

an oxidative burst.

The oxidative burst is the end resuit of the assembly of a

multicomponent system of enzymes and electron transport molecules that catalyzes a
single electron reduction of molecular oxygen to yield the superoxide anion. Superoxide

rapidly combines with itself and hydrogen ions to f o m hydrogen peroxide. In the
presence of myeloperoxidase, lactofmin, iron, and other cofactors found in the PMN,
superoxide anion and hydrogen peroxide combine to fom s e v d other reduced oxygen
products, iacluding hydroxyl radicals and sioglet oxygen (Rest, 1994). The aitical
cellular targets of oxidative kilhg mechanisms are thought to include bacterial DNA,
cell membranes and proteins (PappSzabo et al., 1994).

1.1.5. The d e of invasion of eukaryotic cclls in patbogenesk of B.

pseudomallei infection
We were interested in identifjhg and chanicterizing, at a molecular level, the
role of invasion of eukaryotic celis by B. pseudomailei in the pathogenesis of infection.
We used a combination of an animal mode1 of B. pseudomallei infection and transposon

mutagenesis to study the role of invasion in the pathogenesis of disease. We have

utilized two previously described animal models of acute B. pseudonolei

infection,

diabetic rats (Woods et al., 1993) and Syriaa hamsters (Brett et al., 1997). The
transposon TnS-OT182 has been used successfully in B. pseudomaliei by DeShazer et al.
(1997) to generate motility mutants which led to the molecular characterization of the

flagellin structurai gene. The transposon was found to insert randomly into the
chromosome of B. pseudomallei (DeShazer et al., 1997). Tn5-OT182 is a TnJ-derivative

(Merriman and Lamont, 1993). Tn5 is weii chamcterized geneticdy and transposes with

relatively high kquency in many gram negative bacteria (Berg* 1989). TnS-OT182
contains a tetracycline cesistant determinant, which is a useful seiective marker in B.

pseudomallei (DeShazer et al., 1997). This transposon also contains the ColEl origin of
replication which d o w s for the "self-cloning" of DNA fianking the site of TnS-OT182
integration (Memiman and Lamont, 1993). Additionally, a prornoter-less lac2 reporter
gene d o w s for the formation of lac2 -ptionai

fisions when Tn5-OT182 integrates

downstream of a hctional promoter (Merriman and Lamont, 1993).
Using this system, we describe the cloning and sequencing of a novel two-

component regulatory system in B. pseudomallei that plays a role in the invasion of
eukaryotic cells by B. pseudomallei and the resistance of B. pseudomallei to heavy
metais. Genes identifïed in B. pseudomailei in these studies share considerable homology

with two-component regulatory systems involved in the regulation of heavy metal efflux.

1.2.

Two-Component ReguIatory Systems

Twotomponent regulatory systems have been described that control chemotaxis,
osmoregulation, sporulation, host-pathogen interactions, responses to nitrogen, phosphate
or carbon source availability and many other environmental stimuli (Russo and Silhavy,
1993). In general, each system consists oftwo proteins, a sensor which senses the cell's

enviromnent and a regulator which effects the intemal response (RUSSOand Silhavy,
1993). The two proteins communicate through evolutionady consewed domains, using a
mechanism that involves the transfer of a phosphate group fiorn the sensor to the

regulator (Russo and Silhavy, 1993). The sensor component autophosphorylates at a
histidine residue, receiving its phosphate group fiom ATP (Stock et al., 1989). The
phosphate group is then transferred h m the histidine residue of the sensor to a conserved

aspartate on the regdator ( N i a and Magasanik, 1986). Finally, the phosphate group is
hydrolyzed, restoring the reguiator to its original state (Russo and SiUlavy, 1993).

1.2.1.

Two-component systems and regdation of virulence

One of the major control points in the pathogenesis of Salmonella sp. is the
PhoP-PhoQ two-component regulatory systern (Miller et al., 1989).

PhoP-PhoQ

positively and negativeiy regdates the production of over 40 proteins (Miller and
Mekalanos, 1990). PhoQ is a membrane-bound b

e that senses environmentai signals

and transfers phosphate to PhoP to activate pag (PhoP-activated gene) and repress prg

(PhoP-repressed gene) transcription (GUM and Miller, 1996). pag loci are induced
within acidified macrophage phagosomes where Salnone~luspp. survive and replicate
after phagocytosis (Buchmeier and Hefion, 1989). It has been s h o w that increased
levels of M ~ and
~ ca2+
+ can repress s i m g by PhoQ to activate pag transcription and
that low concentrations of these ions cotdd be responsible for the activation of the PhoP
regulon within macrophage phagosomes (Garcia-VescoM et al, 1996). Twenty-one pag
loci have been described although the individual contributions of the pag gene products
to SaZrnoneIIla ryphirnurium vinilence have not been clearly demonstrated (Gunn and
Miller, 1994).

The observations that PhoP and PhoQ are essential to S. fyphimurium vinilence

and that they mediate resistance to severai different antimicrobial peptides suggest that
the resistance itseif is important to pathogenesis and specificdy to suMval within
professional phagocytes (Ouan and Miller, 1996).

The ability of S. îyphimurium to

survive w i t b macrophages and its ability to express resistance to antimicrobial peptides
have b o t . k e n correlated with vinilence in mice (Fields et al., 1989, Groisman et al.,
1992). To date, no individual PhoP-reguiated gene(s) has been determined to be essential

to antimicrobial peptide resistance thus the mechanism and the significance of PhoPPhoQ -mediated resistance remai.undefined (Ounn and Miller, 1996).

1 .

Bacterial Efnux Mechanisms

Hydrophobic and large hydrophiüc molecules cannot pass through outer
membrane p i n channels of gram-negative bacteria

However, numerous proteins,

peptides, carbohydrates, and hydrophobie h g s are actively exported directly nom the

cytoplasm of bacteria to the externai medium (Dinh et al., 1994). Three types of
cytoplasmic membrane transporters are thought to allow passage of such molecules
across the bimembranous envelope; drug resistance porters of the major facilitator

superfamily (MFS)(Marger and Saier, 1993), protein or peptide exporters of the ATPbinding cassette (ABC) superfarnily (Higgins, 1992) and dmg, metallic cation, and
oligosacchande exporters of the heavy metal resistaace/noddationfceU division (RND)
f d y (Nies et al., 1989; Saier et al., 1994). The mechanism by which each of these
permease systems allows transport of theu substrate across the two membranes of the ce11

envelop in a single step is currently not known (Dinh et al., 1994). The transport systems
fiinction with a second protein tbat is embedded in the cytoplasmic membrane, sometimes
as a lipoprotein, and extends into the periplasm where it is thought to interact with the
outer membrane (Lewis, 1994; Saier et al., 1994). Evidence suggests that it must bind to
its cognate transport protein in the cytoplasmic membrane and somehow create a channel
fiom the periplasmic side of the transport system to die extemal nvface of the outer
membrane (Lewis, 1994; Saier et al., 1994). This novel family of transport proteins has
been designated the membrane fusion proteinç (MFP) family (Dinh et al., 1994). The
molecular mechanism by which the membrane fusion proteins ailow export of solutes
across the outer membrane has not yet been determined @inh et ai., 1994).

13.1. Cation effiiu and RND transporters

We have identified and characterized a two-component regdatory system in B.

pseudornallei with homology to the two-component systems that regulate heavy metai

cation e a u x in several bacterial species. We have also idenîifïed a B. pseudumallei gene
with considerable homology to a member of the family of cytoplannic membrane

-

transporters the heavy metal resistance/nodulation/ceUdivision @ND)family (Nies et
al., 1989; Saier et al., 1994).

The czc determinant fiom the gram-negative multiple metal-resistant bacterium
Ralstonia eutropha (fomerly Alcaligenes eutrophur, Yabuchi et ai., 1995) encodes

proteins required for co2+,2n2+,and cd2+efflux (CzcA, CzcB and CzcC) and regulation

of the czc determinant (CzcR and CzcS) (Nies, 1992; van der Lelie et al., 1996). In B.

pseudomallei we have identified and characterized genes homologous to cscR and czcS.
We have also identified a homolog of d .
The divalent cations of cobalt aML zinc are essential nutrients for bacteria, required
as trace elements at nanomolar concentrations.
concentrations, CO,'

2h2+and

However, at micro- or millimolar

are toxic (Nies, 1992). In contrast, cd2+has not been

identified as a trace nutrient and is not thought to have any beneficial roles in bactena
(Nies, 1992).

In R eutropha the toxic cations 2n2+,co2+and cd2+are transported into the ce11
by the magnesium uptake system (Nies, 1992). In the presence of the czc gene products,
ail three cations are actively extruded from the cell. (Nies et al., 1992). The predicted

gene products from DNA sequences show no signs of ATPase motifs (Nies et al., 1989).
It has been suggested that the mechanism of energy-coupling is a chemiosmotic divalent

catiodproton antiporter (Nies, 19%; Nies, I992b).
C a A is the largest of the proteins (1064aa) and is essentid for cation transport.

CzcA shows potentiai transmembrane a-heiices and is thus capable of forming a
membrane charme1 (Nies, 1992). No putative ATP-binding site has been identified in the
prirnary sequence of CzcA, therefore a cation-proton antiport is the hypothesized

mechanism of action for the czc-encoded efflux protein complex (Nies et al., 1989). The
CzcA protein is very low in cysteine and histidine content and thus low in possible metalbinding sites. Metal cation binding is thought to be the fiuiction of CzcB, the second

largest protein (521aa). The CzcA and CzcB proteins fùnction together as a 2n2+efflux

pump (Nies, 1992). The third protein of the efflux cornplex, the CzcC protein (346aa), is

predicted to b c t i o n as a modifier, switching the abstrate specifïcity of the transporter
fiom zn2+only to cd2+,Zn2+,and CO'+ (Nies et al, 1989).
The CzcA protein is a member of the RND family of gram-negative bacterial
transport proteins (Lewis, 1994; S a k et al., 195 '). RND proteins are thought to be
proton antiporters located in the cytoplasmic membrane and to transport their substrates
fiom the cytoplasm to the periplasm (Lewis, 1994). The CzcB protein is a member of the
membrane fusion protein (MFP) family of gram-negative bacterial transport proteins
(Lewis, 1994; Saier et al., 1994). MFP proteins are beiieved to span the cytoplasmic

membrane, extend into the peripiasm, and mediate localized

hision between the

cytoplasmic and outer membranes (Lewis, 1994). CzcC is a member of a family of outer

membraw transport proteins fiom gram-negative bacteria (McClain et al., 1996).
Two regulatory genes have been identified as part of the czc system. czcR and
czcS are located just upstream of czcC and are traascnbed in the opposite direction (van

der Leiie, 1996;Nies, 1992b). CzcR is thought to be an activator protein rather than a
repressor (Nies, 1992b).

13.2. Copper efnux
The two-component system homolog identified in B. pseudomailei also shares
significant sequence homology with the copper resistance regulatory systems of P.
syringae and E. coli.

Uniïke the toxic heavy metals mercury and cadmium, which have no known
bewficial biological hction, copper is an essential trace metal which is required for the
synthesis of metdoproteins, mainly oxygenases, and elecbon-transport proteins (Brown
et al., 1992). It is also a highly toxic heavy metal against which aii organisas must

protect themselves.

Thus bacteria must have mechanism for maintaining essential

supplies of copper to the metaiioprotein biosynthetic machinery wbile simuitaneously
protecting the ce11 against toxic concentrations of copper (Brown et al., 1992). Copper
can catdyze adverse redox reactions in the bacterial ceil, mch as the generation of

hydroxide radicals which are highly reactive and c m participate in a number of
deletenous reactions (Brown et al., 1992). Copper, like many metals, c m also bind to
and r n o w hctionai gmups in proteins, nucleic acids, polysaccharides and lipids. This

c m cause aiterations in structure and/or fiuiction of these macromolecules (Brown et al.,
1992).

The copper resistance systems of P. syringae and E. coli are basicdy equivalent
and consist of four structurai genes caiied pcoA, pcoB, pcoC and pcoD in E. cuii and
copA, copB, copC and copD in P. syringae (Meiiano and Cooksey, 1988; Silver et al.,

1993; Silver et al., 1994). The Pseudomonas and E. c d i systems both have paired

regdatory genes, with a membrane-bound cu2+sensor (the peoS or copS gene product)
coupled with the pcoR or copR gene products that may be DNA-binding repressor
proteins (Brown et al., 1992; Silver et al., 1993). The copper resistance genes of P.

syringae are organized as an operon (cop) consisting of the four structurai genes under
the control of a copper-inducible prornoter. The regdatory genes copR and copS lie 3' to

copABCD (Mellano and Cooksey, 1988a;1988b). The regdatory genes are required for
copper-inducible expression of the cop promoter, but they are transcribed separately by a
constitutive promoter 5' to copR (MUet al., 1993).
None of the cop or pco gene products share homology with RND transporters.
The P. Wngae CopA and CopB proteins possess copper-binding consensus sequences

(Brown et al., 1992). CopA and CopC are periplasmic proteins, whereas CopB is an
outer membrane protein (Brownet al., 1992). CopD is thought to be an inner membrane
protein involved in copper uptake in conjmction with CopC (Silver and Ji., 1994). The

subceUular locations, the copper biading capacities, and the amino acid sequences of the

proteins suggest a mechanism in which the cop determinant confers resistance to copper
by sequestration of copper ions outside the ce11 (Brown et al., 1992). In contrast, copper
resistaoce in E. coli is conferred by increasing the rate of copper efflwc fiom the ce11 in an

energy-dependent manner (Rouch et ai., 1985).

2.

MATERIALS AND METHODS

2.1.

Interaction of B. pseudoMO[Iei with Insuiin
2.1.1.

Bacterial strains

Burkholderia pseudonrallei clinical Wiates used in the iosulin studies were

generously provided by Dt D.A. Dance,

Wellcome-Mahidol University, Oxford

Tropical Medicine Research Program, Bangkok, Thailand.

Escherichia d i ,

Pseudomonas aerugïnosa and Burkholderia cepacia chical isolates fiom blood cultures

were obtained from the Clinical Microbiology Laboratory of the Foothills Hospital,
Calgary, Alberta.

2.1.2.

Effects of insuiin on bacterial growth.

The effects of insulin on bacterial growth were examined in a series of cliaical
isolates. AH strains tested were cuitured fiom fiozen stock onto M9, minimal salts, agar
containing 0.5% glucose (Roberts et ai., 1963). This culture was used to inocdate a
starter culture of M9 broth with 0.5% glucose which was grown ovemight at 37OC. One
hundred ul of this starter culture containing approximately 1 x 10' organisms (giving a
finai concentration of 1 x 10' organisms per mi in each flask) were transferred to separate

flasks containing M9 broth plus insulin, Humuiin R (Hi LiUy, Indianapolis, IN)a human
biosynthetic insulin, at a concentration of 10 U/ml. In control cultures, human semm
albumin was added to a final protein concentration equivalent to 10 uaits of insulin per
ml. These growth experiments were performed in triplkate, and the growth rate was

determined by measuring the absorbante at 550 am of the cultures at 0, 4, 8 and 24 h
following inoculation and incubation in a shaking water bath (200 rpm/min.) at 37'C.

2.1.3. B. pseudomaIIei growth in rat sernm
Rats were made diabetic by intraperitoneal streptozotocin injection (STZ, 80
mg/Kg) for each of 2 consecutive days accordhg to the methods of Tancredi et al. (1993).

Induction of diabetes was monitored by measurement of urine and blood glucose levels
(Yoon et al., 1985). All animais with a blood glucose concentration p a t e r than 248
mg/d were considered diabetic.

Whole blood obtained nom diabetic rats and

nondiabetic control rats was centrifuged (7000 x g for 15 minutes) and the serum
removed. Complement was inactivated by placing the serum into a 56OC water bath for
30 minutes.

To nine 125 ml flasks were added 5 ml complement inactivated serum, 5 ml
phosphate buffered saline (PBS) and 100 ul of a dilution of an ovemight culture of B.

pseudomalIei containing approximately 1 x 108organisms (giving a h a 1concentration of
1 x 10' organisms/ml for each flask). The first triplicate set of flasks contained 5 ml
control senun; the second triplicate set contaiwd 5 ml diabetic rat serum; and the third

triplicate set contained 5 ml diabetic rat serum plus O.lU/ml of human recombinant

insuiin. At time points of 0, 4, 8 and 24 h following inoculation of the flash with
bacterial organisms, 100 ul samples were removed nom the flasks and the number of
bactena quantitated.

2.1.4.

B. pseudomIIei growth in haman semm

The growth of B. pseudodlei was examined in complement-inactivated human
serum depleted of innilin. Insuiin was removed h m normal human serum by affinity
chromatography ushg anti-insuiia monoclonal antibody coupled to CNBr-activated
Sepharose 4B (Pharmach, Uppsala, Swedea). CC9C10 ceils (ATCC No. HB 123,
graciously donated by Dr. J.W. Yoon, University of Calgary) which produce an antitmdy
reactive with insuiin were grown in Dulbecco's modifieci Eagles medium with 4.5 giL
glucose and 10% fetal bovine serum (FBS) (Gibco Canada, tnc., Mississauga, Ont).
Culture supematants were collected and precipitated in 70% ammonium sulfate. The

precipitates were resuspended in 0.1 M NaHC03, pH 8.3, containing 0.5 M NaCl
(coupling bufKer) and dialyzed overnight against this buffer. The antibody was coupled to
CNBr-activated Sepharose 4B accordhg to the manufacturer's directions (Pharmacia,
Uppsala, Sweden). Insulin depletion was monitored by immunoassay, and the insuiin-

depleted senun was complement inactivated and fïiter sterilized.
The growth of B. pseudomallei in human serum was examined as described above

for growth in rat semm except that the nrst tripikate set of flasks contained 5 ml control

human serum obtained fiom a normal healthy volunteer with no history of diabetes; the
second tripiicate set contained 5 mi insulin-depleted sem;and the third triplicate set
contallied 5 ml insulin-depleted semm plus O. 1Uhl of human recombinant insulin.

2.15 insuiin binding to B. pseudomoIIei

Binding of '25~-insulinto B. pseudlonlIei was examinecl. Humuiin R (ELi LiIy,

Indianapolis, ïN) a human biosynthetic insuiin, was iodinated with 't5~(~mersham
Canada Ltd.) using Iodo-Be& (Pierce Chemicais, Rockforci, IL) according to estabiished

procedures (Lee et al., 1984; MarkWeil, 1982). Iosulin-hd label was separateci fkom
unbound

by membrane dtraEiltration (vitrafke-MC, Millipore Corp., Bedford, MA)

according to Lipford, et al (1990). Protein concentrations of the radiolabelled ligand
were determined using the BioRad Protein Assay System (BioEW, Richmond, CA). B.
pseudomallei ceîis were grown for 18 hours at 37°C in M9 broth containing 0.5% glucose
(Roberts et al., 1983). The celis were centrifûged (10,000 x g for 15 minutes), washed
twice in PBS and resuspended to a nnal absorbance of 0.3 at 630 nm (approximately 5 x
109ceiüml). To 1.5 ml microfige tubes were added LOO ul of ceiis, '"~-insuüa ranging
in h a 1 concentrations fiom 1.0 to 10 u g M in 10 ul aliquots and 150 ul PBS containing
0.1% (wtlvol.) aibumin (Cuatrecasas, 1972). Foiiowing incubation at 24OC for 20

minutes, which are standard assay conditions for insulin bindiag proposeci by Cuatrecasas

(1971), the cells were washed 3 times in cold PBS. The amounts of fiee '2S~-insulinin
the supernatant and ceU-bound L2S~-insulin
were detemiined. These experiments were

perfonned in triplicate.
Specifïcity of insulin binding was detennined by examining the cornpetition of
unlabelled insulin with %nsulin

for binding to B. pseudomalei. 12'1-innilin

( 50 ng)

was incubated (24OC for 20 minutes) with B. pseudomallei (5 x 10' celis) and increasing
amounts of uniabelied insulin. These experiments were performed in tripiicate.

2.1.6.

Effects of insPün on bacterial nucleic acid and protein
synthcsis

The effect. of insulin on nucleic acid and protein synthesis were assessed. The
incorporation of radioactivity from 14camino acids and 'H uridine into trichloracetic acid

(TCA) precipitable matenal during the growth of B. pseudonallei cultures

was

determined using a modification of the methods of C m p l i n and Smith (1975).

B.

pseudornallei 3 16c was grown overnight in M9 broth ( Roberts et al., 1963) containing
0.5% glucose, 0.01% Casamino acids and 0.01% d.
Cultures were inoculated with a
1:100 dilution of overnight culture. The cultures contained 10 U/ml insulin or bovine

s e m albumin at a fiaal protein concentration equivalent to 10 units of insulin per ml.
Cultures were double-labelled with 0.1 uCi/rnl of 14camino acid mixture and 0.1 uCilml
3~

uridine (Amersham Canada Ltd.) and were incubated in a shaking water bath (200

rpm/min.) at 37'C. At various thepoints, the optical density of the cultures ai 550 nm
was measured and aliquots removed for determination of incorporation of the radioactive

labels.

Triplicate aliquots were precipitated with cold 10% TCA (w/v) and the

precipitates coliected on 0.45 uM nitrocelidose nIters (Miiiipore Ltd., Bedford, MA).
The nIter was washed three times with 5% TCA (w/v). The fïiter was dissolved in 7 ml

of scintillation cocktail (Scintiverse, Fisher ScientSc, Fair Lam, NJ) and the
radioactivity detected using a Bechan LS6800 scintillation counter. Incorporation of
the radioactive labels was expressed as counts per minute per O. 1 optical density units to

account for ciifferences in growth.

2.1.7.

In vivo experiments

Two types of animal experiments were performed with rats which had k e n
insulin-depleted by streptozotocin injection. The f
h
t set of experiments were perfomed

with infant rats intraperitoneally (i.p.) injected with B. pseudomallei. These experiments
represented our initial attempts to differentiate diabetic h m nondiabetic animals in terms
of susceptibility to B. pseudomallei. The end point of these experiments was death, and
results were reported as relative LDs0 values noted with diabetic versus nondiabetic rats.
The second set of animal experiments employed a rat lung infection model which is

representative of a more naturai exposure route as opposed to i.p. injection. Adult
animals were used in these studies due to the technicd difficdties associated with

intratracheal inoculation of infat rats. in these experiments, Ulfected diabetic aaimals
were compared to their wndiabetic counterparts in relation to quantitative lung bacterial
counts and the numbers of animals with positive blood cultures.

Al1 animds were

sacrificed at 2 days pst-inoculation and the infection not dowed to proceed to death so
that quantitative lung bacteriology and septicemia could be assessed.

2.1.7.1. Infant rat model

Twenty male Sprague-Dawley rats with an average weight of 50g were used.

Animals were given intraperitoneal injections of either PBS as a control, or streptozotocin
(80 mgKg body weight for each of two consecutive days) to induce diabetes (Tancredi et
al., 1983). Urine glucose levels were monitored to assess the omet of diabetes. Diabetic

animals were given 10 mU/g body weight NPH insulin intraperitoneaily when urine
glucose levels reached 2g/dl. 3 days post injection, groups of animals (5 diabetic and 5
non-diabetic) were inoculated intraperitoneally with 1o', 1os, or 1o6 B. pseudomallei
organisms. The experimental endpoint was death, and LDSo values were determined
using the method of Reed and Muench (1938).

2.1.7.2. Adult rat mode1

Twenty-four 200g male Sprague-Dawley rats were used. Diabetes was înduced in
12 animals using intraperitoneal injections of 8OmgKg body weight streptozotocin for

each of 2 consecutive days. The remaining animals received intraperitoneal injections of

PBS. Urine glucose levels were monitored to assess the onset of diabetes. Diabetic
animals were given 10 mU/g body weight NPH insulin intraperitoneally when urine
glucose levels reached 2 g/dl. Anesthetized and tracheotomkd rats were inoculated by
deposition of 0.1 ml of a suspension of B. pseudomaflei encased in agar beads into the
lower left lobe of the lung using a bead-tipped curved needle using the methods of Cash,
et al. (1979). Two days p
s
t inoculation animals were sacritïced and the lungs were

removed for bacteriologic examination. For quantitative bacteriological studies, the
entire lung was removed, and lobes were excised fiom the hilus and placed in 3 ml sterile
PBS.

The tissue was homogenked with a Polytron Homogenizer (Brinkrnaful

Instruments, Inc., Westbury, NY). Serial dilutions of the homogenate in PBS were plated
on tryptic soy agar plates.

23.1. Bacterial s-

and growth conàitioas

Burkholderia pseudomalleei 3 16c was generously donated by Dr. DAB. Dance-

Olaord Tropical Medicine Research Program, Weiicome-Mahido1 University,Bangkok,

Thaiiand.

Salmonella ryphimurium 14028s was pmvided by Dr. K. Sanderson,

Salmonella Genetic Stock Center, University of Calgary, Calgary, Alberta, Canada.
Escherichia coli HBlOl was used as a non-invasive conttol in the ceU invasion assays.
Bactenal strains were grown on Luria Broth Agar or Tryptic Soy Agar and broth cultures

were grown in Luria Broth (LB) or Tryptic Soy broth (TSB) ovemight at 3 7 " ~with
shaking at 200 rpm. Ovemight cultures of bacterial seains were subcultwed 1:20 to 1:30
in TSB and grown for an additional 5 hours.

2.2.2.

Growth and maintenance of cells

Ceii lines were obtained fiom American Type Culture Collection (Rockville.
Md.). Al1 ce11 lines were maintained in ceii culture media containing a standard antibiotic

mixture (100 U penicillin, 0.1 mg streptornycin and 0.25 ug of amphotericin B per ml,
Sigma Chernical Co., St. Louis, MO) plus 10% FBS (Gibco Canada Inc., Mississauga,

Ontario, Cauada) at 37OC in 5% CO2. Culture media for celi k e s HeLa, A549, RAW,

and Vero was Dulbecco's modified Eagle's
maintained in DMEM containing nutrient mi-

medium (DMEM).

CHO ceiis were

F12 (DMEMIF-12) and U937 cells

were maintained in RPMI 1640. Ce11 culture media was obtained fkom Gibco (Gibco

Canada hc., Mississauga, Ontario, Canada) or BioWhittaker (BioWhittaker,

WakersviUe, MD).

223. CeU invasion assay

The ability of B. pseudomalllei 3 Mc, S. typhimuriunt 14028s and E. c d HB 1O 1,
to invade various epithelial and fibroblast ce11 lines was examined. A549, CHO, Vero
and HeLa ceils were seeded in 24 weii plates at 5 x 10' ceildweell in the appropriate
medium plus 10% FBS and grown ovemight. invasion assays were performed according
to the methods of Elsinghorst (1994). Brïeffy, mowlayers were washed twice in PBS
and 1 ml of fiesh media added to the monolayers.

Washeà, mid-exponentiai phase

bactena were diluted to the appropnate concentration and 25 ul of bacteria added to the
h
and 1.5 ml of
monolayers. Mer 2 hours at 37OC, monolayers were washed ~ i t PBS
culture media containhg 100 u g / d kanamycin added to the monolayers for an additional

2 hours to kiii extracellular organisms. Monolayers were washed with PBS and lysed

using 0.1% Triton X-100 (BDH Chernicals, Toronto, Ontario, Canada ). htracellular

bacteria were quantitated by plathg serial dilutions of the lysate on TSA plates. Al1
invasion assays were performed in trîplicate.

2t.4. Inhibition of invasion by cytochalasin D

To determine if uptake of B. pseudmallei into cultured epithelial cells was

inhibitable by cytochalasin D, A549 cells were preincubated with 1 ug/ml cytochalasin D

(Sigma Chernical Co., St. Louis, MO) for 30 minuta prior to the addition of bacteria as
per the methods of Roseashine et al. (1994). The ce11 invasion assay was performed as
previously described except that cytochalasin D was kept in the medium throughout the
invasion assay. S. Stphimurium was used as a contml as uptake of this organism into
cultured epithelial cells has been previously shown to be uihibitable by cytochdasin D
(Rosenshine et al., 1994).

B. pseudomallei-Secte HeLa cells and midiected ceils were prepared for
electron microscopy according to the methods of Beveridge, et al. (1994). Cells were
washed three times with 0.1 M Phosphate pH 7.2, fked for 1 hou in 2.5% phosphate-

buffered glutaraldehyde (EM Sciences, Fort Washington, Pa), and p s t - k e d in 1%
phosphate-bufEered osmium tetroxide (EM Sciences, Fort Washington, Pa.).

Mer

wasbing, the cells were stained in 2% uranyl acetate (Fisher Scientific), washed again and

dehydrated through an ethanol-propylene oxide series to Epon 812 ( C m EM, Guelph,
Canada). The polymerized blocks were thin sectioned, the sections mounted on Fornivar,

carbon-coated, 200 mesh, copper @ds

and stained with uranyl acetate and lead citrate.

The sections were viewed in a Philips EM 300 operating at 60 kV under standard
conditions with the cold h g e r in place. Electron microscopy was perfonned at the
STEM Faciiity at the University of Guelph, Guelph, Ontario, Canada

2.2.6. U937 ceii uptake of B. pseudomaIfei

The ability of human monocyte-like U937 ceiis to ingest B. pseudomaliei 3 16c
was assessed using a modification of the methods o f Elsinghorst (1994). Briefiy, U937
cells were diluted to 2 x

los cells/ml in RPMI 1640 and incubated with 100 ul of mid-

exponentid phase bacteria diluted to 108CFU/ml and incubated 2 hours at 37OC in 5%
CO2. U937 cells were washed with PBS and incubated an additionai 2 hours with 1 ml

RPMl 1640 containllig 150 uglml kanamycin. B. pseudomalei infected U937 celis and

uninfected ceils were prepared for electron microscopy as previously described.

2.2.7. Intraceiiular s u M n 1 and replication of B. pseudomuffei in rat
alveolar macrophages

The ability of B. pseudomallei 316c to survive and replicate in rat alveolar
macrophages over a 20 hour period was assessed. Six 350 g male Sprague-Dawley rats
(Charles River) were sacrificed, the trachea exposed and a blunt 18 gauge needle inserted
and secured using surgical silk. The lungs were lavaged once with 5 ml of Hanks

Balanced Salt Solution (HBSS) containhg ca2+and M~~~which was discarded The
lungs were then lavaged 5 times with 7 mls of PBS. Alveolar macrophages fiom the

pooled lavage fiuid were cenûifùged (800 x g), resuspended in RPMI 1640 and counted
using a hematocytometer. Alveolar macrophages were adjusted to 2 x 10' /mi. Mid-log

phase bacteria were wasbed and adjusted to 10' CFU/rnl. Entry of B. pseudontcllei into
alveolar macrophages after four hours incubation was detexmined as previously described

for U937 celis. The survivd of B. psardomalIeei in alveolar macrophages over a 20 hour
incubation was determined in duplicate cultures. Mer k&g

of extniceiiuiar bacteria

using kauaxnycin (150 uglml), the cells were washed with RPMI 1640 and incubated for

an additional 16 hours in RPMI 1640 contauiiog 20 u g l d kanamycin to înhibit the
growth of any remaining extracellular organisms. Mer a total incubation of 20 hours, the
macrophages were lysed and intraceiiuiar organisms quantitated as previously described.
The viability of the macrophages was detemiined at 4 hours and 20 hours by trypan blue
exclusion.

2.2%. Intracellular survival and replication of B. pseudomaffei in

RAW macrophages
The ability of B. pseudomaIIei to s h v e intracellularly and replicate in RAW
cells was assessed using a modification of the methods of Bowe and Heffion (1994). The
ability of the RAW macrophages to undergo a respiratory burst was codkmed using the
methods of Bowe and NefFron (1994). RAW cells were seeded on ~hermanox~
15 mm,
round plastic coverslips (Nunc, hc.,Napersville, IL) in a petri dish. Nine coverslips
were place asepticaiiy in a sterile 60 x 20 mM petri dish. RAW cells were adjusted to 2 x
106 cells in 6 mls of DMEM with 10% fetal caK senun without antibiotics and added to
the petri dish. Macrophages were dowed to grow to coduency overnight. Five d of

the media was removed nom the petri dish containing the coverslips and added to
appropciately diluted overnight cultures of bacteria. A total of 2 x 10' bacteria were

added to each petri plate. After a 1 hour incubation, the medium was removed and the
coverslips washed three times with PBS. The macrophages were incubated for 2 bours in
fresh media containing kanamycin (150 ug/ml) to kill extracellular bacteria Coverslips
were removed in triplicate and the macrophage monolayer lysed by vortexing the
coverslips in 5 mi of sterile dH20. Viable intraceiluiar bacteria were quantitated by
plathg serial dilutions of the lysate. To assess intraceiiular survival and growth, in
duplicate petri dishes, the media was replaced with DMEM containing 20 u g / d of

kanamycin. At various thepoints, coverslips were removed and intracellular bacteria
quafltitated. Macrophage viability was monitored throughout the experiment by trypan
blue dye exclusion.

2.2.9. Intracellular survival and replication of B. p ~ u d o m l l e iin

buman PMN
As per the methods of Rest and Speert (1994), polymorphonuclear leukocytes

(PMN) were isolated fiom heparinUed whole blood nom healthy donors using Ficoll-

Hypaque (Lymphoprep, C-6 Diagnostics, Mequon, WI.)density gradient centrifugation.
Contaminating erythrocytes were removed by hypotonie lysis. Neutrophil viability was
detemined ushg trypan blue exclusion. Neutrophils were diluted to 1x10' cellslml in

RPMI 1640. 500 ul ofneutrophils were incubated with 100 ul of mid-exponentid phase
bactena diluted to 5x1O' ceUs/ml and 100 ul of autologous normal human s e m . Entry

of B. pseudomallei into PMN and intraceiiular survivai over 20 hours was determined as
previously described for rat alveolar macrophages.
Burwiolderia pseudomaIZei infècted and uninfected PMN were prepitred for
electron microscopy as previously described

2.2.10. Effects of opsonization on B. pseudomaIIei survival in PMN

The effects of opsonization of B. pseudomallei on the abiiity of the organism to
survive intracellularly in PMN was assesseci. As per the methods of Kalmar (1994), B.

pseudomallei 3 16c was opsonized by pre-incubating bacteria with 100 ui autologous nonimmune serum diluted 1:2 in RPMI 1640 for 15 minutes at 37"C with constant agitation.
Control organisms were incubated with 100 ul RPMI 1640 under identical conditions.
Opsonized and control organisms were added to PMN and uptake and intracellular

survivai of B. pseudomallei determined as previously described.

2.2.1 1. Statistical Analysis

AU data were aiialyzed for statistical significance using the Students T test for
paired data. Data were considered significant ifp<0.05.

2.3.

Host Rcsponse to B. pseudomdei

23.1. Bacterhl strains and growth conditions
The straias used in these d e s were B. pseudomuiki 3 16c, E. coli ATCC 25922
and HB 101, S. typhimurium 14028s and Pseudomo~saeruginosa PAO. AU Straias were
maintained on Luria Broth Agar or Tryptic Soy Agar and bmth cultures were grown in

Luria Broth (LB)or Tryptic Soy broth (TSB)ovemigbt at 37°C with shaking at 200 rpm.

23.2. Respiratory burst activity of PMN erposed to B. pseudomaffei

The ability of B. pseudomullei to induce a respiratory burst in human PMN was
examined using a modification of a previously describeci slide assay (Woodman et al.,
1992). Nitroblue tetrazolium (NEW) and phorbyl myristate acetate (PMA) were obtained

corn Sigma (Sigma Chemical Co., S t Louis, Mo.).

PMA was used as a soluble positive

control stimulus. A 2 m g h l stock solution of PMA was made in dirnethyl sulfoxide
(DMSO) and aliquots were stored at -20°C. Each aliquot was thawed and used only once.

Blood was obtahed fiom normal human donors, two drops placed on a prewarmed glas
slide aad incubated at 37OC for 15 minutes in a closed humidified container. The clot and
nonadherent blood were then washed away using PBS containing 1.19 m M CaC12, 0.54

mM MgCh and 7.5 rnM glucose (PBS *).

Slides were incubated for 7 minutes in a

closed hurnidified chamber with one ml of NBT (1 m g f d in PBS*)
or one ml NBT containing 2 ug of PMA (stimulated PMN).

for resting PMN

The slides were then

washed, air dried, k e d with methano1 and stained witb 1% d a n i n . One hundred PMN

were counted on each slide detemilliiag the number of cells with and without blue

fomazan deposits. For assessïng PMN respiratory burst activity in response to bacterial
stimulation, dilutions of ovemight cultures of bacteria were added to the NBT solution.

The bacteria plus N%T solution was then placed on duplicate slides and the assay
perfonned as described above. Bacteria were added at a multiplicity of infection of 10
bacteria per PMN, based on the number of PMN present in one ml of nomal human
blood.

233. Effefts of opsonization on respiratory bunt actMty of PMN
erposed to B. pseudomallei

The effects of opsoninng B. pseudomaflei with normal human serum on the
induction of PMN respiratory burst activity was assessed. As per the methods of Mmar
(1 994), B. pseudomallei 3 16c and S. lyphmurium 14028s were opsonized by pre-

incubating bacteria with 100 ul normal human semm diluted 1:2 Ui PBS for 15 minutes at

37OC with constant agitation. Control organisms were hcubated with PBS under
identical conditions. Induction of PMN respiratory burst activity was then assessed as

described above.

23.4.

Growth assays with protamine suifate

The effect of protamine on bacterial growth was exarnined. B. pseudomollei 3 16c,
S. typhimurium 1 4 0 2 8 ~and
~ E. coli (ATCC 25922) were grown in M9 minimal media

(Roberts et al., 1963)plus 0.5% glucose with varying concentrations of protamine sulfate
(Sigma Chernical Co., St.Louis, MO.). Strains were cultured h m h z e n stock onto M9
agar (Roberts et al., 1963) containing 0.5% glucose.

A stock solution of IO m g / d

protamine sulfate was made in water and filter sterilized using a 0.22 uM filter. Flasks
containhg M9 broth plus varying concentrations of protamine sulfate were inoculated

with 100 ul of an ovemight starter culture. In control cultures, bovine serum aibumin was
added to a final protein concentration of 1 mghi protamine sulfate. These growth
experiments were performed in triplicate, and the growth rate was deterrnined by
of the cultures at 24 hours following inoculation. AU cultures were

meaniring the

incubated at 3
7'C in a shaking (200 rpm) incubator.

2.3.5.

Antimicrobial activity of BNP-1 against B. pseudomallei

The bactericidal activity of human neutrophil peptide 1 (HNP-1)was tested
against B. pseudomallei 316c, S. typhimurium 14028s and E. coii

HBlOl using the

methods of Harwig et al. (1994). HNP-I was generously provided by Dr. M. Selsted at
the University of California, Irvine. HNP-1 was stored as a 1 mg/ml stock solution in

0.01% acetic acid at -20°C.

Mid-logarithmic-phase cells were washed in 10 rnM

phosphate and adjusted to 5 x 106 CFUM.

Bacteria were incubated in 10 mM

phosphate b&er containing 50 ug/ml HNP-1 or an equivalent volume of 0.01% acetic
acid as a control. M e r 2 hours at 37OC,the reactions were stopped by the addition of

0.15 M NaCl. Colony focming units were determined by plating senal dilutions on

tryptic soy agar (TSA). Each incubation was performed in triplkate.

2.4.

Generation and Characterizritionof Invasion-Deficient Mutants

2.4.1. Bacteriaï strains, plasaids and growth conditions
The bacterial strains and plasmids used in these studies are described in Table 1.

B. pseudomallei and E. coli were grown at 37°C on Luria Broth agar (LB) (Becton
Dickinson, Cockseyville, MD.), tryptic soy agar (TSA) (Boehringer Mannheim,
Mannheim, Gerrnany) or in LB broth. When appropriate, antibiotics were added at the
following concentrations; 100 uglml ampiciilin (Ap), 25 ug/d kanamycin (Km), 25
u g / d chloramphenicol (Cm),12.5 ughi tetracycline (Tc), 100 ug/ml streptomycin (Sm),

1.5 m g h l trimethopri. (Tp) for E. coli and 15 uglrnl Tc,100 ug/ml Sm and 100 u g h l
Tp for B. pseudomallei. A 100 m g h l stock solution of Tp was prepared in MNdimethylacetamide. Plasmids were isolated fiom ovemight cultures using wizardm Plus
Minipreps (Promega, Madison, WI).

2.4.2. Transposon mutagenesis and plasmid conjugations
Transposon mutagewsis of B. pseudomallei with TnS-OTl82, was done using the
methods of DeShazer et al. (1997). TnS-OT182 was delivered to B. pseudomallei via

conjugation with SMLO(pOT182) using a membrane filter mating technique. Briefly,

Table 1. Bacterial strains and plasrnids.

Strain or plasmid

Description

Source or reference

Strains
E. coli
SM10

Mobiliziog srrain,transfer genes of RP4 integrated (Simon et al., 1983)
in chromosome; ISmR,smS
SURE e l 4-(mcrtl) A(mcrCB-hsdWR-rnrr)I 77 endAl
S tratagene
supE44 hi-1 gyrA96 reLP l lac recB recJsbcC
umuC.:TnS WC F' proAl3 lacRZdMI5 TnlO];
KrnR~cR
DH5a F-$8OdlacZ M I S A(rucZYA-argfl LI269 endAl
BRL
recA2 hsdRI 7 deoR fhi-I supE44 gyrA96 reUI

B. pseudomrllei
3 16c
CLinical isolate; smR~cS
1026b Clinicai isolate; smRTcS
A h i l 1026b::pALJl; TC^
AJHM 1026b:p4LJ2; TC"

Phsrnids
pSKM11

D.A.B. Dancea
D.A.B. Dance
This study
This study

Positive selection cloning vector; incP mob;CoiEl (Mongkolsuk et al., 1994)
on; A ~ R T C ~
pUCP28T Broad host-range vector, hcP OriT; pR01600 ori; (Schweizer et al., 1996)
TpR
pOTl82
pSUP 102(Gm)::TnS-OT182; c ~ ~ G ~ ~ (Merriman
A ~ ~ and
T Lamont,
c ~ 1993)
PSK
Bluescnpt cloning vector; ColE1;
Stratagene
p ~ ~ r ~ T 1M
- 2 . selection cloning vector; Pl, lucZa-cc4
positive
Invitrogen
CoLEl; JCmR
pAJlD8B 13.5-kb BarnHI fia ent h m N l D 8 obtaiued by
This study
self-cloning; A ~ R T ~
pAJlD8H 19-kb Hindm fragment from AJlD8 obtained by
This snidy
sekioning;
pAJMl H 1 8.5-kb Hindm fiagrnent firom AM1 obtained by
This snidy
~ e ~ c l o n i nA
g; ~ V C ~
pALJl
pSKMl 1 containin 2.5-kb Hindm-EcoR1 m e n t
This study
fiom pAJl D8B; Ap cR

$.

Table 1. Bacterial strains and plasmids, continued:
Strain or plasmid

Plasutids
pAW2
pALJZ 10
pALJRS

Description

pSKMl1 containhg 1.4-kb EcoRI-San hgment
kom pAJlD8B
p ~ ~ containhg
T M
2.2 kb PCR products
pUCP28T containhg 2.2-kb K'jmI-Xbcu hgment
nom pAWZ 10; ~ pi r l~~ +;- i r l ~ +

Source or reference

This study
This study
This study

aOxford Tropical Medicine Research Program, wellcome-~ahidol~&ersity, Bangkok,
Thailand.

SM10@OT182) was grown overnight in 3 ml of LB broth containing Km, Cm, and Tc
and grown at 3 7 C with shaking at 225 rpm. B. pseudomallei was grown overnight in LB
broth without antibiotic selection. One hundred microlitres of each saturated culture were
added to 3 ml of sterile 10 m M MgS04, mixed and îïltered through a 0.45 urn
nitrocellulose filter ushg a 25 m m Swinnex filter apparatus (Miiiipore Corp., Bedford,
MA). Control matings, using the donor and recipient alone, were also performed. Filters

were placed on LB plates supplemented with 10 mM MgS04 and incubated for 8 h at

37'~. Bactena were removed fiom the flters by vortexiag in 3 ml of sterile 0.85% NaCl.
One hundred microlitre aliquots were plated on LB plates containing 100 u g / d Sm, to
select against the donor E. coli strain, and 50 u g h l Tc, to select for the transposon in B.
pseudomaIIei (LBST). T C ~transconjugants
S ~ ~
were identifïed after 24-36 h incubation
at 37C.

The plasmids pSKMl1 and pUCP28T were also conjugated to B. pseudornallei
using E. coli SM10 as the donor. These conjugations were ailowed to proceed for 5h and
3h, respectively.

2.4.3.

Screening oftramposon mutaats-ceU invasion assay

Individual transposon mutants were screened for their ability to invade A549
cells. Bacterial mutants were centrifiged onto confluent monolayers of A549 cells and

incubated for two hours. Extracellular bacteria were removed by a 2 hour incubation with
150 ughl of kanamycin. Monolayers were then lysed using 0.1% Triton X-100(BDH

Chemicals, Toronto, Ontario, Canada ) and the lysate was plated on 114 ofan LBST plate.

Mutants of B. pseudornalllei deficient in the ability to invade A549 cells remained
extraceilularly and were preferentidy killed by the kanamycin. Invasion deficient
mutants were thus recovered in fat lower numbm than the parent strain.

Quantitative

invasion assays were perfonned on putative invasiondeficient mutants, according to the
methods of Elsinghom (1994).

Ali quantitative invasion assays were performed in

tripiicate and repeated on at least three occasions.

2.4.4.

Survival of B. p ~ ~ ~ d o m a ilnl eRAW
i
macrophages

The ability of B. pseudomallei invasion-ddcient mutants to survive
intraceilularly in RAW ceils was assessed as described above. A total of 2 x 10' bacteria
were added to each petri plate. B. pseudomallei MlD8 and 1026b were centrifhged onto
M W ce11 monolayers to facilitate bacterial uptake by the macrophages. M e r a 1 hour

incubation, the medium was removed and the coverslips washed three tirnes with PBS.
The macrophages were incubated for 2 hours in fkesh media containing kanamycin (150

ug/ml) to kill extracellular bacteria. Coverslips were removed in triplicate and the
macrophage mowlayer lysed by vortexing the coverslips in 5 ml of steriie dH20.
To
assess intraceIluiar survival and growth, in duplicate petri dishes, the media was replaced
with DMEM containing 20 u g / d of kanamycin. The number of viable intracellular

bacteria at 3 and 20 hours pst-infection was determined by plating seriai dilutions of the
lysate.

2.4.5.

Antîmicmbial activity of HNP-i against B. pseudomaiIei

The bactencidal activity of human neutrophil peptide 1 (HNP-1) was tested
against B. pseudomallei MlD8 using the methods desxïbed above. Mid-logarithmicphase B. p s e u d d l e i N l D 8 and 1026b were washed in 10 m M phosphate and adjusted

to 5 x 106CRl/ml. Bacteria were incubated in 10 mM phosphate b a e r containing 50
u g h l HNP-1 or an equivalent volume of 0.01% acetic acid as a control. M e r 2 hours at

37OC,the reactions were stopped by the addition of 0.15 M NaCl. Colony fonning units
were determined by plating senal dilutions on TSA. Each incubation was perforrned in
triplkate.

2.4.6.

Outer membrane protein (OMP) characterization

Outer membrane proteins were isolated fiom B. pseudumallei 1 O26b and AJlD8
using the methods of Ootoh et al. (1994 ). B. pseudornallei were grown ovemight in
Casamino acids media that had been treated with Chelex 100. For one litre of media 30 g
of Casamino acids and 5 g of Chelex 100 (BioRad Laboratories, Richmond, CA) were
dissolved in 90 ml of distilled H@ and stirred for 4 hours. This was then diatysed
against one litre of distilled

H20 ovemight at

4OC and the dialysate autoclaved and

supplemented with 1% glycerol and 50 m M monosodium glutamate (MSG). The cells
were pelieted by centrifugation at 10 000 x g at 4' C for 15 minutes. The pellets were

resuspended in a total volume of 60 ml of cold 20% sucrose in 30 m M Tris pH 8. Ceiis
were broken by oscillation with a Biaason sonicator equipped with a medium tip (50%

duty cycle; power 9; total time 10 min.)

intact ceils and debris were removed by

centrifugation at 10 000 x g for 30 minutes at 4OC. Triton X-100 was added to the

supernatant to 1% and the supernatant incubated for one hour at 30°C. Membranes were
peileted by centrifugation at 200 000 x g for 1 hour at 4OC in an ultracentnfuge. The
pilets were resuspended in 10 mM Tris pH 8 and the ultracentrifiigation repeated.
Aliquots of membranes in 10 mM Tris pH 8 were stored at -70'~. Membranes were
solubilized by boihg for 5 minutes in 5 x sample b a e r (Laemmli, 1970) or 5 x sample
bufEer lacking p-mercaptoethanol.

SDS-Page was performed using the methods of

Laemmli (1970) and the proteins visualized by staining with Coomassie blue R-250.

2.4.7.

Characterkation of AJ2CE4: LPS isolation

Lipopolysaccharide was isolated fiom AJXE4 ushg a modification of the
methods of Peny et al. (1995). B. pseudomallei AJ2CE4 was grown overnight in LB and

the cells pelIeted by centrifugation (10 000 x g, 20 minutes, 4OC). The pellets were
resuspended in 75 ml of 50 m M N a m ,5 m M EDTA, pH 7.0. The solution was then
incubated ovemight at room temperature with 100 mg lysozyme (Sigma Chemical Co.)
and 20 u g M of both DNase and RNase (Sigma Chemical Co.). Proteinase K was added
to 50 u g / d and the solution stirred for an additional 6 h o m at room temperature. The
solution was warmed to 70°C and an equal volume of 90% phenol, warmed to 70°C, was
added. The resulting solution was stirred vigorously for 30 minutes during which tirne
the temperature was maintained at 70°C. The solution was dialyzed against tap water

until fiee fiom phenol and then lyophilized. An aliquot of approximately 30 mg of
lyophilized LPS was resuspended in one ml of 10 m M Tris, I m M MgCl= 1 m M CaC12,
pH 7.0. RNase and DNase were added to 20 ug/mi and the solution was incubated for 2

hours at 37°C. Proteinase K was added to 50 mglml and the solution was incubated at
4S°C for 4 hours. The resulting solution was ultracentrifbged for 3 hours at 40 000 rpm,

4 ' ~ . Precipitated gels of

lyophilued

LPS

were taken up in

dH@, dialyzed agaiost dHZO and

LPS was electrophoresed using SDS-Page using the methods of Laemmii

(1970) and transfened to nitrocellulose (BRL Life Technologies) as described by Towbin
et al. (1979). ~ u n o b l o t were
s
reacted with monoclonal antibody specifîc for Type 1 or

Type II B. pseudomallei O-PS(Bryan et al., 1994).

2.4.8. Characterization of AJ2CE4 :serum sensitmty

The sensitivity of B. pseudomallei AJ2CE4 to nonnal human serum was assessed
using the methods of Ismail et ai. (1988). A total of 106B. pseudomalki AJ2CE4 or B.

pseudonrollei 1026b, were incubated in 30% normal human semm and aliquots removed
at 1 and 2 hours. In control experiments, B. pseudomdei were incubated with PBS.

Serial dilutions were plated on LB agar for quantitation of viable organisms.

2.4.9. Characterizrtioa o f AJ2CE4 :experimental animais
The virulence of the invasiondeficient mutant, AJ2CE4, was assessed in diabetic

infant rats as described above (Woods et al., 1993). Animals were given inîraperitoneal

injections of streptozotocin (80 mgKg body weight for each of two consecutive days) to
induce diabetes (Tancredi et al.. 1983). M e r the onset of diabetes, animals were
inoculated intraperitoneaily with B. pseudomallei AJ2CE4 or 1026b. The experimental

endpoint was death, and LDso values were detemiined using the method of Reed and
Muench (1938) 7 days after inoculation.

2.5.

Identification and Characterization of a Two-Component Regdatory
System Invoived in B. pseudoricl'ei invasion of A549 CeUs.
2.5.1.

DNA manipulation and transformation

Restriction enzymes and T4 DNA Ligase were obtained fkom Gibco/BRL
(Bethesda Research Laboratories, Gaithersburg, Md-), or New England Biolabs (Beverly,

Mass.) and were used according to the manufacturer's instructions. DNA hgments used

in cloning procedures were excised fiom agarose gels and purified with the GeneClean II
Kit (BioICan Scientific, Mississauga, Ontario). Chromosomal DNA was isolated fiom B.
pseudomullei using a previously described method (Wilson, 1987). For the self-cloning
of B. pseudomallei D N A fiom TaS-OT182 mutants aud the cohtegrate strain AJM1,

approximately 5 ug of cbromosomal DNA was digested with restriction enzymes, boiled

for 5 minutes, and precipitated with 1/10 volume of 3 M sodium acetate and 2 volumes of
absolute ethanol. The chromosomal DNA fhgments were thea pelleted and washed with
70% etbanol, air-dried, and resuspended in 20 ul of W20. The resuiting suspension was

then iigated in a 30 ul reaction volume ovemight at 16OC. Two microlitres of the reaction

mixture was eiectroporated into E. coli using a Genehilser [VPulse controller plus
apparatus (BioRad, Richmond CA) foiiowing the supplied pmtocol or 10 ul of the

reaction mixture was used to trarisfonn E. coli made competent with rubidium chloride,
using the methods of Kushner (1978).

2.5.2.

Cloning of UIR and irlS

The strategy used to clone wild-type copies of irlR and irlS is shown

schematically in Figure 19. A 2.5-kb HindIII-EcoR1 m e n t fiom pAJlD8B was
cloned into the corresponding sites of pSKM11, creating plasmid pALJl (Fig. 1). The
cloned fiagrnent contained the 5' end of irlR and approximately 500-bp of adjacent Tn5OT182 DNA. pAWl was conjugated into B. pseudornalZei 1026b, fkom E. coli SM10
@ m l ) , and srn?cR cointegrates (1026b::pALJl) were selected. A wild-type copy of
irlR and N.2S was cloned nom the cointegrate strain ( m l ) using

a ~e~cloning

procedure similar to that described for Tn5-OT182 mutants (Merriman and Lamont,
1993). Chromosomal DNA fiom AJMl was isolated, digested with Hindm, ligated and
used to transfomi E. coli SURE. The resulting plasmici, pAJMlH, contained an 18.5-kb

region of DNA containing irlR and irfS and approximately 9-kbof dowusimm DNA.

2.53.

DNA sequencing

Automated DNA sequencing was perfomied by the University Core DNA
Services (University of Calgary) with an AB1 PRISM DyeDeoxy Termination Cycle

Sequencing System and AmpliTaq DNA polymerase (Perkin-Elmer). DNA sequencing
reactions

were

analyzed

using

an AB1 373A DNA

Sequencer.

The

oligodeoXynbonucleotideOT182-RT(5'-ACATGGAAGTCAGATCCTGG-3')was used
to initiate DNA seqwnce reactions with plasmids obtained frwn Tn5-OT182 mutants by
self-cloning with BamHI, ClaI, SFlI or EcoRI. The oligodeo>cyribonucleotideOT182-LT
(5'-GATCCTGGAAAACGGGAAAG-3') was used to initiate DNA sequence reactions

with plasrnids obtained fiom TnS-OT182 mutants by ~ e ~ c l o n i nwith
g Safi, SmaI,

HindiII, NotI or XhoI (DeShazer et al., 1997). Custorn oligodeoxyri'bonucleotide prirners
were synthesized at University Core DNA Services.
DNA sequence analysis of irlR and irlS was aided by sequencing exonuclease IIIgenerated deletions of subclones (Erase-a-Base; Promega) and by subcloning restriction
fragments fiom pAJMlH into p ~ l u e ~ c r i p and
t @ sequencing
~~
nom the T3 and T7

primers. Additionally, insert DNA fiom various subclones was sequenced on both
strands using a primer walking strategy.

25.4. Sequence anaiysis

DNA and protein sequences were analyzed with GeneJockey version 1.20
software for the Macintosh and the University of Wisconsin Genetics Computer Group
package (Devereux, 1984). The blastx and blastp pm$nuns were used to search the non-

redmdant sequence database for homologous proteins (Madden et al., 1996). Alignment

of amino acid sequences was performed ushg the Genetics Cornputer Group programs
PileUp and BestFit.

2.5.5.

Hydropathicity malysis of IrlS

The Hydropathicity profile of the predicted amino acid sequence of 111s was
generated usiag Gendockey version 1.20 softwaie for the Macintosh. The algorithm of
Kyte and Doolittie (1982) was used, with a window setting of six.

2.5.6.

Byhctosidase assays

Ovemight B. pseudomallei cultures were diluted 1:100 in LB broth, grown for
additional 5 h to reach mid-logarithmic phase and 1 ml aliquots removed for
determination of P-galactosidase activity as previously described (Miller, 1972). The
optical density at 600 nm was determined for each aliquot.

2.5.7.

Southern blot analysb

Approxùnately 3 ug of chromosomal DNA was digested with restriction enzyme,
sepamted on a 0.8% agarose gel and blotted to nylon GeneScreen Plus (NEN, Boston,
MA.) membrane using previously described protocols (Wilson, 1987). Probes for
hybndization were generated by random-prime labehg of purined plasmid or genecleaned DNA hgments with a - 3 2dCTP
~
(Amersharn Canada Ltd.) using the

Oiigolabeling Kit (Pharmacia, Uppsala, Sweden). Conditions for prehybridization and
hybridization were as described in the GeneScreen P h pmtocol.

Foiiowing

hybridization, the membrane was washed with 1 X SSC (0.15 M sodium chioride, 0.0 15

M sodium citrate), 1% sodium dodecyl sulfate (SDS) for 5 minutes at rwm temperature,
1 X SSC, 1% SDS for 30 minutes at 85OC and 0.1 X SSC, 1% SDS for 30 minutes at

85'C.

Each wash was performed twice.

The membrane was then àried and

autoradiographed.

2.5.8.

PCR ampiüication of irlR and irN

PCR amplification of a 2.2-kb product containhg irlR and iris was accomplished
using the GeneAmp PCR System 9600 (Perkh Elmer, Norwalk, CT).

The

oligodeoxyrïbonucleotidesid-lt (5'-ATCATCGAGGTGAATCC AGA- 3') and i r k t (5'CTCGATCAGCACGATCAAAC-3') were used to PCR ampl*

the 2.2-kb hgment,

fiom 1026b chromosomd DNA using Taq DNA polymerase (GibcoBRL) and the PCR

optimizerTMKit (Invitrogea, Cdsbad, CA). AmpMcation of the desired product
required the addition of DMSO at a fioal concentration of 10% to the PCR reactions. The
conditions for PCR involved a 4 minute denaturation step at 97°C foliowed by 30 cycles
of 97OC for 10s' 5S°C for 45s and 72OC for 60s. The PCR reaction was then held at 72OC

for 5 minutes.

2.5.9. Minimum inhibitory concentrations (MIC) of metd cations for

B. pseudomiCei.
The sensitivity of B. pseudomallei strains to metal cations was detennined.
Overnight cultures of B. pseudomallei strain, grown overnight in Muelier f i t o n Broth

(MHB) were diluted 111000 and used to inoculate tubes containing two-fold serial
dilutions of the metal cation king tested. The cultures were incubated at 37°C overnight
and the MIC was determined as the lowest concentration of cation that inhibited the
growth of B. pseudomallei.

2.5.10. Insertional inactivation of the transporter homolog
The putative cationlproton antiporter immediately upstream of irlR was

insertionally inactivated in B. pseudomallei 1026b. A 1.5-kb EcoRI-SalI fragmenî,
intemal to the putative transporter gene, was clowd into the EcoRI-XhoI site of pSKMl1
creating plasmid pALJ2. The plasmid was used to transfonn E. coli DHSa and T C ~ A ~ ~

clones were selected. The plasmid DNA, PALK!, from one clone was used to W o n n
E. coli SM10 and T C ~ clones
A ~ were
~ selected. Plasmid DNA was isolated from several
T C ~ clones
A ~ ~and digested with EcoN and HindiII to ensure that they contained the

correct insert. One clone, SM10 (pALJ2), was selected for M e r use. pALJ2 was
conjugated into B. pseudomallei 102th fiom E. coli SM10 @ALJ2), and srnRl'cR
cointegrates selected as describeci above. The resul&.int strain, AJHM (1 OXb::pAUî),
contained an insertion of approximately 7.8-kb of DNA in the putative transporter gene

thereby inactivating it. The ability of this strain to invade A549 cells was assessed as
previously described except that AIHM was grown ovemight in LB supplemented with
50 u g h l Tc. Tetracycline was also used in al1 incubations with AJHM in the invasion
assay to ensure maintenance of the merodiploid. Additionaify, the metai sensitivity
profile of this strain was determïned The sensitivity of AJHM to metal cations was
assessed as descnbed above except that tetracycline was included in all media.

2.5.1 1. Genetation of anti-flagella antisera

Flagellin was isolated fiom B. pseudomalleei 3 19a as previously described (Brett et
al., 1994). Antibodies to the flagellin protein were generated in New Zealand White

rabbits (2 to 2.5 kg) ushg the methods of Brett et al., (1994). Animais were given an
intramuscuiar injection of 1 ml of 10 rnM phosphate buffered saline and Freund's

complete adjuvant containing 100 ug of flagellin protein. The rabbits were boosted 14
and 28 days later with the same preparation except that Freund's incomplete adjuvant was

used as the e m u l s w g agent. The animals were then exsanguinated by cardiac puncture

under anaesthesia and serum samples were collected and stored at -70°C.

2.5.12. Purification o f IgG fhction of polyclonal antirera

The immunoglobulin G (IgG) hction of the cnde rabbit polyclonal antisenun,
raised against B. pseudodlei 319a flagellin, was isolated using a Atn-Gel protein A

M A P S II kit (BioRad Laboratories, Richmond CA) used according to the maaufacturer's
directions.

-

2S.13. Experimental animais assay for virulence

The virulence of the invasiondeficient mutant, AJlD8, was assessed in two
animal models of acute B. pseudomuilei infection. Using the methods of Brett et al.
(1997), female Syrian Golden hamsters were iaoculated intraperitonealiy (i-p.) with 100

ul of one of a number of serial dilutions of logarithrnic phase cultures adjusted
appropriately with sterile PBS. Five animals were used per dilution. The LD values for
Ni D8 and the parent strain 1026b were calcuiated 2 days after inoculation accordhg to

the methods of Reed and Muench (1938).

Using the methods of Woods et al. (1993), the M e n c e of B. pseudomallei
AJlD8 was compared to the parent strain 1026b in infant diabetic rats. Infmt SpragueDawley rats (average weight 30 g) were made diabetic with

STZ and inoculated

intraperitoneally with 100 ul of a dilution of B. pseudomuilei 1026b or kllD8. Five
animals were used per dilution and LDSovalues were cdculated at 7 days (Reed and
Muench, 1938).
A modification of the methods of Woods et al. (1993) was used to m e r assess

the Wulence of N l D 8 in infant diabetic rats. Infant Sprague Dawley rats were made

diabetic using STZ as described above. The rats were then given 1.5 mg of a-flagellin
IgG in 100 ui of PBS intraperitoneally and 100 ul of a dilution of either AJlD8 or 1026b.

The a-flagellin IgG injection was repeated for two consecutive days, for a total of 3
injections. Five animais were used for each dilution of B. pseudomailei. LDSovalues
were calcuiated for each of 7 jays foiiowing inoculation with B. pseudomalllei accordhg
to the methods of Reed and Muench (1938).

2.5.14.

Compiemenhtion of the invasion-deficieat phenotype and
metal sensitmty of AJlDS.

The 2.2-kb PCR product containing irlR and irlS was blunt-ended using Klenow
hgment and cloned into the EcoRV site of the positive selection vector p ~ ~ r ~ T M - 2 . 1
creating the plasmid pALJZIO. This plamiid was used to tninsform E. coli DHSa and

kanamycin resistant clones were selected. Plasmids were isolated fiom ten kanamycinresistant clones. The plasmids were double digested with KpnI and mal. The restriction
sites for these enzymes flank the EcoRV site into which the PCR m e n t was cloned
and thus release the 2.2-kb fragment fiom the recombinant plasmids.

Several of the

clones contained the 2.2-kb insert and one clone, pALJZlO was selected for M e r study.

pALJZlO was digested with KpnI and XbaI and the 2.2-kb fiagrnent containing irlR and
irlS was cloned into the broad host-range plasmid pUCP28T. E. coli DHSa was
transformed with the pUCP28T derivative, pALJRS, and trimethoph-resistant clones
were isolated. Plasmids were purified fiom 8 clones and digested with KpnI and XbaI.
Each of the clones contaiwd the 2.2-kb hgment. Plasmid DNA fiom one of the clones
was used to transfomi E. coli SM10 and trimethoprim-resistant clones were isolated.

Plasmid DNA was isolated from 6 clones and digesteci with lQmI and XbaI to ensure that
they contained the appropnate insert. Each of the clones contained the insert and one

clone, SM10 (pALJRS), was selected for fiirther use. pALJlU was delivered to B.
pseudomalei MID8 via conjugation with E. coli SM10 @ALJRS)using the mtei mating

technique described above. SM10 @ALJRS) was grown ovemight in 3 ml of LB
containhg 1.5 mg/d Tp and B. pseudodlei MlD8 was grown ovemight in LB
containing 50 u g h l Tc.

Matings were aiiowed to proceed for 5 hours.

T~~

transconjugants were identified after 48 hours incubation at 37°C The invasion ability
and cadmium sensitivity of one transconjugant, MID8 @ALJRS), were determined as

described above.

3.1.

Effects of Insuün on B. pseudo1110Illa' :I n Via Experimenb

For the studies on the growth of B. pseudomallei in medium, rat senun and human
serum, and for the studies on the binding of insuiin to B. p s e u d d l e i ssimilar resuits
were obtained with a nurnber of different B. pseudomdei strains testecl, and
representative r e d t s obtained fiom the use of one straui, strain 3 16c, are shown below.
Although insulin is provided in units (of hctional activity); there is a uniform amount of
protein present in al1 of the lots of insulin that we have worked with. B. pseudomallei
strain 316c is a blood culture isolate fiom a septicemic melioidosis patient and is a

ribotype Al organism (Sexton et ai., 1993).

3.1.1. Growth of B. pseudomzllei in culture meàium.

At a concentration of 10 U/mi insulin, the growth rate of B. pseudomallei was

significantiy inhibited @<O.OS),

as compared to that of cultures containhg no insulin

(Figure 1). Insuiin had no eEect on the growth of P. aemginosa, B. cepacia, or E. coli
at any concentration up to 10 U / d (data not shown).

3.12. Growth of B. pseudomaflei in rat semm
The effects of ionilin on the growth of B. pseudomalïei in rat serum were
examined using complement inactivated normal rat seruml complement inactivated serum
fiom STZ treated rats, and complement inactivated s e m fiom STZ treated rats with
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Figure 1. The effects of insulin on the growth of Burkholdriu pseudomaiZei in culture

medium. 100 ul of a daution of an overnight culture of B. pseudomaZIei strain 3 16c
corresponding to approximately 1 x 10*organisms were added to culture flasks (giving a

final concentration of 1 x 10' organisms/ml in each flask) containing 10 ml of M-9

minimal salts medium with glucose (0.5%) added as a carbon source. Individual insuiin
aliquots were added in concentrations of O (*), 0.1 ( rn ), 1.0 (A) and 10.0 ( x ) U/mlto

each of 3 separate flasks containing bacteria, and growth was examineci at 4, 8 and 24
hours folîowing inoculation by measurïng absorbarîce at 550 nm.

insului levels restored by the addition of 0.1 U of human recombinant insulin/&

of rat

semm (Figure 2). Mer 24 hours, growth in s e m h m STZ treated rats (Uinilui
depleted) was significantly greater than p w t h in control semm (insuün sunicient), while
growth in serum fiom STZ tteated rats with insuiin added back was signincantly reduced
as compared to serum h m STZ treated rats ( p(0.05). The reduction in growth below
that seen in control senun was attributed to the large excess of insulin added.

3.13. Growth of B. pseudomallei in human senim

The effects of insuiin on the growth of B. pseudomaillei in human s e m were

examiwd and over a 24 hour period, the growth rate of B. pseudomallei was significantly
greater (p4.05) in insulin depleted serum than that noted in control human serum. The
addition of 0.1 U hurnan recombinant iasulin to insulin depleted serum reduced the

growth to a rate below that that seen insulin depleted human senun and in control human
senun (Figure 3). Again, the reduction in growth rate below that seen in control serum
was attributed to the excess insulin added.

3.1.4.

Binding of

Binding of "5r-iiwubto B. pseudomrrllei
lU~-insulinto B. pseudomallei was observed to be a saturable

phenornenon at 24OC, indicating a f i t e number of specific binding sites for insulin on

the B. pseudomallei ce11 surface. Saturation occurred at approximately 50 ng of '"I-
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Figure 2. The effects of insulin on the growth of BurkholderiapseudomaIlei in rat s e m .
100 ul of a dilution of an ovemight culture of B. peudomallei strain 3 16c corresponding

to approximately 1 x 10' organisrns were added to culture fiasks (giving a naal
concentration of 1 x 10' organisms/ml in each Bask) containing 10 ml of 50% rat semm

in phosphate buEered saline (pH 7.2). Growth was examined at 4, 8 and 24 h o m

following inoculation and reported as mean CFU/ml of senun (x 109 Istandard
deviation. (+) Control (normal rat senun); (a) S e m obtained fiom rats which had ken

depleted of insulin by streptozotocin treatment (80 mgKg); (A) Serum obtained nom rats
which had k e n depleted of insuiin by streptozotocintreatment and insulin levels restored
by the addition of 0.1 U / d of human recombinant insulin pet ml of s e m .

Figure 3. The effects of insuiin on the growth of Bwkhoideria pseudomallei in human

serum. 100 ul of a dilution of an ovemight culhue of B. pseudomuZZei strain 3 16c
corresponding to approximately 1 x 108organisms were added to culture fiasks (giving a
nnal concentration of 1 x 10' organismsfmi in each flask) containhg 10 mi of 50%

human serum in phosphate buffered saline @H 7.2). Growth was examined at 4 , 8 and 24
hours following inoculation and reported as mean CFU/d of senun ( ~ 1 0 3i standard
deviation. ( +) Control (normal human senim); ( m ) Human serum which had been
depleted of insulin by anti-insulin monoclonal antibody; ( A ) Human serurn which had
been depleted of insulin by anti-insulin monoclonal antibody and insulin levels restored
by the addition of 0.1 U/ml of human recombinant M i n per ml of serum.

iosulin (Figure 4). Approximately 5 x 108cells/rnl were present in the incubation mixture.
Therefore, approximately 1 x lo4 pg of '~-insulinbound to an individual organism.
Based upon an estimated molecuiar weight of 6000 for iosullli, the calcuiations predict
that there are approximately 5.2 x 103 iosullli binding sites per B. pseudondllei c d .
Caiculations performed nom the data obtaiaed h m the Scatchard plot (Figure 4-Iasert)
and specific activity measurements (1.9 x 104 c@ng

protein) predict a value of

approxhnately 7.5 x 103bulin binding sites per B. pseudomallei ce11 and a Kd of 1.5 x
10-'O. The predicted number of binding sites agrees weii with the previously predicted

value of 5.2 x 10) insulin binding sites per celi based upon saturation binding
experiments. Specificity of insulin binding was demonstrated by the ability of unlabeiied

insulin to compete with '''~-insulin for binding to B. pudomallei in a concentrationdependent manner (data not shown). The saturability and specificity of insulin binding
provides evidence for the presence of a specifîc, high-afhity binding site on the d a c e
of B. pseudomallei for human insulia

3.1.5.

Effects of insulin on nucleic acid and protein synthesis

The effects of insulin on nucleic acid and protein synthesis in B. pseudomallei are

shown in Figure 5. Data are presented as CPM per 0.1 OD unit to account for ciifferences

in growth. In control cultures, containing BSA, nucleic acid and protein synthesis levels
peaked at 4 hours incubation. In cultures containing 10 U/ml insulin, peak nucleic acid
and protein synthesis occurred 4 hom later, at 8 hours incubation. Additionally, the peak

Figure 4. Binding of 12S~-insulin
to Burkholderia pseudornaIlei whole cens. '25~insulin
was added to 1 x 10' cells in the concentratiom indicated and binding was aiîowed to

proceed for 20 min. at 24OC at which time bound 'z~-insulinwas separated nom unbound

125~-insulin
by membrane filtration. Inset, Scatchard plot of the binding data. All data
are means of triplkate experiments and are representative of at least three separate

experiments.

Time (houn)

Figure 5. Effects of insulin on B. pseudomallei nucleic acid and protein synthesis. The
efZects of insuiin on nucleic acid and protein synthesis were examined using B.
pseudomallei strain 3 16c. In control cultures, bovine serum albumin was added to a final

protein concentration equivalent to 10 uni& of insulin per ml. Cultures were double
labelled with 0.1 uCilml of 14camino acid mixture and 0.1 uCi/ml 3~ uridine. Data are
presented as CPM per 0.1 optical density imit (

+ ), nucleic acid synthesis in control

cultures; ( ), nucleic acid synthesis in cultures incubated with 10 U/ml insuiin; (A ),

protein synthesis in contml culture; ( x ), protein synthesis in cultures hcubated with 10
U/ml insulin.

levels of nucleic acid and protein synthesis in insuiin treated cultures were approximately
50% of the levels in control culture.

3.2.

Effects of Insuiin on B. pseud01110ilei :I n Vnto Experiments
3.2.1.

Infant rat 50% lethal dose

The LDso values for infant rats infîected with B. pseudomallei strain 3 l6c are
shown in Table 2. The LDSovalues for STZ treated diabetic rats were markedly lower

than nondiabetic PBS treated animals. In three separate experiments the LDw values for
B. pseudomullei in diabetic animais were 7.3 x 1@,4.3 x 103 and 1.7 x 104, respectively.

The LDSovalues seen for B. pseudomallei in nondiabetic animais were greater than 1 x
1o8 in each of the three experiments.

3.2.2. Quantitative bacteriological lungcultures from adult rats
In Table 3 are presented the data obtained fiom quantitative bacteriological lung
cultures of diabetic and nondiabetic adult rats iafected with B. pseudomallei strain 304b.
The data are presented as mean k S.D.colony forming units/lung. Simila.redts were
obtained for a number of B. pseudomallei straios tested in this model, and the resdts
obtained for strain 304b are shown. Strain 304b is also a ribotype Al organism (Sexton

et al., 1993). There was a 100 fold increase in the numbers of organisms recovered fiom
STZ-treated diabetic rats as compared to PBS-treated nondiabetic animals which

Table 2. LDSo values for diabetic versus nondiabetic infant rats infected with B.

'PBs-treated animals were nondiabetic; animals were made diabetic by STZ injection (80
mglkg).

b~eterminedby the method of Reed and Muench (1938 ); n= 30 (15 diabetic and 15

nondiabetic) rats for each of three separate experiments.

Table 3. Quantitative lung bacteriology of diabetic verms non-diabetic adult rats infected

~reatment~

1

PBS

3.4 x 10' h 6.8 x 10'

STZ

2.5 x 10'

3.9 x 1oab

2

1.6 x 10' I 2.9 x

lo3

2.4 x 106k 6.4 x 1 0 ~ ~

'PBS-treated anîmals were nondiabetic; animals were made diabetic by STZ injection (80
mgkg). n= 30 (1 5 diabetic and 15 nondiabetic) rats for each of two separate experiments.

bp~o.~5.

represented a significaat merence in the mean bacterid counts in the lungs of diabetic
animals as compared to nondiabetic animais (pu0.05). Additiody, B. pseudomallei was
isolated fiom the blood of 8 of the 12 diabetic animals whereas none of the nondiabetic

animals were septic with B. pseudomallei.

3.3.1. Invasion of cuitured ceU lines by II. pseudomaIIei
Burkholderia pseudomallei 3 16c is a blood culture isolate fkom a septicemic
melioidosis patient. Salmonella typhimurium 14028s was used as a Wulent, invasive
control and E-coli HI3 1O 1 was used as a non-invasive control. Kanamycin was used to

kili extracellular organisms during the invasion assay, rather than the standard
gentamycin, as most clinical isolates of B. pseudomallei are resistant to gentamycin. B.

pseudomallei was able to enter into three epithelial ceil lines and one fibroblast celi line
(Table 4).

In a i i cases, B. pseudomallei was less invasive than the vident

typhimurium 14028s.

Ushg a multipiicity of infection (MOI) o f 10 bacteria per

eukaryotic ceil, the number of B. pseudomalZei found in HeLa ceils was significantiy
dBerent fiom that of the non-invasive control, E. coli ml01 (pC0.05).

For B.

pseudomallei 4.8 x lo4 organisms, (1.1% of the inoculum) entered the cells as compared
to 1.3 x 106S.typhimurium (6.5%) and 33 E. coli (0%)). The abiliîy of B. pseudomallei to
invade HeLa celis was also examined at MOI of 1 and 100. In each case, B. pseudomallei

Table 4. Intemaiization of B. pseudomaILei, S typhimwiurn and E. coli into cuitured
epitheliai and fibroblast ce11 iines as measured by the kanamycin protection assay.

E coli HB 101

a5 x 10' tissue culture cells were incubated with 25 ui of bacteria diluted to give a

multiplicity of infection of approximately 10 bacteria per eukaryotic celi. Bactena were

incubated with the cuitured cell iines for 2 h o m at 37OC in 5% COz, to ailow for
bacterial entry, followed by an additional 2 hour incubation in medium containhg 100
u g h l kanamycin to kill extracellular bacteria Eukaryotic cells were then lysed using
0.1% Triton X-100 and intraceliular bacteria quantitated by piating serial dilutions of the

*

lysate. Data are expressed as mean S.E.M. of 3 wells.
b

p<0.05 compared with non-invasive E. coli HB 101.

entered HeLa ceus in numbers sipnincantiy different h m E-coli HI3 101 (p<0.05, data
not shown).

These data, suggesting the intraceiiular presence of viable B. psezidomaliei, were
confirmed by electron microscopie examination of infected HeLa celis (Figure 6). B.
pseudomallei was present inside HeLa celis in membrane-bound vacuoles. In some cases
the vacuolar membrane appeared to be degenerating. Using a MOI of appmximately 10,
the numbers of B. pseudomallei

found intracellularly in A549 ceiis was significantly

different fkom the E. coli control (pc0.05). For B. pseudomaiiei 1 .l x lo4 organisms
(O. 1 1 % of the inoculum)entered the cells as compared to 7.2 x 10' S. typhimwium (4.0%

of the inocuium) and O E. coli (0% of the inoculum). Ushg a MOI of 10, the numbers of

B. pseudomullei found in CHO celis was sigaificaatly different from the E. coli control (p
~0.05).For B. pseudomallei 5.3 x 10' organisms (5.4%of the inoculum) entered the ceils
as compared to 4.4 x 106 S. typhimwium (20% of the inoculum) and 1.2 x lo3 E xoli

(0.03% of the inoculum). In Vero cells, a fibroblast ce11 iine, using a MOI of 10, the
number of B. pseudomuiZei found intraceliularly was also signincantiy different fiom E.
d i (p~O.05).For B. pseudomallei 4.0 x 10' organisms (0.4% o f the inocuium) entered
the ceiis as compared to 5.7 x 10' S. whimurium (2.9% of the inocuium) and 66 E-coli
(0% of the inoculum).

53.2. Inhibition of invasion by cytochalasin D

The invasion of B. pseudomulZei 3 16c into A549 ceiis was found to be inhibitable
by cytochalasin D (Figure 7A). Pre-incubating A549 ceUs with cytochalasin D for 30

minutes prior to the addition of bacteria, reduced the invasion of B. pseudomulZei to 9 %
of that seen in A549 cells incubated without cytochaiasin D. Similady, the invasion of
S. typhimurium 14028s into cytochalasin D treated A549 celis was reduced to 4 % of

control (Figure 7B).

3.3.3. Uptake of B. pseudomuMei by U937 c e b
Figure 8 shows transmission electron micrographs of B. pseudomallei 316c

infected and control U937 cells.

Numerous intraceiiuiar bacteria were seen in B.

pseudomallei infected U937 celis. Individual B. pseudomallei organisms were seen in

intact membrane-bound vacuoles within the cytoplasm of infected U937 celis.

3.3.4. Intraceiiular survival and replication of B. pseudom411ei in rat

aiveolar macrophages
B. pseudomulIei was s h o w to survive and replicate inside rat alveolar

*

macrophages (Figure 9). 1.3 x 104 2.0 x 10.' organisms or 1.3 % of the inocuium were
located intracellulady in rat alveolar macrophages d e r 4 hours. Mer an additional 16
hours incubation, the nurnber of organisms located intracellulady increased to 3.4 x 106

Figure 6. Transmission electron micrographs of B. pseudomaIlei 316c infected HeLa
ceils, 4 hours p s t infection. HeLa ceiis were hcubated with B. pseudomallei 3 16c at a

muitiplicity of infection of 10 bacteria per HeLa celi for 2 hours at 37OC. Extmceîidar
bacteria were killed by incubating the infected HeLa ceU monolayers with 100 u g / d

kanamycin for an additional 2 hours at 37°C Mected mowlayers were then prepared for
electron microscopy. A) B. pseudomallei infited HeLa ce11 containhg intraceiiular
organisms. Magnification x L O 386, B) Magnification x 47 448.

Figure 7. Effect of Cytochalasin D on intemaikation of B. pseudonaiiei 3 1 6c. A549 celi
mowiayers were pretreated with 1 ughl cytochalasin D for 30 minutes. S. tphirnurïum
14028s or B. pseudontaflei 3 16c were then aâded to the monohyers at a multiplicity of

infection of 10, incubated for 2 hours at 37°C and extraceiiuhr orgatiisms Wed by an
additional 2 hour incubation with 100 ug/ml kaoamycia. Ceii mowlayers were then lysed
and viable intraceUuiar bacteria were quantitated. Cytochaksin D was kept in the
incubation media thmugéout the experiment. A) Effèct of cytochalasin D on B.
pseudomuilei 3 16c, B) Effect of cytochalasin D on S. t y ~ h i m ~ u14028s.
m
Note the 10

fold tifletence in the scaies representing bacterial colony forming units in panels A and B.

2.1 x 1o6, which represented a statistically sipaincant two log hcrease (pcO.05). In ail
cases macrophage viability at both time points exceeded 95% as determineci by trypan

blue exclusion.

3.3.5.

IntraceUalar survivai and replication of & pseudomafiei in
RAW macrophages

The ability of B. pseudomalei 316c to survive and replicate intracellularly in
cultured RAW macrophages was assessed (Figure 10). The mouse macrophage ce11 line
was found to be capable of genetating a respiratory burst when stimulated with PMA
(data not show). E. coli HB 101 was used as wgative control and S. ryphimurium was

used as a positive control. Al1 three strains were taken up by the macrophages in
equivalent numbers. E. coli was unable to nuvive or replicate intracellularly in the

macrophages and numbers of uitraceiLular organisms rapidly fell to less than 100
CFU/d. The facultative intraceliuiar pathogen S. tphimtaium was found to be able to

survive and replicate intracellularly. The number of viable htracellular bactena peaked
at 8 hours incubation and remained at approximately

2 x 10' CFU/mi until 16 hours of

incubation. Like S. typhmurium, B. pseudomdlei was also found to be capable of
intracellular survival and replication in RAW ceîis. The number of viable intracellular
bacteria peaked at 12 h o m of incubation at approximately 3 x 10' CFU/mi. The number

of intracellular organisms dropped at 16 hours of incubation. At 24 hours of incubation

Figure 8. Transmission electron micrographs of intraceituiar B. pseudomallei 3 16c within
U937 cells. A) B. pseudornallei infected U937 ceil, 4 hours post infection showing major

cellular structures and intracellular bacteria withui membrane-bound vacuoles. Bp, B.
pseudomallei; N , nucleus; E, endoplasmic reticdum; G, golgi apparatus; M,
mitochondria. Magnification x 11 540, B) B. pseudomallei infected U937 ceii, 4 hours
post infection.

Arrow uidicates B. pseudomallei in membrane-bound vacuoles.

Magnification x 33 450.

Figure 9.

Intmceiiular sUrviva.1 and repiication of B. pseudomailei m rat aiveolar

macrophages. Bacteria were added at an MOI of 100 to aiveoIar macrophages fiom

pooled iavage fluid. Mer 2 hours, extraceliuiar bacteria were kilied with kanamycin (150
ug/d) and viable intraceiiular bacteria were quantitated. The survival of B. pseudoinallei

in alveolar macrophages over a 20 hour period was determined in duplicate cultures.
Mer killing of extracelMar bacteria with kanamycia, the macrophages were incubatecl for

an additional 16 hours in RPMI 1640 containkg 20 u g M kaoamycin to inhibit the growth
of any remahhg extraceliular organisms and viable intraceiiular bacteria quantitated.

O
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Figure 10. The ability of B. pseudomaZIei to survive intracellularly and replicate in RAW
cells. RAW cells were seeded on plastic covenlips in a petri dish. A total of 2 x 107
bactena were added to each petri plate. Mer a 1 hour incubation, the medium was
removed and extracellular bactena killed with kanamycin (150 @ml).

Viable

intracellular bacteria were qumtitated. To assess intraceilular survival and growth, in
duplicate petri dishes, the media was replaced with DMEM containing 20 @mi of

kanamycin. At various timepoints, coverslips were removed and intracellular bacteria
),.
S. typhimurium 14028s; (A ), E. coli
quantitated. (+ ), B. pseudomallei 3 16c; (

HB101.

RAW macrophage cultures contained equivalent numbers of B. pseudomai~eiand S.

tphimuriurn organisms.

33.6. Intracellular survhral and npiicatîon of B. pseudolll~IIeiin

PMN
B. pseudornallei was shown to sumive and replicate intracellularly in human
PMN. m e r the initial 4 hour incubation penod, 8.6 x 10'

* 3.O x 10' organisms were

located intracellularly in PMN representing 1.4% of the inocdum. Mer an additional 16
hours incubation, the number of intraceilular organisms increased to 7.0 x 106

* 1.7 x 106

which represented a statistically significant increase of approximately nine fold @<O.OS).
The viability of the PMN at both 4 hours and 20 hours exceeded 95% as detemiined by

trypan blue dye exclusion

Figure 11 shows transmission electron micrographs of B pseudoma2Zei infected
and control PMN at 4 hours post infection. Numerous intracellular bacteria were visible
in many of the infected PMN. B. pseudomallei ùifected PMN were seen to have
membrane-bound vacuoles containing both individual organisms and groups of
organisms. Additionally some organisms appeared to be free in die cytoplasm of the
PMN, having escaped fiom the membrane-bound vacuole. In some cases, the membrane

of the B. pseudornallei containing vacuole appeared to be in the process of degenerating
(Figure 11).

33.7. Effects of opsonization on B. pseudumalIei survival in PMN
The effects of opsonkation on the entry and intracellular survival of B.

pseudornallei were detennined Opsonization of bactena with normal human semm prior
to incubating the organisms with the P M N did not significantly affect uptake or
intraceiiular survival @<O.OS, data not shown).

3.4.

Host Response to B. pseudonalfei
3.4.1. NBT assay :respiratoy burst activity in response to B o

pseudomallei.
The induction of respiratory burst activity in PMN in response to B. pseudomallei
is depicted in Figure 12. Nitroblue tetrazolium (NBT)is colorless to yellow in solution.

On reduction in situ within the phagolysosome, by reduced oxygen intemediates, NBT
forms formazan, which is insoluble in aqueous solutioas and dark blue (Rest, 1994).
100% of PMA-stimulated PMN contained formazan deposits indicating that they had
undergone a respiratory burst. 18% of Ullstimulated or resting neutrophils contained
formazan deposits indicating background levels of PMN activation. Of the four bacterial
strains tested, B. pseudomulZei induced the weakest respiratory burst in the PMN. 19% of

PMN underwent a respiratory burst in response to exposure to B. pseudomufZei as
compared to 41% of the PMN exposed to P. aeruginosa, 54% of the PMN exposed to S.
typhimuriurn and 70 % of the PMN exposed to Ecoli. In the absence PMN, bacteria

alone did not result in the reduction of NBT to formazan (data not shown).

Figure 11. Transmission electmn micrographs of intracellular B. pseudondei 316c
within human PMN. Normal human PMN were isolated fiom whole blood and incubated

with B. pseudomallei 3 16c at a multiplicity of Uifection of 100 bacteria per PMN for 2
hours at 37OC. Extracellular bactena were killed by incubating the Mected PMN with
100 uglml kanamycin for an additional 2 hours at 37'C.

Control and infected PMN were

then prepared for electron microscopy. A) Noa-Uifected PMN, Magaification x 10 386,
B) Mected

P M N 4 hours p s t infection containhg numerous intraceiiular bacteria,

Magnincation x 8487, C) Mected PMN 4 hours post infection, Magnincation x 19 170.

3.4.2.

Effects of opsonization on respiratory bumt activity in
rosponse to B. pseudomaIIei.

B. pseudmallei 3 16c and S. iyphimurium 14028s were opsonized with normai

human serurn and used to determine the abiiity of opsonized bacteria to induce a
respiratory burst (Figure 13). 99% of PMA-stimuiated PMN underwent a respiratory
burst and 3% of resting neutrophils underwent a respiratory burst Opsonization of B.
pseudomaZlei with normal human serum increased the number of PMN that underwent a

respiratory burst fkom 5% to 9% and opsonization of S, typhimurium increased the

number of PMN undergohg a respiratory burst from 19% to 27%. In the absence of

PMN,opsonized bacteria alone did not result in the reduction of NBT to formazan (data
not shown).

3.4.3.

Effects of protamine on bacterial growth

The effects of protamine sulfate on bacterial growth are shown in Figure 14.
Protamine is a 32 amino acid cationic peptide fiom salmon spem that bas k e n shown to
preferentiaily kill peptide sensitive SaZrnonella (Groisman et al., 1992). Protamine is the
prototypical antirnicrobial compound employed when assessing resistance to
physiologically relevant compounds such as defensins, m a g e , and cecropins
(Groisman et al., 1992). E. coii was unable to grow at any concentration of protamine
tested. S. ryphimurium showed moderate growth at 100 u g h i protamine and minimal

fMA
activated

test

E. c.

S.

P-a.

B.P.

Figure 12. Induction of respiratory burst activity in PMN exposed to B. pseudomallei.

PMN fiom nomial human donors were incubated with NBT (resting PMN), NBT
containing PMA (stimutated PMN), or NBT containhg dilutions of ovemight cultures of

bacteria The slides were then washed, air àried, nxed with methano1 and stained with 1%

d h n h One hundred PMN were counted on each siide deteminhg the number of ceiis
with and without blue formazan deposits. E.c., E. coli HB 101; SJ., S. stphirnurium
14028s; P.a., P. aeruginosa PAO; B.p, B. pseudomallei 3 1 6c.

PMA

S.t*

rest

activated

s.t.
Ops.

Figure 13. Effects of opsonization on respiratory bmst activity of PMN exposed to B.
pseudmailei. As per the methods of Kahnar (1994), B. pseudomaflei 316c and S.

ryphmwium 14028s were opsonized by pre-incubating bacteria with 100 ui normal human
senim düuted 1:2 in PBS for

15 minutes at 37'C with constant agitation. Control

organisnis were incubated with PBS under identicai conditions. Induction of PMN
respiratory burst activity was thea determined. B.P., B. pseudomalleei; B q . ops. ,B.

pseudomallei opsonized with normal human sennn; S.t., S. typhimurium, S.t. ops, X
ryphimurium opsonized with normal human senim.

uglml protamine

Figure 14. Effects of protamine on the growth of B. pseudomallei 3 16c, S. typhimurium

14028s and E-coli ATCC 25922. Strains were grown in M9 miaimal sdts medium,with
glucose (0.5%) added as a carbon source, containhg varying concentration of protamine.
After 24 hours growth at 37OC in a shakuig hcubator, bacterial growth was examined by

measuring the absorbance of the cultures at 595 nm. ( + ) B.pseudomallei 3 16c,
fyphimurium 14O28s, ( A ) E. c d i ATCC 25922.

(i
S.)

Table 5. Antirnicmb i d activity of human defensin HNP- 1 against B. pseudomaIIei 3 16c$
S. lyphrnurium 14028s and E. coli HB IO 1.

I

E. coli HB 10 1

hcubations were conducted with ovemight cultures, grown to mid-log phase in trypticase
soy broth (TSB). Bactena were incubated with HNP-1 or an equivalent volume of 0.0 1%

acetic acid in 10 mM phosphate bufKer pH 7.4 containllig 1% TSB for 2 hours at 37°C.
aNumbers represent Ioglomean CFU of triplicate assays.
b~umbersrepresent loglodecrease in CFU/ml relative to control incubated with 0.01%

acetic acid for 2 hours.
Cp<0.05 compared to bactena incubated with 0.01%acetic acid.

growth at higher concentrations of protamine. The growth of B. pseudomallei 3 l6c was
unaected by any concentration of protamine.

3.4.4.

Antimicrobial effects of HNP-I

The effects of the human defensin HNP-1 on B. pseudomallei 316c and the
control strains are s h o w in Table 5. Individuai purifieci defensins HNP-1 and HNP-3
have been shown to be as active as a mixture of HNPI-3 (Ganz et ai., 1985).
typhimurium 14028s was not significantly affected by exposure to HNP-1 @ > 0.05), an
observation consistent with previous studies in which this strain was shown to be peptide
resistant (Groisman et ai., 1992). HNP- 1 was significantly bactericidal for E. coli HB 101,
producing a 0.83 log1 decrease in viable colony fonning uni& (p~0.05). B. pseudomal[ei
showed a statistically significant increase in colony fo&g

units after incubation with

HNP-1 (~1~0.05).Viable colony forming units of B. pseudomaiIei increaseci 0.42 loglo
dlrnng exposure to HM>-1.

3.5.

Generation and Cbaracterization of Invasion-Deficient Mutants

The focus of this portion of the thesis was to identify and characterize invasiondeficient mutants of B. pseudomallei. Numerous gene proâucts are required for or
involved in invasion by facultative intracelluiar pathogens such as

Salmonella

typhimurium and Yersinia enterocolitica (Roseashine et ai., 1994). Thus, the strategy
chosen for identifj4ng genes involved in invasion in B. pseudomallei involved i)

mutagenesis with Tm--OT 182 (Figure 15), ü) screening for invasion-deficient mutants

in a tissue culture assay using type II pneumocytes, iü) isolathg the DNA flaoking Tu50
0T182 in mutants by self-cloning (Memiman and Lamont, 1993), iv) pediorming a
single-strand sequence reaction (SSSR)on each clone using a TnS-OT182 specific primer
and v) identifjhg homologous sequences in the sequence database using the local
alignment search tool biastx (Madden et al., 1996). This program compares a nucleotide
query sequence tmnslated in al1 six reading frames against a non-redundant protein
sequence database. Approximately 3 000 transposon mutants were screened for their
invasion phenotype using a qualitative invasion assay. Twenty mutants with a reduced
ability to invade were identified in the preliminary qualitative screening. Two mutants
displaying invasion levels less than 30% of the parent strain 1026b in a quantitative assay
were chosen for fiirther characterization.

3.5.1. Identification of AJlD8
The abiiity of AJlD8 to invade A549 ceiis in a quantitative invasion assay is
show in Table 6. In three separate experirnents, N l D 8 exhibited invasion levels that
were 11% or less than the invasion level of the parent 6 1026b (Table 6). The ability
of AJlDS to hvade epithelial ce11 lines other than A549 cells was tested. AJlD8 was

found to be unable to invade other epithelial ce11 lines including HeLa celis and CHO
cells. nius the inability of AJlD8 to invade eukaryotic ceiis appeared to be a general
phenornenon and was not specific to A549 cells.

Figure 15. Schematic representation of TnS-OT182. The m w s represent the location
and direction of transcription of genes. The black box represents the pBR.325 origin of

replication. lucZ, promoter-less gene encoding P-galactosidase; bla, p-lactamase; 015,
pBR325 origin of replication; tetRA, tetracycline resistance genes fiom RP4; mp,
transposase. Pertinent restriction endonuclease sites are indicated.
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Table 6. Invasion of A549 cells by B. pseudomallei 1026b and N I D 8 as meanired by the

kanamycin protection assay.

Mean intracellular
Organismsa

' 5 x 10' A549 cells were incubated with 25 ul of bactena diluted to give a multiplicity of

infection of approximately 10 bacteria per A549 ceii. Mer a 2 hour incubation to allow
for bacterial entry, extracellular bacteria were killed by an additional 2 hour incubation in
medium containing 150 u g / d kanamycin. A549 cells were then lysed and intracellular
bacteria quantitated by plating setid dilutions of the lysate. Data are expressed as mean
S.E.M of 3 wells.
b p < ~ . ~compared
5
to the parent strain 1026b.

'relative percent invasion compared to 1026b.

*

The chromosomal DNA fkom the invasion-deficient mutant MID8 was isolated

and digested with EcoRI. The chromosomal hgments were separated by electrophoresis,
blotted to a nylon membrane and probed with radioactively-labeiied pOT182. AJlD8
was found to contain a single copy of TaS-OTl82(data not shown).

3.5.2. Cloning of flanking DNA and sequence anaiysis

The DNA flanking Tn5-OT182 in MID8 was isolated by sewcloning (Merriman
and Lamont, 1993). Chromosomal DNA was digested with Hindm and B m H , ligated
and used to transfomi E. coli SURE. Primers specinc to the left and right ends of TnS-

OT182 (DeShazer et al., 1997) were used to perform a SSSR on the plasmids isolated by
self-cloning. The resulting sequences were analyzed using the local alignment search tool
blastx (Altschul et al., 1990; Madden et al., 1996). This program compares a nucleotide
query sequence translated in al1 six reading h e s against a non-redundant protein

sequence database. The sequence obtained fiom AJlD8 showed homology to sequences

in the database. The highest homology was to Ralsronia eutropha czcR, P. syringae
copR and E. coli pcoR Each of these proteins is a transcriptional activator or response

regulator involved in regulating the organisms resistance to heavy metals. These proteins
function in pairs with sensor kinases as two-component regdatory systems. Based on the

sequence homology data it was hypothesized that AJl D8 contained a transposon insertion

in a response regulator that was involved in regulating the ability of B. pseudomallei to
invade cuitured eukaryotic ceils. Additionally, since each of the regdators with which B.

pseudomdIei shared homology bctions as a twoîomponent system, we hypothesized
that the regulator homolog in B. pseudomallei was also part ofa two-component system.
Tn5-OT182 contains a promoter-less lac2 reporter gene that d o w s for the
formation of promoter fusions when the transposon integrates downstream of a h c t i o n d
promoter (Fig. 15) (Merriman and Lamont, 1993). A P-galactosidase assay was
performed on Ml D8. MlD8 does not produce p-galactosidase (14 Miller units) and
therefore does not contain a lac2 ttanscriptional fusion. The orientation of the predicted
gene using blastx was c o b e d with the p-galactosidase assay.

3.5.3. Charncteriwition of AJlD8 :experimental animals
The virulence of the invasion-deficient mutant, AJlD8, was assessed in two

&al

models of acute B. pseudomallei infection, Syrian hamsters (Brett et al., 1997) and

diabetic infant rats (Woods et al., 1993). In Syrian Golden hamsters, there was no
difference between the LDn for the invasion-deficient mutant MID8 (< 10 organims)
and the parent strain 1026b ( 4 2 organisms) (Table 7.) The hamsters progressed to death

very rapidly (48 hours) and it was not surprishg that the ability to invade eukaryotic ceils
did not appear to play a role in this form of infection due to B. pseudomallei.
Additionally, in the studies performed with diabetic rats, there was no difference detected
between the LDSoof Ml D8 (1.!JO x 104)and 1026b (1.86 x 104)(Table 7).

In an attempt to detect ciifferences in Wulence between the invasion-deficient
mutant AJlD8 and the parent strain we used a modification of the infat rat mode1 of
infection. Brett et al., (1994), reported that anti-flagellin antisera obtained fiom rabbits

Table 7. LDS0values for B. pseudomallei AJlD8 (iivasion-deficientmutant) and
1026b (parent strain) in Golden Syrian hamsters and diabetic Sprague Dawley rats.
Strain

LDso in Diabetic
kitsb

(n=25)

B. pseudomallei 1026b

<

12

'Golden Syrian hamsters were inoculated with 100 ul of one of a number of serial
dilutions of logarithmic phase cultures adjusted appropriately with sterile PBS. Five
animals were used per dilution. The LDso values were calcdated 2 days after inoculation
according to the methods of Reed and Muench (1938).

bInfant Sprague-Dawley rats (average weight 30 g) were made diabetic with STZ and
inoculated intraperitoneally with 100 ul of a dilution of B. pseudomuIlei 1026b or Ml D8.
Five anirnals were used per dilution and LDsovalues were calcdated at 7 days (Reed and

Muench, 1938).

immunized with purifïed nagellin passively pmtected diabetic rats fiom an Lp. challenge
with B. pseudomai~ei. Ushg immuwchemical analysis, Brea et al., (1994) reporteci that

64 of 65 B. pseudomallei strains testeci, including strain 1026b,reacted with the flagellinspecinc antibodies generated against strain 319a

Passive immunization studies

demonstrated that 3 19a flagellin-specific antiserum was capable of protecting diabetic
rats fiom challenge with 1OXb, a heterologous B. pseudomulIei strain (Brett et al., 1994).

We hypothesized that aithough AJlD8 was unable to invade the cells of the
experimental animals it displayed normal replication extracelldarly. The organisms
likely underwent sunicient extracellular replication to ovemhelm the animais and thus
we were unable to detect subtle differences in Wulence due to an inability of AJlD8 to
invade eukaryotic cells. By passively immunizing the experimental animals with aflagellin IgG, we hoped to limit extracellular replication of the B. pseudomallei organisms
by neutralization with antibodies. Once extracellular replication had been limited, any

difference in vinilence between 1026b and AJlD8 could be attributed to a differentid
ability to invade the cells of the experimentd animais. Rats were given a-flagellin IgG
on day 0,l and 2 and were inoculated with B. pseudomallei on day 0. LDso values were
determined on days 1, 2, 3, 4, 5 and 7. The geatest difference in LDso values was

found on days 1 and 2 (Table 8) whiie the animals were still receiving passive
immunization with the a-flagelh IgG. The LDso on day 1 was 2.8 x 10' for the parent

strain 1O26b and 3.8 x 1o8 for Ml D8. This represents a 14 fold statistically significant
increase ( ~ ~ 0 . 0 5in) the LDSo of the invasion deficient mutant. On day 2, the LDSo for

Ml D8 was 13 fold greater than the LDso for 1O26b. On days 3 through 7, the animals

were no longer being passively immunized and the LDso for AJlD8 was 6 to 8 fold
greater than that of the parent main.

3.5.4.

S u h l of AJlD8 h RAW macrophages

Intracelldar survival and replication of AJlD8 in RAW macrophages did not

dSer significaatly fiom that of the parent strain 1026b @<O.OS,

Table 8).

B.

pseudomallei were incubated with the macrophages for one hour to ailow uptake of the
bacteria M e r a two hour incubation with 150 u g h i of kanamycin, viable intracellula.
bacteria were quantitated. Equivalent numbers of the parent stmh and AJlD8 were
present intracellularly in the macrophages after the initial incubation.

Lysates of

macrophages contained approximately 2 x 10' MlD8 or 1026b organisms per ml. To
assess intracellular survival of kllD8, duplicate cultures of macrophages were incubated

for an additional 17 hours.

M e r exttaceilular bacteria were killed,

fiesh media

containing 20 u g M kanarnycin was added to the macrophage cultures to inhibit the
growth of any remaining extracellular bacteria or any bactena released fiom the
macrophages. Equivalent numbers of AJlD8 and 1026b organisms (2.8 to 4.4 x 105

CFU/ml) were present intracellularly in the macrophages after a 20 hour incubation
(Table 9).

3.5.5. Antimicrobial activity of HNP-1 agaiast AJlD8

The antimicrobial activity of the defensin HNP-l aga% B. pseudomallei N l D 8
was determined. N l D 8 did aot ciiffer significantly h m 1026b in its ability to resist the

antimicrobial effects of HNP-1 @ > 0.05, Table IO).

B. pseudomallei Ml D8 was

uuafEected by HNP-1,exhibiting a 0.42 logio increase in CFU during the two hour
incubation with HNP-1. Similarly, B. pseudornalZei 1026b exhibited a 0.54 logloincrease
in CFU during the incubation with HNP-1. Viable CFU of El coli HB 101 decreased a

statistically significant 0.74 logio(pK0.05) during the 2 hour incubation.

3.5.6. Outer membrane protein (OMP)charicterization

SDS-Page of outer membrane proteins of AJlD8 and 1026b revealed the presence

of an abundant 20 kDa protein in the outer membrane protein profile of AJlD8. This
protein was not detectable in the parent strain 1026b (Fig. 16). The 20 kDa outer
membrane protein appeared to be repressed in wild-type B. pseudomullei and expressed

in the mutant AJl D8.

3.5.7.

Identification of AJ2CE4

The screen which we developed to identify mutants of B. pseudomaliei that are
unable to invade cultured epithelial cells was usefbl in identifying other mutants of B.
pseudomallei. This procedure also allowed the identification of an invasion-deficient

Table 8. LDso values for B. pseudomallei AJLD8 (invasioa-deficient mutant) d 1026b
(parent strain) in diabetic Spragw-Dawley rats passively immunized with a-fiagellin
IgG.

LDsoa
Day 2

1

B. pseudomailei
AJlD8

3 -8 x 1 o8

B. pseudomailei
102%

2.8 x 1O'

u o a

Day 3

LBo'
Day 4

" Infant Sprague Dawley rats were made diabetic using STZ.

LDsoa

Day 5

m o a
Day 7

The rats were then given 1.5

mg of a-flageilin IgG in 100 ul of PBS intraperitonealiy aad 100 ul of a dilution of either

AJ 1D8 or 1O26b. The a-flagellin IgG injection was repeated for two consecutive days,
for a total of 3 injections. Five animals were used for each diiution of B. pseudomullei.
LDS0 values were calculated for each of 7 days foiiowing inoculation with B.
pseudomallei according to the methods of Reed and Muench (1938).

bFold difference in LDso of invasion-deficient mutant MlD8 compared to parent strain
1026b.

105

Table 9. Ability of B. pseudomalZei 1026b and MID8 to survive intracellularly in RAW
macrophages.

Strain

viable intracelidar
bacteria (CFUfrnl)a
3 hours

viable intracellular
bacteria (CFU/rnl)a
20 hours

B.pseudoma1lei 1026b

2 . 1 1 x 1 0 ~ * 7 . 8 ~ 1 0 ~ 2.8x10~*1.2x10~

B.pseudomalleiAJlD8

2.12~10'*1.7x10~

4.4x10~*l.Ox10~

aR~W
cells were seeded on ~ h e r m a n o x15
~ mm, round, plastic coverslips (Nunc, hc.,
Naperde, IL) at 2 x 106cells in 6 mls of DMEM with 10% fetal bovine serum without

antibiotics per petri dish. A total of give 2 x 10' bacteria were added to each petri plate.
Afier a 1 hour incubation, the medium was removed and the coverslips washed three
times with PBS. The macrophages were incubated for 2 hours in fresh media contalliing

kanamycin (150 ug/rnl) to kili extracellular bacteria. Coverslips were removed in
triplicate, the macrophages lysed and viable intraceflular bactena were quantitated by
plating serial dilutions of the lysate. To assess intraceiiular survival and growth, in
duplicate petri dishes, the media was replaced with DMEM containhg 20 ug/ml of
kanamych. At various tirnepoints, coverslips were removed and intmceliular bacteria
quantitated. Data are expressed as mean f S.E.M of 3 web.

Table 10. Antimicrobial activity of human defeasin HNP-1 against B. pseudomullei
1026b, B. pseudomallei N l D 8 and E. coli HB 101.

B. pseudomallei
1 O26b

B. pseudornalle i
MID8

Incubations were conducted with overnight cultures, grom to mid-log phase in trypticase
soy broth (TSB).Mid-logarïthmic-phase cells were washed in 10 mM phosphate pH 7.4

and adjusted to 5 x 106 CFU/d.

Bacteria were incubated in 10 m M phosphate buffer

plus 1% TSB, containing 50 ug/ml HNP-1 or an equivalent volume of 0.01%acetic acid
as a control. M e r 2 hours at 37"C, the reactions were stopped by the addition of 0.15 M
NaCI. Colony forming units were determiaed by plating serial dilutions of the reaction
mixture. Each incubation was performed in triplicate.

aNurnbers represent loglo decrease in CFU/ml relative to control incubated with 0.01%
acetic acid for 2 hours.
bp< 0.05 compared to bacteria incubated with 0.0 1% acetic acid.

mutant k12CE4.

Using a MOI of 10 bacteria per A549 cell, the number of B.

pseudomallei AJ2CE4 organisms found intraceliularly was signincantly different fiom B.
pseudomallei 1026b (p< 0.05). AJ2CE4 exhibited invasion levels 18% of the parent

strain 1026b. For B. pseudomallei 1026b,0.1 58%
A549 celis as compared to 0.028%

* 0.06%

of the inoculum entered the

* 0.03 % of the AJ2CE4 inoculum.

DNA flanking

TnS-OT182was isolated by self-clonhg ( M e d a n and Lamont, 1993). k12CE4 was
found to contain a transposon insertion in a gene homologous to the Vibrio cholerae galE
gene. Figure 17 shows the results of a search of the sequence databases with the B.
pseudomallei gene sequence using the program BLASTX. Figure 17A depicts database

sequences sharing homology with the B. pseudomallei sequence and Figure 178 shows

alignment of a portion of the B. pseudomallei protein seqwnce (Query) with V. cholerue
0139 UDP-galactose 4epimerase (Sbjct). The gulE gene codes for UDP-galactose 4-

epimerase, an enzyme which plays a role in the cataboiism of galactose and in the
synthesis of exopolysaccharide. In the two regions of amino acid homology depicted in
Figure 17B, the B. pseudomallei homolog is 54% identical and 76% similar to the Y.

cholerae UDP-galactose 4-epimerase.

3.5.8. CharacterizPtion of AJZCE4 :analysis of LPS

LPS isolated nom AJ2CE4 was reacted with monoclonal antibody directed
against type 1 and type II O-polysaccharide. AJ2CE4 was found to have 15920% of wild-

Figure 16. 12.5% SDS-Page gel of outer membrane proteins (OMP) of B. pseudomallei
1026b and invasion-deficient mutant AJlD8 stained with Coomassie blue R-250.

AJlD8 OMP (lanes 1 and 3), 1026b OMP (lanes 2 and 4). Samples in lanes 1 and 2 were

prepared for electrophoresis in sample buf5er not contaiaing P-mercaptoethanol. Samples

in lanes 3 and 4 were prepared for electrophoresis in sample buffer containhg

B-

mercaptoethanol. The 20 kDa protein present in AJlD8 and absent in the parent drain,
1026b, is indicated with an arrow.

Smallest

S m
Sequences producing High-scoring Segment Pairs:

Reading High Probability
Frame Score P o N

>gi11230582 (U47057) UDP-galactose kpherase [Vibriocholerae 01391
Length = 328
Plus Strand HSPs:
Score = 96 (44.2 bits), Expect = 1.3e-05, Sum P(2) = 1.3e-05
Identities = 17/26 (65%),Positives = 22/26 (84%), Frame = +3
Query: 30 GPGVRAHFLSLMRAVSXGVPLPLGAV 107
GPGV+A+ F SLMR VS G+PLP G+t
Sbjct: 18 1 GPGVKANFASLMRLVSKGIPLPFG S 1 206
Score = 40 (1 8.4 bits), Expect = 1.3e-05. Sum P(2) = 1.3e-05
Identities = 8/20 (40%), Positives = 13/20 (65%), Frame = +3
Query: 3 15 GAXTGRAAQIDRLTSDLRLD374
G
W +DRLT L++D
Sbjct: 276 GKLFGKSDNDRLTGTLQVD295

Figure 17. Results of a search of the sequence databases with a B. pseudornallei gene

sequence using the program BLASTX. A. Database sequences sharing homology with

the B. pseudondei sequence. B. Alignment of a portion of the B. pseudodlei protein
sequence (Query) with Y. choierae 0139 UDP-galactose 4-epimerase (Sbjct).

type levels of type II O-PS.The syathesis of type 1 04% was not affected in A12CE4

(Brett, personal communication).

3.5.9. Characterization of AJ2CE4 :semm sensitivity

The sensitivity of B. pseudomallei AJ2CE4 to normal human serum was
detemiined. The viability of B. pseudomallei AJ2CE4 was not aBected by incubation in
30% nonnai human senun. The colony counts of AJ2CE4 after the two hour incubation

in serum did not differ fiom those in control cultures incubated in PBS (DeShazer,
personal communication).

3.5.10. Characteriution of AJ2CE4 :esperimentai animals

The Wulence of the hvasion-deficient mutant,AJ2CE4, was assessed in diabetic

infat rats. The LDso for B. pseudomalei k12CE4 was 2.6 x 10' and the LDSofor the
parent strain 1026b was 1.9 x 104. This represents a 13 fold incwase in the LDso for
AJ2CE4 compared to the parent strain.

3.6.

Identifkation and Characteriution of a Two-Component Regulatoy
System Involved in B. pseudoniaîtei Iivuion of A549 Cells

3.6.1.

Cloning of wüd-type copies of klR and irLS

AJlD8 contains a Tn5-OT182 integration within a response regulator homolog
which was aamed irlR for invasion related locus. Figure 18 depicts a physical and
genetic map of a portion of the chromosome of B. pseudomdIei N l D 8 indicathg the
relative location of TnS-OT182. The bold l h e represents B. pseudomallei chromosomal

DNA. Aa arrow represents the relative location and direction of the B. pseudomalei
transcriptional activator gene homolog, irlR. Sequencing of the DNA downstream of irlR
revealed the presence of a sensor protein homolog which was named irIS and is also
shown in Figure 18.
The strategy used to clone wild-type type copies of irlR and irlS is show

schematically in Figure 19. The plasmid pSKM11 contains a ColEl origin of replication

and is unable to replicate in B. pseudomallei (Mongkolsuk et al., 1994). Therefore,
derivatives of this plasmid are maintained only by homologous recombination between
cloned B. pseudornaiIei DNA and the corresponâing region on the bacterial chromosome.
The 2.5-kb Hindm-EcoRI fiom pAJlD8B was cloned into the corresponding site of

pSKM 11, creating the plasmid pAU 1 (Figure 19). The cloned fiagrnent contained the 5'
end of the regulator homoiog and 1-kb of TnS-OT182. p A U l was conjugated into B.
pseudomallei 1026b and

TC^ trausconjugants were selected (1026b::pALJl).

One

TC^

colony, M'Ml, was selected for use in fùrther studies. Wdd-type copies of irlR and irlS

were cloned fiom AJMl using a self-cloning procedure simiiar to that used for Tn5OT182 mutants (Merriman and Lamont, 1993). Cbromosornal DNA h m A M 1 was
isolateci, digested with Hindm, tigated and used to transform E coli SURE. The resulting
plasmid, pAJMIH, contained irlR and irlS and 9-kb of dowmtream DNA. Subclones of
pkTMlH were generated in pBluescriptSK to aliow more efficient sequencïng h m the

T3 and T7 primers.

3.62. Sequenees of irlR and irlS

The nucleotide sequence of irlR and irlS was detennined on both strands. The G

+ C content of this region was 69% which was similar to the 68% G + C content of the
B. pseudomaiIei ATCC genome (Yabucbi et al., 1992). We identified the ORF encoding
irlR of 687 nucleotides beginning with the ATG at position 161 and ending with the TGA

at position 851 (Figure 20). A putative Shine-Dalgarno (SD) sequence, GGAG, was
located immediately upstream of idR. The start codon for irlS overlapped the TGA stop
codon for irlR therefore the deduced amino acid sequence of irlS is shown separately in
Figure 21. The ORF encoding i .was 1392 nucleotides in length. The protein encoded
by irlR was predicted to be 229 amino acids in length (Figure 20) and the protein encoded

by irlS was predicted to be 464 amino acids in length (Figure 21).

Figure 22 depicts the alignment of IrlR with regdatory proteins fiom other twocomponent systems.

The proteins are CzcR ( R eutropha, cadmium, zinc, cobalt

resistance; Nies, 1992), CopR (Pseudomonaî syringae, copper resistance; Mills et ai.,
1993) and PcoR (E. coli, copper resistance; Brown et al., 1992). Residues conserved in

Figure 18. Physical and genetic map of a portion of the chromosome of B. pseudomallei
AJlD8 indicating the relative location of Tu5-OT182. The bold üw represents B.

pseudomallei chrornosomal DNA. The large triangle represents TnS-OT182 and the

mows represents the relative location and direction of the B. pseudomalei transcriptional
activator gene homolog, irlR and sensor homolog, iris. Pertinent restriction sites in the
DNA are shown as vertical bars, H, Hindm; A, ApaI; Sm, SmaI; S, Sali; E, Eco& B,

BarnM.

irlR

--

S

irlR trans.

irlR

trans.

tram.

Figure 19. Strategy used to clone wild-type copies of irlR-irlS. The cointegrate strain was

created by integration of the suicide vector p u 1 into the chromosome of B.
pseudorna~~ei
1026b. The large X represents the location of homologous recombination
between pALJ 1 and the 1O26b chromosome. The 18.5-kb plasmid pkTM 1H was isolated

fkom klMl by self-cloning with Hindm.

irlR, gene encodhg fesponse regulator

homolog; iris, gene encoding sensor protein homolog; trans., putative transporter; mob,

RP4 origin of transfer;

ampicillin resistance; TC^, tetracycline resistance; on, ColEl

ongin of replication; H,Hindm; E,EcoRI.

at lest three sequences are highlighted. A cooserved aspartic acid residue is present in
all four proteins at amino acid position 52. This is thought to be the phosphorylation site

important for regdatory activation. The amino acid identity and similarity between IrlR
and the regulatory proteins CzcR, CopR and PcoR is shown in Table 11A. The amino
acid identity between the B. pseudumdIei response reguiator homolog and the other
regulators shown in Table 11A ranged fiom 61 to 64% identity. The amino acid
similarity between h l .and the other regulators in Table 11A ranged fiom 76 to 79%.
Figure 23 depicts the dignment of IrlS with sensor proteins nom other twocomponent systems.

The proteins are CzcS (R eutropha, cadmium, zinc, cobalt

resistance; Nies, 1992), CopS (Pseudomonas qrz-ngae, copper resistance; Miils et al.,
1993) and PcoS (E. coli, copper resistance; Brown et al., 1992). AU four proteins
contain the putative histidine autophosphorylation residue at position 262. The amino

acid identity between IrlS and the sensor protek CopS, CzcS and PcoS is shown in
Table 11B. The amino acid identity between the B. pseudomaIlei seasor kinase homolog
and the other sensor proteins shown in Table 1LB ranges fiom 28 to 35% identity. The
amino acid similarity between IrlS and the other sensors in Table 11B mges fiom 49 to

55%.

Figure 20. Nucleotide sequence and predicted translation product of irlR. The numbers
on the left indicate the cumulative base-pair position and the amino acid position for the

indicated ~adingfiane is on the right

A potential Shine-Dalgamo sequence is

underlined. The location of the TnS-OT182 integration in MlD8 is indicated above the
nucleotide sequence 0.

1
GTCGACCGCGCTGACGCTGCTCGTTT
27 TGCCGGTACTCTATCGGGTGGCGCACGCCGCGCCGCCGCGCGCCACGCTCGGCGCACGCGCGGCCGG
94 A T G G C T C G C G A G G C T C G C G C C C G C G G C C G T G C T G C G C C G G
Met Arg Ile Leu Ile Val Glu Asp Glu Pro Lys Thr Gly Met Tyr Val Arg
161 ATG CGA ATA CTG ATC GTG GAA GAC GAG CCG M G ACC GGC ATG TAT GTG CGC
AnDe

v

Lys Gly Leu Thr Glu Ala Gly Phe Ile Ala Asp T r p Val Glu Asp Gly Val
213 AAG GGG CTG ACC GAA GCG GGC TTC ATC GCG GAC TGG GTC GAG GAC GGC GTG
Thr Gly Leu Bis Gln Ala Glu Thr Glu Glu Tyr Asp Leu Ile Ile Leu Asp
264 ACG GGC CTG CAT CAG GCC GAG ACC GAG GAG TAC GAC CTG ATC ATC CTC GAC
Val Met Leu Pro Gly His A s p Gly Trp T h Val Leu Glu Arg Leu Arg A r g
315 GTG ATG CTG CCC GGC CAC GAC GGC TGG ACG GTG CTC GAG CGG CTG CGC CGC

Ala B i s Ser Thr Pro Val Leu Phe Leu Thr Aia Arg Asp Asp Val Gly Asp
366 GCG CAC TCG ACG CCC GTG CTG TTC CTG ACC GCG CGC GAC GAC GTC GGC GAC
Arg Val Lys Gly Leu Glu Leu Gly Ala Asp Asp Tyr Val Val Lys Pro Phe
417 CGC GTG AAG GGG CTC GAG CTC GGC GCG GAC GAT TAC GTC GTC AAG CCG TTC

Asp Phe Val Glu Leu Val Ala Arg Val A r g Ser Ile Leu Arg A r g Gly Gln
468 GAT TTC GTC GAG CTG GTC GCG CGC GTG CGC TCG ATC CTG CGC CGC GGG CAG
Aia Arg Glu Ser Thr Val Leu Arg Ile Ala Asp Leu Glu Leu Asp Leu Thr
519 GCG CGC GAA TCG ACG GTC CTG CGG ATC GCC GAT CTG GAG CTC GAC CTG ACG
Arg Arg Lys Ala Thr Arg Gln Gly Asp Val Val Leu Leu Thr Ala Lys Glu
570 CGG CGC AAG GCC ACG CGC CAG GGC GAC GTC GTG CTG CTG ACC GCG AAG GAA

Phe Ala Leu Leu Trp Leu Leu Met Arg Arg Glu Gly Glu Ile Leu Pro Arg
621 TTC GCG CTG CTG TGG CTG CTG ATG CGC CGC GAG GGC GAG ATC CTG CCG CGC
Ala Thr Ile Ala Ser Gln Val Trp Asp Met Asn Phe Asn Ser Asp Thr Asn
672 GCG ACG ATC GCC TCG CAG GTG TGG GAC ATG AAT TTC AAC AGC GAC ACG AAC

Val Val Asp Aïa Aia Ile Arg A r g Leu Arg Ser Lys Ile Asp Asp Ala Tyr
723 GTC GTC GAC GCG GCG ATC CGC CGG CTG CGC TCG AAG ATC GAC GAC GCG TAC
Glu Pro Lys Leu Ile His Thr Val A r g Gly Met Gly Tyr Val Leu Glu Val
774 GAG CCG AAG CTG ATC CAC ACG GTG CGC GGG ATG GGC TAC GTG CTC GAA GTC
Arg Ser Ala Ser Ala Pro Ser Arg Stop
825 AGA AGC GCG AGC GCG CCG AGC CGA TGA TCAGACGCCTGCTGCCCCGCACGCTGCGCGC

883
950
1017
1084
1151
1218
1285
1352
1419
1486
1553
1620
1687
1754
1821
1888
1955
2022

G C G C C T G A C G G C G C T C A T C A T C C T G T C G A C C G C G G C C

AGCGCGCTGCACAACCGGCTCGTCGGCATGTCGTCGTACGAGATGTCGGCGACGCTCGCGGCGATGC
GCACGCATCTCGCGAACGTCGCGAACGTCGACGATATCCCGCGCAAATCGGATCTGTGGATCGATCA
A C T G C A C G G C C A T C A A A A T C T G G A T C T C G C G A T C T A C C G

CGCGGCTTCGTCGCGCCACGGCCCGCGCTCGGCGCGCCGCAAACGCGCGTGCCGGCGAGCGCCGCGC
CCGCCGGCGCGACGTTCAGCTATCTCGCGGACGACGCGCCGCTGCGCaCGGaCCCGCGUCCGC
GCGCATCGTCGTGCAGTACGACGGCAAGAACGATCATGCGCTGCTGCGCGaTACGCGTfiaCGGTC
GTCGTGATCGAGGTGCTCGCGGTCGTGCTGACGGCGGCGCTCGCCTACGGaTCGCaTGCTCaCC
TGAGCCCGCTGCGGCGGCTCGTCGCGCGCGCCGAGCAGATGTCGTCGAGCCGGCTCGCG-GCCGCT
GCCGGAGCTCGACACGTCGGGCGAGCTCAAGGAAATGGAGCACGCGTTCAACGCCATGCTCAAGCGC
CTCGACGAATCGTTCGTCCGGCTGAGCaGTTCTCGTCGAATCTCGCGCACGACATGCGCACGCCGC
T C A C G A A C C T G C T C G C C G A G G C G C A G G T C G C G C T A T C G C
CGTGATCGAATCGAGCATCGACGAGTATCAGCGTCTGTCGCGCATGATCGAGGACATGCTGTTCCTC
GCGCGCTCCGACAACGCGCAGAGCCACCTGGCGATCCGCACGCTCGACGCGGCGGCGCAAGCCGAGC
GCGTCGCCGGCTATTACGAGCCGATGGCCGAGGATGCCCC
CGAGGTTCGGGCGGACGCGCTGCTCTATCACCGCGCGCTCAGCAACCTGATCAGCAACGCGCTCAAT
CACGCGCCGCGCGGCTCGACGATCACGATCGAATGCGCGCCG
TATCAGACACGGGCCGCGGCATCGAGGCGCCGCACCGCGAACGGATCTTCGAGCGGTTCTACCGCGT

2089
2156
2223
2290
2357
2424
2491
2558

CGATCCGGCGCGGCACAATTCGGCGTCCGGCACGGGGCTCGGCCTGGCGATCGTGCGCTCGATCATG
GAAAACCACGGCGGCACGTGCGGCGTCGACAGCGAGCCGCACGTGCGCACGACGTTCTGG~GAAGT
TTCCCGCGCACGCGGCCTGATCCGCCGCGTCAGCGGCGTCC

CGGCGGGCGCGGACGCGCCCGG(;CGCGCGGGCTGCCCGGCTTCGGTCGCCCGCGCATCAGCGCGCGA
CGGTTTGATCGTGCTGATCGAGCGCGAGATCGGTCï:TGCCGCCATGCACCGAGATCGCGTGCAGTTC
CTTGTTGCGCGCAACGAGCGCCGCGCTCGGCGGGTAGTCGTTaTGCCaCCECACaCGCCCTCG
TGCTGCGCGCGGATCAGCTCCTGCCGAACCTCGTCGCGCG

ACAAGGCGAGCGCCGTCAGCGCGGCGGCGGTGGCCCAAACGATCGTTGTTTTCGTGTTCATCGCGAG
2625 TTCTCCTTCGAGTGGATCCCTGTCGGA

Figure 21. Nucleotide sequence and predicted translation product of irlS. The numbers

on the left indicate the cumulative base-pair position and the amino acid position for the

indicated reading fiame is on the right.

M e t I l e Arg A r g Leu L e u P r o k g T h r L e u Arg Ala Arg L e u T h r Ala L e u
1 ATG ATC AGA CGC CTG CTG CCC CGC ACG CTG CGC GCG CGC CTG ACG GCG CTC

Ile Ile L e u Ser T h r M a Ala T h r L e u Ala L e u Ser G l y V a l M a L e u T y r
53 ATC ATC CTG TCG ACC GCG GCG ACG CTC GCG CTG AGC GGC GTC GCG CTC TAC
S e r Ala Leu H i s Asn Arg L e u V a l G l y M e t Ser Ser T y r G l u Met Ser Ala
1 0 4 AGC GCG CTG CAC AAC CGG CTC GTC GGC ATG TCG TCG TAC GAG ATG TCG GCG

Thr L e u Ala Ala M e t Arg T h r H i s L e u M a Asn V a l Ala A s n V a l Asp Asp
155 ACG CTC GCG GCG ATG CGC ACG CAT CTC GCG AAC GTC GCG AAC GTC GAC GAT
Ile P r o Arg Lys Ser Asp L e u Trp Ile Asp G l n L e u B i s G l y H i s G l n Asn
206 ATC CCG CGC AAA TCG GAT CTG TGG ATC GAT CAA CTG CAC GGC CAT CAA AAT
L e u Asp L e u Ala Ile T y r Asp T h r Asp GLy Arg L e u Arg P h e M a T h r Arg
257 CTG GAT CTC GCG ATC TAC GAC ACC GAC GGC CGC CTG CGC TTC GCC ACG CGC
G l y P h e V a l Ala P r o Arg P r o Ala L e u G l y Ala P r o G l n T h s Arg V a l P r o
308 GGC TTC GTC GCG CCA CGG CCC GCG CTC GGC GCG CCG CAA ACG CGC GTG CCG

Ala S e r Ala Aïa P r o Ala G l y Ala T h r Phe Ser T y r L e u Ala Asp Asp M a
359 GCG AGC GCC GCG CCC GCC GGC GCG ACG TTC AGC TAT CTC GCG GAC GAC GCG
P r o Leu Arg G l y G l y A s n P r o Arg T h r Ala Arg I l e V a l V a l G l n T y r Asp
410 CCG CTG CGC GGC GGG AAC CCG CGC ACC GCG CGC ATC GTC GTG CAG TAC GAC
G l y Lys Asn Asp H i s Ala L e u L e u Arg Ala T y r Ala T y r T h r V a l V a l V a l
461 GGC AAG AAC GAT CAT GCG CTG CTG CGC GCA TAC GCG TAC ACG GTC GTC GTG

Iie G l u Val L e u Ala Val V a l Leu Thr A h Ala Leu Ala T y r G l y Ile M a
512 ATC GAG GTG CTC GCG GTC GTG CTG ACG GCG GCG CTC GCC TAC GGC ATC GCG
Met L e u G l y L e u Ser P r o Leu Arg Arg L e u V a l Ala Arg Ala G l u G l n M e t
563 ATG CTC GGC CTG AGC CCG CTG CGG CGG CTC GTC GCG CGC GCC GAG CAG ATG
S e r S e r Ser Arg L e u Ala G l n P r o L e u Pro G l u L e u Asp T h r Ser G l y G l u
614 TCG TCG AGC CGG CTC GCG CAG CCG CTG CCG GAG CTC GAC ACG TCG GGC GAG
L e u L y s G l u Met G l u H i s Ala Phe A s n Ala M e t L e u L y s Arg L e u Asp G l u
665 CTC AAG GAA ATG GAG CAC GCG TTC AAC GCC ATG CTC AAG CGC CTC GAC GAA

S e r Phe V a l A r g Leu S e r G l n Phe S e r S e r Asn L e u Ala H i s Asp Met Azg
716 TCG TTC GTC CGG CTG AGC CAG TTC TCG TCG AAT CTC GCG CAC GAC ATG CGC

T h r P r o L e u T h r Asn Leu L e u Ala G l u Ala G l n V a l M a L e u S e r Lys P r o
767 ACG CCG CTC ACG AAC CTG CTC GCC GAG GCG CAG GTC GCG CTA TCG AAG CCG
Arg T h r Ala Asp G l u T y r A r g Asp V a l I l e G l u S e r S e r I l e Asp G l u T y r
818 CGC ACG GCC GAC GAA TAT CGC GAC GTG ATC GAA TCG AGC ATC GAC GAG TAT

G l n Arg L e u S e r Arg M e t I l e G l u Asp Met Leu Phe L e u Ala k g Ser Asp
869 CAG CGT CTG TCG CGC ATG ATC GAG GAC ATG CTG TTC CTC GCG CGC TCC GAC

Asn Ala G l n Ser H i s L e u Ala Ile Arg Thr L e u Asp Ala Ala Aïa G l n Ala
920 AAC GCG CAG AGC CAC CTG GCG ATC CGC ACG CTC GAC GCG GCG GCG CAA GCC
G l u A r g V a l Ala G l y T y r T y r G l u P r o M e t Ala G l u Asp Ala G l u V a l Ser
971 GAG CGC GTC GCC GGC TAT TAC GAG CCG ATG GCC GAG GAT GCC GAA GTG AGC

Ile V a l V a l Arg G l y Lys ALa Glu V a l Arg Ala Asp Ala Leu L e u T y r H i s
1022 ATC GTC GTG CGC GGC AAG GCC GAG GTT CGG GCG GAC GCG CTG CTC TAT CAC
Arg Ala L e u Ser A s n L e u I l e S e r Asn Ala L e u Asn H i s Ala P r o Arg G l y
1073 CGC GCG CTC AGC AAC CTG ATC AGC AAC GCG CTC AAT CAC GCG CCG CGC GGC

Ser Thr Ile Thr Ile Glu Cys Ala Gln Ala ZUa Asp Ala Ala Thr Ile Ser
1124 TCG ACG ATC ACG ATC GAA TGC GCG CAA GCC GCC GAC GCG GCG ACG ATC AGC

391

Val Ser Asp Thr G l y Arg G l y Ile Glu M a Pro His Arg Glu Arg Ile Phe
1175 GTA TCA GAC ACG GGC CGC GGC ATC GAG GCG CCG CAC CGC GA& CGG ATC TTC

408

Glu Arg Phe Tyr Arg Val Asp Pro Ala Arg E s Asn Ser Ala Ser Gly Thr
1226 GAG CGG TTC TAC CGC GTC GAT CCG GCG CGG CAC AAT TCG GCG TCC GGC ACG

425

Gly Leu Gly Leu Ala Ile Val Arg Ser Ile Met Glu Asn Ris Gly Gly Thr
1277 GGG CTC GGC CTG GCG ATC GTG CGC TCG ATC ATG GAA AAC CAC GGC GGC ACG

442

Cys Gly Val Asp Ser Glu Pro Ais Val Arg Th.r Thr Phe Trp Leu Lys Phe
1328 TGC GGC GTC GAC AGC GAG CCG CAC GTG CGC ACG ACG TTC TGG CTG AAG TTT

459

Pro Ala Bis Ala Ala Stop
CCC GCG CAC GCG GCC TGA TCCGCCGCGTCAGCGGCGTCAGCGACGTCAGCGGCGCTAGCGG
CGGCCGGCGGGCGCGGACGCGCCCGGGCGCGCGGGCTGCCCGGCTTCGGTCGCCCGCGaTmGCGC

464

1379
1440
1507
1574
1641
1708
1775

G C G A C G G T T T G A T C G T G C T G A T C G A G C G C G A G A T C G G T C
G T T C C T T G T T G C G C G C A A C G A G C G C C G C G C T C G G C G C G C C

CTCGTGCTGCGCGCGGATCAGCTCCTGCCGAACCTCGTCGCGC~CTTGCC~GCGCUCGCGCG
GGGGACAAGGCGAGCGCCGTCAGCGCGGCGGCGGTGGCCCAAACGATCGTTGTTTTCGTGTTCATCG
CGAGTTCTCCTTCGAGTGGATCCCTGTCGGA

3.63. Hydropathicity pronk of 1rlS
Figure 24 shows the hydropathicity profle of the pmücted amino acid sequence
of IrlS generated using the algorithm of Kyte and Doolittie (1982). Positive values

indicate regions with predicted hydrophobic secondary structure. Hydrophobic regions of
20 amino acids or greater were present fiom amino acids 9 to 35 and 167 to 193.

3.6.4.

Sequences of adjacent genes

An ORF was identifïed imrnediately upstreatn of irlR and the predicted protein

sequence was used to search the protein database for homologous proteins. The results of
this search indicated a hi&

degree of homology to the CzcA protein fkom Ralstonia

eupopha and the HelA protein fiom LegioneUa pneumophila.

Figure 2% depicts

database sequences sharing homology with the B. pseudomullei sequence. Figure 25B
shows alignment of a portion of the B. pseudomalIei protein sequence (Query) with R.
eutropha CzcA (Sbjct). In the regions shown in Figure 25B, the B. pseudodlei
homolog shares an average of 65% identity and 79% sirnilarity with the R eutropha
CzcA protein.

The CzcA protein is believed to be catiodproton adporter. In R eutropha, CzcA
is encoded in an operon of 5 genes that are regulated by a two-component regdatory
system, CzcR and CzcS (van der Lelie et al., 1996). Collectively, the CzcA, B and C
proteins catalyze the energy-dependent efflux of metal cations across the membrane in R.
eupopha (Nies and Silver, 1989). In B. pseudomullei the stop codon for the CzcA

IrlR

CzcR
CopR

PcoR

IrlR
CzcR
CopR
PcoR
IrlR
CzcR
CopR
PcoR
IrlR

CzcR
CopR
PcoR
IrlR

CzcR
CopR

PcoR

Figure 22. Alignment of IrlR with regdatory proteh nom other two-component systems.

The proteins are CzcR (R. eutropha, cadmium, zinc, cobalt resistance; Nies, 1992),
CopR (Pseudomonas syrhgue, copper resistance; Mills et al., 1993) and PcoR (E. d i ,
copper resistance; Brown et al., 1992). Residues conserved in at least three sequences
are highlighted. The putative phosphorylation site (aspartic acid residue, position 52) is
indicated (*).

Protein
CopR
CzcR
PcoR

Protein

% Similarity to IrlS

% Identity to Iris

CopS

52

31

czcs

55

35

PcoS

49

28

Table 1 1. Amino acid similarity and identity between B. pseudomaUei homologs and
other two-component regulatory system proteins derived using the Best Fit program. A.
Similarity and identity between IrlR and other response regulator proteins. B. Similarity
and identity between IrlS and other sensor kinase proteins.

Figure 23. Alignment of IrlS with sensor proteins fkom other twocomponent systems.

The proteins are CzcS (Reutropha, cadmium, zinc, cobalt resistance; Nies, 1992), CopS
(Pseudomonas syringae, copper resistance; Mills et ai., 1993) and PcoS (E. d i , copper
resistance; Brown et ai., 1992). Residues conserved in at le& three sequences are
highlighted. The putative autophosphorylation residue (histidine) at position 262 is
indicated (Pi).
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IrlS MSATLAAMRT
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IrlS
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Kyte and Doolittle Hydropathicity Plot

Amino acid residue

Figure 24. Hydropathicity profile of the predicted amino acid sequence of ItlS. The
algorithm of Kyte and Doolittle (1982) was used, with a window sethg of six. Positive

values indicate regions with predicted hydrophobie secondary structure. Hydrophobic
regions of 20 amino acids or greater are present fiom amino acids 9 to 35 and 167 to 193.

homolog lies only 6 nucleotides upstream of the start codon for LrlR (Figure 20),
suggesting that similar to R euiropha, the structural genes for the metal transport system

are in an operon with the regdatory genes.

The HeiA protein in L. pneunrophiia was originally identined in TophoA mutants
exhibithg reduced cytopathicity toward U937 cells (Arroyo et al., 1994). The L.

pneumophila hel locus was found to consist of t h e genes similar to the R. eutropha csc
locus. On the basis of homologies to other proteins, the hel gene products are thought to
serve as a transporter, although the identity of the putative substrae is not known

(McClain et al., 1996). The phenotype of the L. pneumophila hel mutants is similar to
that of B. pseudomallei AJlD8. Mutations in the hel genes led to reduced cytopathicity
towards 21937 cells, although the mutant strains did not display defects in other assays of

vinilence (McClain et al., 1996). Additionally, transcriptionof the hel locus was found to

be induced in the intracellular environment but was not induced by any variety of in viho
stress conditions (McClain et al., 1996).

We were unable to assess induction of

transcription of the B. pseudomallei irl locus as AJlD8 did not contain a transcriptional
hion.

3.6.5.

Minimum inhibitory concentrations WC)of metal cations

On the basis of the similarities between the id loci and the czc locus of RI

eutropha and the cop and pco loci fiom Pseudomonas syringae and E. d i , the effects of

Figure 25. Results of a search of the sequence databases with a B. pseudomallei gene

sequence ushg the program BLASTX. A. Database sequences sharing homology with
the B. psewlomallei sequence. B. Alignment of a portion of the B. pseudomallei protein

sequence (Query) with R eutropha CzcA (Sbjct).
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various ions on the growth of strains 1026b, MID8 and kRiM were examined. The

metal ions tested included

cu2+,cd2+,co2+, ~

i ~zn2+
+ , and

~8and the results are

presented in Table 12. There was no Merence between the sensitivity of the invasiondeficient mutant AJlD8, and the parent strain 1026b to copper, cobait, nickel, or
magnesiurn (Table 12). There was a 16 fold difference in the MIC for cadmium between

1026b and MlD8. The MIC for cadmium was detennined to be 9.6 m M for 1026b and
0.6 mM for AJlD8.

3.6.6. InsertionalInactivation of CzcA/HeiA transporter homolog

Using homologous recombination, the putative catiodproton antiporter located
immediately upstream of irlR, was inactivated. Southem hybridbtion analysis was
perfomed on the cointegrate B. pseudomallei strain AJHM. Chromosomal DNA fiom

AJHM and 1026b was digested with EcoRI and probed with radioactively-labeiled
pSKM1 1. pSKM11 was found to be present in a single copy in the chromosome of

AJHM and absent in 1026b (Figure 26A). Radioactively-labeiied pSKMl1 hybridized to
a 7.5-kb EcoRI fiagrnent in B. pseudomallei AJHM (Lane 3). Lanes 1 and 2 contain 10

fold dilutions of pSKMl1 which serve as a positive control. The labelled pSKMll
hybridized to a 6.3-kb band corresponding to iinearized plasmid. Chromosomal DNA

fiom AJHM and 1026b was also probed with the 1.5-kb EcoRI-Saii Eragment intemal to
the CzcA transporter homolog. B. pseudomallei 1026b contained a single hybridizing

band while AIHM contained two hybridizing bands indicating that the 1.5-kb EcoRI-San

Table 12. Minimum inhibitory concentrations W C ) of metal cations for B.

Metd cation

1026b
(parent strain)

AJlD8
(invasion-defkient
mutant)

Cadmium
- -

-

Cobalt
Nickel

zinc

Overnight cultures, grown in MHB, were diluted 1:lOOO and used to inocdate tubes

containhg serial two-fold dilutions of metal cations. A f k ovemight incubation at 37OC,

the MIC was determined as the lowest concentration of metal cation able to inhibit
growth.
a

nd, not done.

hgment had been duplicated during homologous cecombination of p u 2 with the B.
pseudomailei chromosome (Figure 26B). The labelled EcoEZI-Safi h

m hybridized to

a 1.5-kb EcoRI bgment in B. pseudomaliei 1026b (Lane 3). In AJHM, îhe labelled
fiagrnent hybridized to the 1.5-kb EcoRI m e n t and to a 4.0-kb EcoRI fragment (Lane

2). Lane 1 contains pAJlD8B, the plasmid h m which the 1.5-kb EcoRI-SaZI fkagment
was isolated, and serves as a positive control.

We hypothesized that if the transporter was reguiated by the two-component
regulatory system, insertional inactivation of the transporter would produce the same
phenotype as the Ta5-OT182 insertion in AJlD8.

The cointegrate strain kTHM

displayed the same sensitivity to cadmium as MID8 (Table 12). The MIC for cadmium
of the transporter cointegrate strain, AJHM, was 0.3 mM. This indicated that the putative

transporter gene was regulated by the two-component regulatory system irlR and iris and
that the transporter was involved in cadmium seasitivity. To determine if the putative

metai transport system was involved in the ability of B. pseudomallei to invade eukaryotic
cels, the cointegrate strain AJHM was used in an invasion assay. AJHM displayed wiidtype levels of invasion (Table 13), niggesting that the transport of heavy metals was not
AJHM
related to the ability of B. pseudomailei to invade epithelial cells. B. pseudoma~~ei

invaded A549 cells at a level that was aot statistically significantly different fiom the

parent strain @ > 0.05). This suggested that the two-component system irlR and irlS
regulates two independent fùnctions- metal transpori/sensitivityto cadmium and invasion

of epithelial cells.

Figure 26. Southern blot of B. pseudornc~llei AJHM and 1026b chromosomal DNA. (A)
Chromosomal DNA fiom AJHM and 1026b probed with pSKM11. Lanes 1 and 2,
pSKM11 positive control(500 ng and 50 ng); Lane 3, B. pseudomallei AJHM; Lane 4,

B. pseudomallei 1026b. (B) Chromosomal DNA fiom AJHM and 1026b probed with the
1.5-kb EcoRI-San fiagrnent intemal to the CzcA transporter homolog. Lane 1, pAJlD8B

(positive control); Lane 2, B. pseudomallei AJHM; Lane 3 B. pseudomallei 1026b.

3.6.7.

PCR amplification of irIRS

PCR amplincation of a 2.2-kb product containing i.1R and irlS fiom B.
pseudomuIlei 1026b chromosomal DNA, was accompiished using the PCR optimizerTM
Kit (Invitrogen). Figure 27 shows the redts of opthkation of PCR amplification.
Lanes 1 to 16 represent difTerent PCR reaction conditions with varying concentrations of

M ~ and
~ +varying pH. Amplification of the desired product was successful under the
conditions used in lanes 1 (1.5 m M ~g?, pH 8.5), 3 (2.5 mM M~'+,pH 8.5), 5 (1.5 m M

M~Z',pH 9.0) and 9 (1.5 m M M$+, pH 9.5) (Figure 27). Additiody, ampüncation
required the addition of 10% DMSO to the PCR reaction.

3.6.8. Complementation of the invasion-deficient phenotype of
AJlD8
The steps in the construction of a vector for the complementation experiments are
shown in Figure 28. The 2.2-kb PCR product containing irlR and irlS (Lane 1) was

blunt-ended using Klenow fragment and cloned into the EcoRV site of the positive
creating the plasmid pAWZIO. This plasmid was used to
selection vector p~ErOTM-2.1
transfomi E. coli DHSa and kanamycin resistant clones were selected. Plasmids were
isolated fiom ten kanamycin resistant clones. The plasmids were double digested with
KpnI and B I . The restriction sites for these enzymes flank the EcoRV site into which
the PCR fiagrnent was cloned and thus release the 2.2-kb f'ragment fiom the recombinant

Table 13. Invasion of A549 ceils by B. pseudodlei

Stmh

Experirnent 1

Experiment 2

Mean intraceiiular
organismsa

Mean intracellular
organïsmsa

lo4* 9.0 x lo3

1026b

2.3 x lo4* 9.2x ld

1.9 x

AJHM

3.3 x 104I 1.4 x 104

3.4 x 104I 1.6 x 104

% invasionb

143

157

aInvasion was assessed as descrïbed above. Data are expressed as mean
wek
b%

invasion relative to the parent strain 1026b.

* S.E.M. of 3

Figure 27. PCR amplincation of a 2.2-kb fiagrnent containhg irlRS Lanes 1 to 16

represent difEerent PCR reaction conditions with varying concenirations of

MCand

varying pH. Amplification of the desired product was successfid under the conditions
used in Iaws 1 (1.5 mM M ~ ~pH
+ ,8.5), 3 (2.5 mM
9.0) and 9 (1.5

mM M ~ ~pH
+ ,9.5).

MC,
pH 8.5), 5 (1.5 m M MP,
pH

plasmids. Severai of the clones contained the 2.2-kb insert and one clone, pAUZlO was
selected for M e r study. Laue 2 depicts pAWZlO digested with Q n I and S u i . This
clone contained a 2.2-kb band corresponding to the PCR p d u c t s in Lane 1 and a 33-kb
band corresponding to the pZErO vector (Lane 3). The 2.2-kb K p n I - ~ Qfragment
I
fiom
pAUZ10 was cioned into the broad hostorange plasmid pUCP28T. E. coïi DHSa was
tramfonned with the pUCP28T derivative, pAURS, and trimethoprim resistant clones
were isolated. Plasmids were purified from 8 clones and digested with QnI and XbaI.
Each of the clones contained the 2.2-kb hgment. Plasmid DNA fkom one of the clones

is shown in Lane 4. This clone contained the 2.2-kb fragment corresponding to the PCR
products and a 4.0-kb band corresponding to pWP28T (Lane 5).

This plasmid was

used to transform E. coli SM10 and trimethoprim resistant clones were isolated. Plasmid

DNA was isolated from 6 clones and digested with KpnI and Ba1 to ensure that they
contained the appropriate insert. Each of the clones contained the insert and one clone,
SM10 @AURS), was selected for fùxther use. Lane 6 shows the plasmid fiom SM10
(pAWRS) digested with K p n I - M . The piasrnid in E-coli SM10 was identical to that in
DHSa and contained the 2.2-kb PCR products and 4.0-kb pUCP28T vector. pGWRS
was delivered to B. pseudomailei MlD8 via conjugation with E. coli SM10 (pAWRS)

using the fdter mating technique.
The pUCP28T derivative pAURS containing the

PCR amplified irlR and irlS

was assessed for its ability to complement the invasion deficient phenotype of MID8 in
trm.

The resdts of the complementation experiment are presented in Table 14.

pALJRS was transferred into AJ. 1D8 by mating with E. coli SM1O (pALJRS). pUCP28T

without the insert was also transferred into M l D 8 and 1026b fiom E. coli SM10 to serve

as negative and positive controls for complementation experiments. Trimethoprim (100
u g M ) was used in ail invasion assays to maintain the plasmid. pAURS was able to

complement the invasion-deficient phenotype of AJlD8 in fians.
For AJlD8 (I>AWRS)4.0 x 104organisms entered the ceiis as compared to 1.5 x
1o3Ml D8 (pUCP28T) and 1-5 x 1o4 1O26b (pUCP28T) (Table 14). The relative percent

invasion of Ml D8 containing the cloned copies of irlRS, AJlD8 @ALJRS) was 26 1% of
the parent strain 1026b containing the vector pUCP28T without the insert. The relative

percent invasion of AJ ID8 containing the vector pUCP28T without the insert was 10% of
the parent strain. Thus irlR and irlS restored the ability of AJlD8 to invade A549 cells to
a level greater than that of the parent stralli. Invasion was unaffected by the presence of
pUCP28T as AJ 1D8 containing pUCP28T alone was invasion-deficient. Additionally,
1O26b containing pUCP28T exhibited wild-type invasion levels.

3.6.9. Complemeitation of the cadmium sensitivity of AJlDS

The pUCP28T derivative pAURS was tested for its ability to complement the
cadmium sensitivity of B. pseudumailei AJlD8. pALJRS, contalliing the PCR amplified

irlR and irlS, was able to complement the cadmium sensitivity of AJlD8 in tram (Table

15). The MIC for cadmium for 1026b @UCP28T), was 2.4 mM,and the MIC for AJlD8
(pUCP28T) was 0.3 mM. AJlD8 containing pALJRS displayed an MIC to cadmium
equivalent to the parent strain, 2.4 m . .

Figure 28. Constniction of a vector for complementation experiments. Lane 1, 2.2-kb

PCR product containing irlR and irlS; Lane 2, pALJZlO digested with KpnI and B a l .
This clone contained a 2.2-kb band corresponding to the PCR products in Lane 1 and a

3.3-kb band corresponding to the pZErO vector; Lane 3, pZEro digested with KpnI-XbaI;

Lane 4, pALJRS isolated fiom E. coli DHSa digested with KpnI and XbaI. This clone
contained the 2.2-kb hgment correspondüig to the PCR products and a 4.0-kb band
corresponding to pUCP28T; Lane 5, pUCP28T digest& with KpnI and XbaI; Lane 6,
pALJRS isolated £tom E. coli SM10 digested with KpnI and Bai. This clone also

contained the 2.2-kb fiagrnent corresponding to the PCR products and a 4.0-kb band
corresponding to pUCP28T.

Table 14. Invasion of A549 ceils by B. pseudomaZIei Ml D8 @W)

aInvasion of A549 cells was determined as described above except that 100ug/ml
trimethoprim was included in ali incubations to ensure that pUCP28T and its derivatives
were maintained in B. pseudomallei. Data are expressed as mean
wells.
bp<0.05 compared to 1026b (pUCP28T)
'relative percent invasion compared to 1O26b (pUCP28T).

* S E M . of triplicate

Table 15. Minimum inhibitory concentrations (MIC) of cadmium for B. pseudomallei

I

I
I
a

strain

I

cadmium

B. pseudomallei 1026b (pUCP28T)
B. pseudomaiiei AJ 1D8 (pUCP28T)

Overnight cultures, grown in MHB supplemented with trimethoprim (100 ugfrnl), were

diluted 1:1000 and used to inocdate tubes containhg two-fold serial dilutions of
cadmium. After ovemight incubation at 37OC, the MIC was determined as the lowest

concentration of cadmium able to inhibit growth.

4.

DISCUSSION

A consistent and intriguing observation regarding septicemic meiioidosis patients

is that a significant percentage of these patients are diabetic (Chaowagui et ai., 1989;
Puthucheary et ai., 1992). In a 1986 prospective study of a i l cases of melioidosis
admitted to a large provincial hospital in northeast Thailand, septicemic meiioidosis
presented mainly in the rainy season; the disease occurred predominantiy in rice farmers
or their families, and was significantly associated with preexisthg diabetes mefitus
(Chaowagui et al., 1989). Of the 63 patients with melioidosis, 20 (32%) had underlying

diabetes as compared to 37 (18%) of the 206 other patients (Chaowagul et ai., 1989). In
a recent review of 50 cases of septicemic melioidosis ftom Malaysia it was reported that
38% of these patients had underlying diabetes mefitus (Puthucheary et al., 1992). The

patients in each of these two studies were shown to d e r fiom type 1 diabetes. Based

upon these observations, it is evident that patients with insulindependent type 1 diabetes
are significantly at risk of acquiring septicemic melioidosis.

Based upon these observations that patients with insulin-âependent type 1
diabetes are signincantly at risk of acquiring septicemic melioidosis, the present studies
were designed to test the hypothesis that insulin may

modulate the growth of B.

pseudomallei, and in this manner infiuence the pathogenesis of disease due to this
organism. We have clearly demonstrated that insuiin suppresses the growth of B.
pseudomallei both in viîro and in vivo.

Hormones and hormone-binding proteins resemblhg those of vertebrates are
widespread in funpi, yeast and bacteria (Lenard, 1992; LeRoith et al., 1985). Escherichia

coli gmwn in synthetic medium has k e n found to produce materials that resemble
vertebrate insulins (Le Roith et al., 1980, 1981); however, the only evidence for the
existence of an insuiin-responsive signal transduction system in a micmorganisrn has
been obtained f b m studies with Newospora crama (LeRoith et al., 1980). In the present
studies, insuiin was not detected in the growth medium of B. pseudomalki culhues (data
not shown); however, our studies do provide the nrst evidence for the abiiity of a human
hormone, insulin, to suppress the growth of a bacterial organism, B. pseudomallei. We
have demonstrated specific and sahirable insulin binding to B. pseudomullei and that
receptors for approximately 5,000 molecules of insuiin are present on the surface of B.
pseudomaIlei.

Cuatrecasas (1971) has demoastrated that approximately 11,000

molecules of insulin c m bind to adipose tissue celis. Thus, while B. pseudomallei
possesses less than half of the insulin receptors present on adipose tissue cells, binding of

iasului to these receptors results in a demonstrable physiological response, Le., depression
of the growth rate of B. pseudomal[ei. The effect of insulin on the growth of B.
pseudomallei was found to manifest as both a delay in the initiation of nucleic acid and
protein synthesis and a decrease in peak nucleic acid and protein synthesis levels.
Physiological concentrations of insulin suppressed the growth of B. pseudomullei
in vitro in broth cultures. This effect was s h o w to be specific for B. pseudomallei, as the
growth rates for P. aeruginosa, B. cepclcia and E. coli were not Hected by insulin.
Additionally, B. pseudomcillei growth in serum, both rat and human, was suppressed by
the presence of insdin.

The normal range for semm insulin levels reported by the Foothills Hospital,
Calgary, Alberta, is 10-24 uU/ml, and approximately 1x10' bacterialml were present in
the B. pseudomallei cultures at the beginning of the incubation period. Thus, the ratio of

insulin:bacteria ceil in the cultures contaihg 10 U\ml insulin was appmximateIy 1:1.

Though quantitative studies have not been done with B. pseudomai~ei,in studies with a
related organism, P. aeruginosa, it has been reported that in the vast majority of cases the
number of organisms recovered per ml of blood in septicemic infections due to P.
aeruginosa is less than 1 (Henry et al., 1983). If one conservatively estimates the normal
i d i n level in 1 ml human serum to be 10 uU and the concentration of B. pseudomdei

organisms present in 1 ml blood in septicemic rnelioidosis to be 1, the normal
insullli:bacterial ce11 ratio approximates 10:l. Thus, it is clear that the levels of insulin
reported in our present studies which demoostrated an effect on growîh are weli within
physiological range. The relatively large inoculum sizes used in ou.studies represents a
limitation in our study design. We have performed other snidies, however, using smaller

inoculum sues; and when the starting inocuium of B. pseudomallei in the growth medium
was reduced to 1 x 104organisms/ml, growth was completely inhibited by as üttle as 0.01

u insulin/rnl.
Rats made diabetic by streptozotocin treatment, which attacks pancreatic beta
cells induchg type 1 diabetes, were significantly more susceptible to B. pseudomallei
infection than nondiabetic rats, an effect which was constant for both infant and adult

rats.

Porat, et al. ( 1 99 1 ) reporteci that binding of the cytokine interleukin 1 (IL-1b) to
the d a c e of 6 cufi enhanced the growth of Wulent clinical isolates of E. d i grown in
culture medium and this enhancernent was blocked by an IL1 receptor antagonist (ILIra). In addition, radiolabeiied IL-1 bound to virulent E. coli strains in a specific and
saturable fashion and IL-lra inhibited this binding.

More recently, it has been

demonstrated that tumor necrosis factor alpha binds to Shigellaflexneri utilking a hi&
anlliity receptor, and this resuits in an enhancement of virulence as demonstrated by

enhanced celi invasive properties (Luo et al., 1993). In the present studies we have
pmvided the £ïrst evidence for the presence of a specific insuiin receptor on B.
pseudomallei. Further, our studies have demonstrated that insulin binding appears to

have an opposite effect to that of cytokines in that the growth and the potential vinilence
of a microorganism are depressed by the binding of insuiin to the B. pseudodlei
surface.
Clinical studies have conclusively demonstrated that iasulin-dependent diabetes
predisposes to septicemic melioidosis (Chaowagul et al., 1989; Dance, 1991; Puthucheary
et al., 1992). The results nom the present studies provide a plausible ratiodization for

this phenornenon. We have clearly demonstrated that insulin suppresses the growth of B.
pseudomallei both in vitro and in vivo.

We hypothesized that in insulin-deficient individuals infected with B.
pseudomalïei, the growth rate of the organisms is not inhibited and the infection

progresses to a septicemic form. in insulin-sutificient individuais infected with B.
pseudomallei, the inhibition of growth rate that occurs due to the presence of insuiin may

trigger a chronic or latent form of the infection as the organisms assume an intracellular
habitat.
In some areas of the world, B. pseudomaflei is a major cause of communityacquired sepsis with a mortality which approaches 70% despite treatrnent (Chaowagul et
al., 1989).

The latent fom of melioidosis is of considerable diagnostic and

epiderniological importance. Activation of a latent infection ofien ~ s u l t sin an acute,

fiilmiaating, and fatal Section (Chaowagut et a;., 1989; Koponen et al., 1991). The
activation of a latent infection is frequently associated with concurrent disease or injury.
This often leads to difficulty in prompt diagnosis, and in conjunction with the resistance
to antimicrobial therapy encountered in chronic forms of melioidosis, this Uiféction often
results in significant morbidity and mortality (Dance, 1991; Smith et al., 1987). The

ability of B. pseudomallei to survive and mulbiply in both professional and nonprofessionai phagocytes may provide an exphnation for both the occurrence of latent
infections and relapses of infection that result nom reactivation of a persistent
endogenous source of infection.
We have demonstrated the ability of B. pseudodlei to invade several cultured
ceil lines that are normally non-phagocytic, including both epithelial ceUs and fibroblasts.
The human pulmonary carcinoma ce11 h e A549, possess the morphological and
biochemical characteristics of type II pneumocytes of the intact lung (Leiber et al., 1976).

The interaction of B. pseudomallei with A549 cells, an established pulmonary epithelial
cell h e , provides a means to study the early phase of human respiratory tract infection
by this organism. Entry of B. pseudonralZei into these culhued cell lines occurs at a

slightly lower levei than that seen for vident, invasive S. iyphimurium 14028s. This is
the nrst report describing the ability of B. p s e u d o d e i to enter non-professionai
phagocytic ceus.
Burkhoideria pseudomallei entry into A549 ceils was inhibitable using
cytochalasin D.

Cytochalasins inhibit actin polymerization, thereby blocking

micronlament hction. Cytochaiasin D is considered to be the most specifk of the
cytochalasins. Bacterial invasion usually involves exploitation of host celi hctions to
facilitate invasion; thus, the uptake of many invasive organisms, including Escherichia
d i , Salmonella, Shigello and Yersiinia species can be blocked by cytochalasins

(Rosenshine et al., 1994). The inhibition of invasion of B. pseudomuilei into cuitured

epithelial celis by cytochalasin D suggests that iike other invasive organisms, B.
pseudomaIZei rnakes use of host cell components, specifically microfiiaments, to facilitate
invasion into eukaryotic cells.
Intracellular survival and replication of B. pseudomaiIei was demonstrated in
professional phagocytic cells including alveolar macrophages, cultured RAW
macrophages and PMN. In our assay, opsonization of B. pseudomallei with normal

human serum did not significantly affect uptake and survival in human PMN.
Phagocytosis of bacteria readily occurs in the absence of antibody, complement or other
opsonins (Ofek and Sharon., 1988). Non-opsonic phagocytosis has k e n observed for
neutrophils, monocytes and macrophages interacting with essentiaiiy dl types of
microbes @est and Speert, 1994). In contrast, Eagan and Gordon (1996) recently
reported that phagocytosis of B. pseudomu~lei by PMN was significantly greater if

bacteria were opsonized with normal human serum. Eagan and Gordon (1996) used a
multiplicity of infection of 5 bacteria : 1 PMN in a radioiabeiled phagocytic assay. It is
possible that we did not observe differences in uptake of o p s o k d bacteria due to the
much higher multiplicity of infection used in our assay (MOI, 100 bacteria: 1 PMN).

Egan and Gordon (1996) suggest that complement is involved in cellular uptake of B.
pseudomalei. Seveml intracellular pathogens have been shown to utilize complement
receptor molecules to gain access to human phagocytic cells and establish infection

(Payne and HoMritz, 1987;Schlesinger et al., 1990). Egan and Gordon (1996) reported
the presence of covalently bound C3b and iC3b on the surface of B. pseudonallei and
suggest that the organisms interact with ancilor subvert complement receptor 1 (CRI)and
complement receptor 3 (CR3) to gain entry to cells.
Bacterial entry into mononuclear phagocytes proceeds by normal phagocytosis;
via broad reactive receptoa for mannose and/or fucose, via Fc receptors (FcR) after

immunoglobulin binding or via complement recepton (CR) after deposition of C3b or
other complement breakdown products (Kaufinann and Reddehase, 1989). Uptake via

FcR induces reactive oxygen intermediate (ROI)production and may contribute to host
antimicrobial resistance. in contcast, uptake via CR causes endocytosis in the absence of

ROI generation and thus facilitates bacterial survival (Kaufinann, 1993).
if as suggested by Egan and Gordon (1996), B. pseudomullei uses complement
receptors to gain access to phagocytic cells, one would not expect a respiratory burst to
occur. However, Egan and Gordon (1996) report a chemiluminescence response by

PMN, indicating that oxidative metabolites are produced, in response to challenge with
opsonized B. pseudornailei.

in support of our studies, Pruksachartvuti et al. (1990) reported no significant

killing of intraceiiular bacteria by human PMN and Egan and Gordon (1996) reported that
B. pseudomallei was resistant to kiUing by PMN.
Professional phagocytes comprishg neutrophils and mononucleat phagocytes are
the major effectors of antibacterial defense. Although the role of PMN is often neglected

in considering immune defense against intracellular bacteria, they play a special role in
acute intraceliular infection (Hahn and Kaufmann, 1981; Conlan and North., 1991).
Their highly aggressive potential makes them potent killer cells for intracellular bacteria
such as L monocpogenes (Ka&-

1993). Furthemore, the highly secretory PMN

also participate in tissue destruction and grandoma Liquefaction (Conlan and North,
1991; Weiss, 1989).

Lysosomes contain numerous polypeptides with antimicrobial activities. While
some of these have direct microbicidal activities, the majority of lysosomal polypeptides

are involved in degradation of microbes killed by other mechanisms (Kaufhann, 1993).
Durhg phagocytosis, the endosomai pI is Uicreased to basic levels for a brief period that
provides optimum conditions for defensins. The pI then decreases to acidic levels thus
supporthg optimum activiîy of numerous acidic lysosomal enzymes ( K a h a n , 1993).

Neutrophils are the most important circulating phagocytes, fomiing the first line
of defense against invading bacteria Neutrophils are end cells usuaiiy living no longer

than a few hours to a few days (Van Oss., 1986). This limited üfe span makes them an

unsuitable habitat for intraceliular pathogens (Ka&a.nn,

1993).

Mononuclear

phagocytes have a much longer Life span (up to 75 days), can proLiferate locaily, and
represent the second line of defense against invading organisms. However, in the upper
respiratory and digestive tracts, mononuclear phagocytes can also assume a primary
defense fbction (Van Oss., 1986). Their k t e d imti'bacterial capacity malce resident
tissue macrophages ideal caudidates for colonization by intracellular bacteria (Kaufinann,
1993). Thus, mononuclear phagocytes represent both an essential habitat and the major

effector of defense in intracellular bacterial ùifections (Kaufinann, 1993). The use of an
intracellular habitat effectively protects pathogens fiom humoral defense mechanisrns.
Living within mononuclear phagocytes, pathogens avoid antibody response while
processing and presentation of their antigens by mononuclear phagocytes promote T ce11
stimulation. T lymphocytes are both instrumental in acquired resistance and active
participants in the pathogenesis of disease ( K a h a n n , 1993). Bacteria which have
chosen macrophages as their preferred habitat include Listeria monocytogenes,
Mycobacterium tuberculosis, Mycobacterium leprae, Legionefia pneumophila and

SdmoneZZa typhimurium (Hahn and Kaufimann, 198 1).
The major effector fiutions of mononuclear phagocytes include : generation of
reactive oxygen intermediates; production of reactive nitrogen intermediates; limitation of
intracellular iron availabiiity; phagosome acidincation and phagosome-lysosome fusion
and production of defensh (Kauhann, 1993).
Intracellular pathogens have adopted various strategies to evade host defense
mechanisms including: invasion of nonprofessional phagocytes; escape into the

cytoplasmic cornpartment; interference with reactive oxygen intermediate production;
inhibition of phagosome-lysosome fusion and phagosomal acidification; and resistance to
lysosomal contents (Kaufhann, 1993).
One strategy used by facultative intracellular parasites to evade hoa defenses is to
multiply within a specialized phagosorne which does not fuse with secondary lysosomes,
a mechanism used by Legionella pneumophila. (Payne and Horwitz, 1987; Horwitz,
1984). The bactena are able to multiply exponentially within a speciaiized phagosome

until the host celi eventuaüy lyses, releasing bacteria to the extracellular environment to
continue the infection cycle (Horwitz and Silverstein, 1980).

The clinical manifestations of melioidosis and its proûacted course have lead
researchers to suspect that B. pseudomc~lleiis a facultative intracellular pathogen capable
of growth within eukaryotic cells. We have clearly demonstrated that B. pseudomallei

has the abiiity to both invade into non-professional phagocytes and survive intraceiiularly
in professional phagocytic cells. We have begun to investigate the possible mechanism
of intraceilular sumival of B. pseudomallei. B. pseudomallei was seen in membranebound vacuoles within al1 cell types examined by electron microscopy. in the current
study, we were unable to determine if phagosome-lysosome fusion was occurring in the
eukaryotic cells, and M e r studies are required to assess phagosome-lysosome fusion in

B. pseudomallei-infected cells.

Several of the membranes of vacuoles containhg B.

pseudomaIZei in infected cells appeared to be degenerating. This may represent escape of
the organisms from the phagosome. Additionally, B. pseudomallei organisms were seen

fke in the cytoplasm of infected cens, again suggesting that they had escaped nom the
membrane-bound phagosome.
Bactericidal mechanisms, directed against phagocytosed bacteria can be divided
into oxygen-dependent and oxygen-independent groups (Kaufmann, 1993). In the case of
oxygen-dependent mechanisms, activation of the phagocytes results in a "respiratory
burst" with the production of toxic oxygen derivatives including superoxide anion,

hydroxyl radical, hydrogen peroxide, and hypochlorous acid (Beaman and Beaman,

1984).

Oxygen-independent bactencidal mechanisms include the low pH of the

phagosome, chelating agents, interferon, hydrolases, and bactericidal proteins of
lysosomes, each of which attack the bactena d e r phagolysosome formation (Kaukann,
1993).

Reactive oxygen products are a major component of the antimicrobial marnent

of neutrophils, monocytes and macrophages, and eosinophils (Walker and Fantone,
1994).

AU of the products are related to one another with the superoxide anion (027and

hydrogen peroxide

(H202)

being central to thek production, 0; is produced by an

NADPH-dependent oxidase which utilizes NADPH as an electron donor to reduce
molecuiar oxygen, generating 0;. H202is formed predominantly fiom the spontaneous
dismutation of 02-and serves as a branching point in the production of the hydroxyl
radical OH' and hypochlorous acid (Walker and Fantone, 1994). The key role that
reactive oxygen products play in the host's response to infection is seen in patients with
chronic grandomatous disease (COD). COD represents a heterogeneous group of
individuals with genetic defects in phagocytic ce11 NADPH oxidase associated with an

inability to produce Oz- and other related oxygen products (Walker and Fantone, 1994).
CGD patients present in inf'ancy with recurrent and persistent bacterial and fiingai
infections that often prove fatal within the first two decades, despite supportive antibiotic
therapy (Walker and Fantone, 1994)
Bwkholderia pseudomallei was found to induce a weak respiratory burst in PMN
relative to other strains tested. Whüe opsonization of B. pseudontculei with normal human
senun prior to interaction with neutrophils did increase the number of aeutrophils
undergoing a respiratory burst fiom 5 to 9%, opsonization of B. pseudomallei did not

signincantly affect uptake or intraceliular SUVival of B. pseudomallei in PMNs. In the
current studies we were unable to determine if B. pseudomullei was inhibithg respiratory
burst activity of the PMN or simply did not induce a strong respiratory bwst response in
the PMN exposed to B. pseudomallei. Egan and Gordon (1996) reported the production

of a respiratory burst by PMN in response to challenge with opsonized bactena only.
Further, Egan and Gordon (1996) reported the kinetics observed for the oxidative burst
were not typical of the rapid respiratory blust observed during phagocytosis of other

areus and it has been suggested that this may be
organisms, such as Stap~lococcu~
important for evasion of the oxidative microbicidal mechanisms of PMN.
Inhibition of PMN respiratory burst activity or induction of a weak response may
represent a strategy used by B. pseudomallei for intraceiiular suvival. The presence of
viable intracellular bacteria in PMN, demonstrated by electron microscopy, provides

M e r evidence that B. pseudomallei are able to survive au encounter with PMN.

Inhibition of the generation of reactive oxygen species by phagocytes has been

described for Legionella micdadei (Donowitz et ai., 1990), Aspergillus firmigatus
(Robertson et al., l987), Histoplasrnu capdutum (Wolf et ai., 1989), and Yersinia pestis
(Chametzky and Shuford, 1985) and is thought to be associated with thek pçnhogenicity
(Perry et al., 1993).
Alternatively, the production of antioxidant enzymes or scavenging substrates is
also a recognized defense tactic of microorganisrns against phagocytic oxidative activity

(Beaman and Beaman, 1984). Endogenous production of superoxide dismutase and
catalase has k e n descnbed in many bacterial species and the Wulence of different strains

correlates with their superoxide dismutase or catalase production (J3eaman and Beaman,
1984; Welch et al., 1979). The ability of Streptococcus pneumoniae to interfere with the

respiratory burst of PMN is thought to be a major counter defense of the organïsrn (Perry
et al., 1993).

Defensins are a family of 3-4 kDa (29-34 amino acid) cationic peptides fotmd in
human, rabbit, rat and guinea pig neutrophils, rabbit alveolar macrophages and mouse
smaii intestinai (Paneth) cells (Ganz et al., 1990; Ganz et ai., 1985). No defensin

peptides have been reported in human macrophages (Daher et al., 1988). The ubiquitous
occurrence of antimicrobiai cationic peptides in nature suggests that these compounds are
a formidable host defense agaiast microbial infection (OUM and Miller, 1996). B.

pseudornallei showed a statisticdy significant increase in viable colony forrning units

during exposure to the purified human defensin HNP-1 @<O.OS).

To our knowledge, this

is the fîrst report of an organism showing significant growth in the presence of defensins.

S typhimvium 14028s was not significantly afEected by exposure to HNP-1, an
observation consistent with previous studies in which ihis strain is considered to be
peptide resistant (15).

As previously reported by Ganz et al. (1985), E.

coZi was

effectively killed by HNP-1. Resistance of bacteria to intraceliular kiiling by neutrophil

defensins may facilitate their evennial escape fiom the short-lived neutrophil ailowing for
their subsequent encounter with monocytes that arrive later at the site of rnicrobial
invasion (Densen and Mandeii, 1980). In this man.net, resistance of B. pseudomalei to
the antimicrobial activity of defensins may facilitate intraceiiular survival.

Salmonellae, which are thought to encounter cationic peptides duting passage
through the intestine and within phagocytic vacuoles, have evolved mechanisms to resist
attack by antimicrobial peptides (Gunn and Miller, 1996). Resistance to antimicrobial
peptides in Salmonella ryphimuriunz has k e n shown to correlate with vinilence (Fields et
al., 1989). Fields et al. (1989) generated transposon insertion mutants of

typhimurium

that were avident for mice and had also 10s theu ability to survive within murine
macrophages in vilro. This mutation, which was mapped to the phoP gene, also rendered
the mutants 1000 times more sensitive to rabbit defensin NP-1 than the Wulent parental
strain (Fields et al., 1989). The phoP locus encodes M O prote&, PhoP and PhoQ, that

are highly similar in sequence to the family of two-component regdatory systems. PhoP

has significant sequence homology to response regdators and PhoQ has significant
sequence homology to sensor kinases (Garcia-Vescovi et al., 1994). In response to
environmental cues PhoQ is predicted to phosphorylateldephosphorylate PhoP, which
modifies its ability to activatelrepress the transcription of several loci (Garcia-Vescovi et

al., 1994). The hypersensitivity of phoP

l y p h m w i m mutants is thought to be due to

their inability to activate or repress a PhoP-reguiated gene (Garcia-Vescovi et ai., 1994).

The integrity of the PhoPQ operon is also required for Wulence in mice, survivd within
macrophages, and resistance to Iow pH (Groisman et ai., 1992). None of the known
PhoP-regulated genes have been shown to play a direct role in defensin resistance
(Groisman et al., 1992).
We have investigated two mechanjsms by which B. pseudomallei may survive an
encounter with PMN. B. pseudomallei induces a weak respiratory burst or inhibits PMN
respiratory burst activity and secondly, B. pseudomallei is resistant to the activity of
defensins. These strategies may facilitate or enhance the Survival of B. pseudomallei
during an encounter with PMN thus aliowing them to interact with the longer Lived, less
bactencidal monocytes and macrophages that arrive Iater at the site of infection.

Two-component sensory transduction is a common mechanism for bacteria to
alter gene expression in response to environmental stimuli (Miilet et al., 1989). The
current studies suggest that B. pseudomallei employs this strategy for regulation of
cadmium resistance gene expression. The two-component regdatory system, irlRS which
we have descnbed, also appears to be involved in the reguiation of invasion of epithelial

c e k by B. pseudomaIIei.

The B. pseudomu[~eitwo-component regdatory system

i
m shares significant

homology to the two-component systems that regulate heavy metd cation efflux in
severai bacterial species. We have also identified a B. pseudomallei gene with

considerable homology to a member of the family of cytoplasmic membrane transportersthe heavy metal resistance/nodulatiodce11 division @ND) farnily (Nies et al., 1989; Saier

et al., 1994).

The czc determinant nom the gram-negative rnuitipIe metal-resistant bacterium
Ralstonia eutropha encodes proteins required for co2+, 2 8 , and cd2+ efflux (CzcA,
CzcB and CzcC) and regdation of the czc determinant (CzcR and CzcS) (Nies, 1992; van
der Lelie et ai., 1996). In B. pseudomailei we have identified and characterized genes

homologous to czcR and czcS. We have also identified a homolog of czcA.

In the presence of the czc gene products, al1 three cations are actively extruded
nom the cell. (Nies et al., 1992). The predicted gene products nom DNA sequences
show no signs of ATPase motifs (Nies et al., 1989). It has k e n suggested that the

mechanism of energy-coupling is a chemiosmotic divalent catiodproton antiporter (Nies,
1992a; Nies, 1992b).

Two regulatory genes have been identified as part of the csc system. czcR and
czcS are located just upstream of c

d and are transcribed in the opposite direction (van

der Lelie, 1996;Nies, 1992b). CzcR is thought to be a activator protein rather than a

repressor (Nies, l992b).
The two-component system homolog identified in B. p s e u d d l e i also shares
significant sequence homology with the copper resistance regulatory systems of P.
syringae and E. coli
The copper resistance systems of P. syringae and E. coli are basicaliy equivalent

and consist of four structurai genes caiied pcoA, pco8, pcoC and pcoD in E- coii and

copA, copf?, copC and copD in P. syringae (MeLiano and Cooksey, 1988; Silver et ai.,

1993; Silver et al., 1994). None of the cop or pco gene products share homology with

RND transporters. The Pseudomonas and E. coli systems both have paked regulatory
genes, with a membrane-bound cu2+sensoi (thepcoS or copS gene pmduct) coupled with

the pcoR or copR gene products that may be DNA-binding repressor proteins (Brown et
al., 1992; Silver et al., 1993). The copper resistance genes of P. syringae are organized as

an operon (cop) consisting of the four structurai genes under the control of a copperinducible promoter. The regulatory genes copR and copS Lie 3' to copABCD (Meliano and
Cooksey, l988a; l988b). Mills et al. (1993) measured specinc induction of the copper
resistance operon (cop) promoter fiom P. syringae by Pgalactosidase production fiom a
cop promotet-lac2 fusion. Induction of the cop promoter required the presence of copR

and copS in tram. copR and copS were found to be immediately downstream of the
copABCD structural genes and were expressed in the same orientation as the cop operon
but fiom a separate constitutive promoter (Miils et al., 1993). copR and copS were both

tnmscribed fiom the sarne promoter located 5' to copR. Mills et ai. (1993) were unable to
determine if copR and copS were also expressed fiom the cop promoter located 5' to the
cop structural genes. The copRS promoter appeared to be expressed constitutively (Mills
et al., 1993). Regulation of cop operon expression has been shown to be at the

transcriptional level (Mellano and Cooksey, l988b).
The amino acid sequence predicted £iom irlR shares strong homology with
regulators fkom other two-component systems, including czcR , copR and pcoR. IrlR

contains the conserved aspartic acid residue thought to be the phosphorylation site

important for regdatory activation (Stock et al., 1989).

The amino acid sequence predicted fiom the irZS gene showed strong homology
with sensor proteins of other two-component systems in three important regions (Figure

23), including the histidine kinase autophosphorylation site (Stock et al., 1989, Mills et

al., 1993). These regions are conserved amongst sensors with diverse hctions hcluding

the metal efflux sensors CzcS, CopS and PcoS, and others such as PhoR and E n d h m
E. coii (Makino et al., 1986; Comeau et al., 1985).
The sensor kinases share a homologous domain of approximately 100 amino acids
generally located near the C terminus.

Members of this family have homologous

sequences surrounding a conserved histidine residue and most members of the family
have stretches of hydrophobic residues characteristic of membrane-spanning sequences

(Stock et al., 1990)Mills et al. (1993) reported that for CopS, the similarity to other sensor proteins
was low outside of the three regions.

However, IrlS also shared regions of strong

homology with the metal efflux regdaton CzcS, CopS and PcoS in amiw acids 11-20,

238-243 and 3 11-3 16. The metal efflux sensor proteins may be more homologous to each
other than to sensors with other bctions.
IrlS also contains two highly hydrophobic Psheet regions ,like CopS, EnvZ and

PhoR (Makino et al., 1986; Stock et al., 1989; Mills et al., 1993), suggesting that it also is
a trammembrane protein. The overall structure of IrlS resembles that of the common

input-ûansmitter modular arrangement of sensor proteins such as EnvZ and PhoR
(Parkiason and Kofoid 1992).

In a hypothetical model, the putative trammembrane protein ItlS may sense hi&
levels of fiee cd2' ions, or other substrates, in the penplasm and phosphorylate the IrlR
present in the cytoplasm. Phosphorylation of IrlR would activate its tegulatory ~ c t i o n s .

These are likely to include expression of the genes responsible for cadmium resistance
and effects on the invasive abilities of B. pseudumallei.
It is likely that B. pseudomallei has metal resistance determhts, specificaiiy

cadmium, because it is a soi1 organism like R euîropha. Although the B. pseudomcllei
two-component regulatory system shares strong homology with the czc genes and copper
resistance detenninants, it appears to be unique in that AJlD8 is only sensitive to

cadmium.

N I D 8 expresses wild-type sensitivity to copper and the other cations

transported by the czc ef3lux system (zinc and cobalt).

The pUCP28T derivative pALJRS, containing irlR and i f l , was able to
complement the invasion-deficient phenotype of AJ l D8 in pans. AJ1DI (pAWRS)
displayed invasion levels five fold greater than the parent strain 1026b. pUCP28T is a
member of the family d general purpose cloning and expression vectors based on the
weli-characterized lac-based pUC 18/19 vectors (Yanisch-Peron et al., 1985; Schweizer et
al., 1996). These vectors are maintained at hi& copy numbers; 500 to 700 per cell

(Sambrook et al., 1989). The insert containing irlR and irlS was cloned into pUCP28T in

an orientation such that the expression of irlR and irlS would be dnven by the lac
promoter. Additionally, the putative Shine Dalgamo site was included on the cloned

insert. It is likely that the i d gene products are overexpressed due to the fact that their
expression was driven by the lac promoter and that pUCP28T is a high copy number
plasmid. Thus the invasion Ievel of MID8 (pALIRS) was greater than that o f the parent
strain. The lac promoter-drïven expression of genes cloned into pUCP vectors can be

efficiently regulated in geneticaliy engineered P. aeruginosa hosts, however regulated
expression is not possible in other Pseudomonas or BwkhoIderia species (KarkhoffSchweizer and Schweizer, 1994;Schweizer et al., 1996).

The pUCP28T derivative pAWRS was also able to complement the cadmium
sensitivity of AJlD8.

M C were detennined in the presence of Tp to ensure the

maintenance of pUCP28T and its derivatives. The cadmium MIC for MID8 @ALJRS)
was equivalent to the MIC for the parent strain 1026b contauiing pCMJP28T- 2.4 mM.

The MIC for AJlD8 (pUCP28T) was 0.3 mM. Previously, the MIC for B. pseudomallei

1026b and N I D 8 had been determined

to be 9.6

m M and 0.6 rnM respectively. The

lower MIC value obtained for B. pseudomallei 1026b and N I D 8 containing pUCP28T
could be a resdt of the presence of trimethoprim in the assay or the plasmid itself could
af5ect the sensitivity of B. pseudomallei to cadmium. Since the regulator and sensor were
overexpressed in Ml D8 @AWRS) in the invasion assay, it was expected the same would
occur in the MIC assay. AJlD8 @ALJRS) was therefore, expected to be more resistant to
cadmium than the parent strain. However, while pALJRS complemented the cadmium
sensitivity of AJlD8, resistance to cadmium was not increased over the parent strain.
This provides evidence that invasion and sensitivity to cadmium are unrelated in AJlD8
and separately regulated in B. pseudomallei. Cleariy the regulation of invasion and

cadmium sensitivity by irlRS is complex. The level of invasion of B. pseudomaIIei may
be relative to the level of expression of the transcriptional activator irlR, whiie sensitivity
to cadmium is not expressed in relative Ievels, but rather is expressed or not expressed.
SDS-Page of outer membrane proteins of AJlD8 and 1026b revealed the presence
of an abundant 20 kDa protein in the outer membrane protein pro& of AJlD8. This
protein was not visible in the parent strain 1026b. Likely, in wild-type B. pseudomaZZei,
the OMP is repressed. Inactivation of irlR resuits in the expression of this OMP. This
provides additional evidence for the complex regdatory abilities of irIRS, since the
system appears to have a repressor fùnction. We were inable to determine the identity of
the 20 kDa OMP protein in A.JlD8. We also cannot rule out the possibility that the OMP

in AJ lD8 is inhibitory to invasion and must be repressed in order for B. pseudomailei to
invade eukaryotic cells.

Additionaliy, polar eEects on dow~lstreamgenes due the

transposon insertion in AJlD8 could be responsible for the expression of the 20kDa

OMP. Additional studies are necessary to cl-

these points.

DNA upstream of irlR was sequenced and was found to share homology with

components of efflux systems that are involved in resistance to heavy metals. The
highest homology was seen with CzcA fiom R eutropha and HelA nom L. pneumophila.

In R eutropha, CzcA is the largest of the proteins (1064aa) encoded by the czc locus and
is essential for cation transport. CzcA shows potentiai transmembrane a-helkes and is

thus capable of forming a membrane chamel (Nies, 1992). No putative ATP-binding site
has been identified in the primary sequence of CzcA, therefore a cation-proton antiport is
the hypothesized mechanism of action for the czc-encoded efflux protein complex (Nies

et al., 1989). n i e CzcA protein is very low in cysteine and histidine content and thus low

in possible metal-binding sites. CzcA protein is a member of the RM) family of gramnegative bacterial transport proteins (Lewis, 1994; Saier et al., 1994). RND proteins are
thought to be proton antiporters located in the cytoplasmic membrane and to transport
their substrates nom the cytoplasm to the penplasm (Lewis, 1994).

The HelA protein in L. pneuniophila was originaily identified in TnphoA mutants
exhibiting reduced cytopathicity toward U937 cells (Arroyo et al., 1994).

The L.

pneumophilo hel locus was found to consist of three genes similar to the R eutropha czc
locus. On the basis of the similarities between hel and the czc loci, McLain et al. (1996),
examined the effects of various metal ions on the growth of L. pnemophila strains with
transposon insertion or deletions in each of the hel loci. Under no condition was a
ciifference detected in the metal cation sensitivities of the mutant strains in cornparison to
the parent strain. In contrast, kllD8 which contains a transposon insertion in the

regulator component of the two-component system, exhibits a different metal sensitivity
pattern than its parent strain 1026b. Transcription of the hel locus did not appear to be
regulated by the products of genes mapping bmediately upstream or dowmtream fiom

the locus (McClain et al., 1996). In contrast, in B. pseudomallei, the coding sequence of
the heL4/ncA homolog terminates six nucleotides fkom the start of the sequence of irlR
suggesting the gews are in an operon. Additionally, AJHM the merodiploid strain
containing an insertionaîly inactivated copy of the czcAlheIA gene homolog, also exhibits
the same metal sensitivity pattern as AJIDI. Thus the B. pseudomaIlei czcAlhelA gene
homolog, and presumably the upstreatn czcB/helB and crcClhelC gene homologs, are

clearly regulated by the adjacent two-component regdatory systern (irlRS). This is more

similar to the regdation of the cop and crc operons by their two-component systems,
copRT and CZCRS.
The L. pneumophila hel locus is clearfy involved in intracellular events. In this
rnanner, the phenotype of the L pneuniophila hel mutants is somewhat similar to that of
B. pseudurnailei AJ1DI.

The hel locus was nnt identified in Legionellu pneumophila in a screen for

mutants with reduced cytopathicity towards human macrophage-iike U937 ceils (Arroyo
et al., 1994). Mutants with a transposon insertion in the helC locus (czcC) homolog

exhibited a reduced ability to cause a cytopathic effect in U937 cells. This defect could

be complemented in tans by a hel-containing cosmid but not by the cloned helC gene
alone (Arroyo et al., 1994). Arroyo et al. (1994) measured B-galactosidaîe activity in a
hel-IacZ fusion strain and found that this strain expressed six times the amount of

B-

galactosidase activity when grown inside U937 cells compared to when grown in broth
culture. Consistent with this result, an approximately 10-fold induction in helC mRNA

levels was detected fkom L. pneumophila grown inside H vermifrmis compared with
those of in vitro grown bacteria (Arroyo et al., 1994).
j3-galactosidase expression was also monitored under various growth conditions
including heat shock, osmotic shock, acid shock and oxidative stress. None of the
conditions tested induced significant expression of the helB-lac2 fusion (McClain et al.,
1996).

These stresses have k e n previously shown to be similar to portions of the

adaptive response of L. pneumophila to the intracelldar environment (Abu-Kwaik, et ai.,

1993). L. pnewnophila mutants with transposon insertions in helB or helC showed no
merence in Wulence fiom the parent strain in an animai modei of tofection (McClain et

ai., 1996).

On the basis of simiiarities to other proteins, McClain et ai. (1996) suspect that
the hel gene pmducts serve as a transporter, although the identity of the putative substrate
is unclear. Normal cytopathicity towards U937 cells is thought to require transport of the
substrate; however loss of the hel transport function does not appear to significantiy

impact L. pneumophila vinilence (McClain et al., 1996). Transcription of the hel locus is
signincantly induced by the intracellular envimiment experienced by L pneumophila in
both U937 cells and

vennifrmis (McClain et al., 1996).

We were unable to examine the expression of the i d loci in the Uitracellular
environment and during exposure to metal cations as the mutant AJlD8 did not contain a
lac2 transcriptional fusion.

in B. pseudo~aliei,insertional inactivation of the czcA/helA gene homolog does
not affect invasion. Providing Ml D8 with a cloned copy of irlRS in tram restores the
ability of AJlD8 to invade and cornplements the cadmium sensitivity of AJlD8. It would
appear then that the irlRS two-component regulatory system reguiates two distinct
fhctions - resistance to metal cations and the ability of B. pseudomallei to invade A549
cells.

In the P. syringae cop operon, there are two promoters, one 5' to copR and one 5'
to cupA. Mills et al. (1993)determined that copR and copS were both transcribed fiom
the same promoter located 5' to copR. They were unable to determiw if they were also

expressed fiorn the cop promoter (5' to copA).

ui B. pseudomaIIei,

insertional

inactivation of the czcA/heU gene homolog does wt effect invasion, but woufd prduce
polar effects simiiar to the transposon insertion in AJlD8. I f transcription of irlRS was

dependent upon a promoter upstream of the czcABC/heIABCgene homologs, irlRS would
not be expressed in the merodiploid strain AJIEM, in which the crcA/heU homolog has
k e n insertionaiiy inactivated. AJHM would therefore be unable to invade, however it

displays nomai invasion indicating tbat like copRS, irlRS are king expressed fiom their
own promoter that has not been dimpted by the insertionai inactivation.

irl

?czcC/helC ?czcB/helB

czcA/helA

irlR

irlS

A cornparison between the E. coli cop operon (Mills et al, 1993), R. eutropha

czc operon (van der Lelie, 1996, Nies, 1992) and the B. pseudomaiiei homologs is

depicted above. The genes in each of the indicated loci are represented by boxes; genes
encoding regdatory hctions are iodicated by open boxes, genes encoding transpott
functioas are represented by shaded boxes. Arrows indicate the direction of transcription
of each gene. Promoter locations are indicated (P). The B. pseudomaiei czcB/heiB and
czcCfheiC gene homologs and promoter sites are iaferred by d o g y .

There was no ciiffierence in the sensitivity of AJlD8 to defensins or the ability to
survive intraceilularly in cultured macrophages. The defect in AJlD8 appears to be
specifïc to invasion of non-professional phagocytes.

In Syrian Golden hamsters, there was no difference between the LDso for the
invasion-deficient mutant AJI D8 and the parent strain 1OXb. The hamsters progressed to
death very rapidly (48 hours) and it was not surprishg that the ability to invade

eukaryotic ceils did not appear to play a role in this fom of infection due to B.
pseudomallei. Additionally, in the stuclies perfonned with infant diabetic rats, there was

no difference detected between the vinilence of AJlD8 and 1026b.
In an attempt to detect merences in vinilence between the invasion-deficient
mutant AJlD8 and the parent strain we used a modification of the infant rat mode1 of
Section. B. pseudomallei A.llD8 was found to be less Wulent than the parent strain in
diabetic rats passively immunized with a-flagellin IgG. Brett et al., (1994), reported that
anti-flagellin antisera obtained fiom rabbits immunized *th p d e d flageiiin passively
protected diabetic rats fiom an i.p. challenge with B. pseudodlei. The LDso for

passively immunized anirnals after challenge with B. pseudomallei was increased 100
fold over non-immiuiized animals. Unimmunized animais were found to be bacteremic
(Brett et al., 1994).
We hypothesized that although A.JlD8 was unable to invade the celis of the
experimental anbals it displayed normal repiication extraceiiularly. The organisms
likely underwent sugicient extracelIular replication to overwhefm the animals and thus
we were unable to detect subtle differences in virulence due to an inability of MID8 to
invade eukaryotic cells. By passively Unmunizing the experimentd animals with a-

flagellin IgG, we hoped to limit extracellular replication of the B. pseudomallei organisms
by neutralization with antibodies. Rats were given a-flagellin IgG for three consecutive

days (0,l and 2) and were inoculated with B. pseudonrollei on day 0. LDso values were
determined daily. The greatest merence in LDso values was found on days I and 2
while the animais were still receiving passive immunization with the a-flagellin IgG.

We attributed the differences in virulence observed once extracellular replication had
k e n Limited by passive immunization, to a differential ability to invade the cells of the
experimental animals.

BurkhoZderia pseudomallei AJ2CE4 displayed invasion levels 18% of the parent

strain and was found to contain a transposon insertion in a locus with homology to the Y.
cholerae galE gene. The galE gene encodes UDP-galactose 4-epimerase. This enyme
plays a role in the metabolism of galactose catalyzing the reversible conversion of UDPgalactose and UDP-glucose (Metzger et al., 1994). In addition to its catabolic role, the

epimerase is involved in the synthesis of UDP-sugar for polysaccharide synthesis, and
galE mutants grown in glucose are defective in synthesis of galactosecontainhg O

antigens and exopolysaccharide (Robertson et ai., 1993; Metzger et al., 1994). The
nucleotide sugars are substrates for the glycosyltransfenws which synthesize the
repeating units of exopolysaccharide and the side ch-

of LPS (Mebger et al., 1 994). In

Rhizobium sp. GRH2, a pathogen of legumes, UDP-galactose &pimerase has been

shown to play a role in the invasion of root nodules. Mutants deficient in the production
of UDP-galactose 4-epimerase are blocked in the biosynthesis of smooth LPS which

completely prevents bacterial invasion of nodule cells on the legume host (Lopez-Lam et
al., 1995). LPS has been shown to play a critical rote in enabling rhizobia to overcome

host ce11 barriers in order to achieve nodule invasion in host legumes (Lopez-Lara et al.,
1995).

In gonococcal infection of human epithelial cells in viho, LPS has k e n found
associated with microvilli and in the plasma membrane of the eukaryotic cell (Weel et al.,
1989; Cooper et al., 1986).

The identification of glycosphlligoiipid homologs on

gonococcal LPS has led to the suggestion that terminal oligosaccharides play a role in
gonococcal adherence and entry by binding to plasma membrane lectins normally
involved in cell-ce11 recognition (Weel et al., 1989; Mandreil, 1992).

However,

Robertson et al (1993) reported that N. gonorrhoeae g d E mutants exhibited unaltered

adherence to, and invasion of, epithelial cells.
Burkholderia pseudomaliei strains produce two distinct lipopolysaccharides (LPS)

dif5ering in the chernical structures of the O-polysaccharide components (Perry et al.,

1995).

Type I O-polysaccharide (O-PS i ) is an unbranched high-molecular weight

polymer of 13-linked 2-O-acety1-6-deoxy-~-D-manno-heptopyranose
residues. Type II
O-polysaccharide (O-PS Ii) is an unbranched polymer of repeating disaccharide units

having the stru~ture-3)-~-D-glucopytawse-(l-3)-6deoxy-o1-L-tal0pyran0se-(1-,in which
the 6-deoxy-L-talopyranosyl residues were partially methylated at the 0-2 position and
which were also variably substituted by O-acetyl groups (Perry et al., 1995).

Simuitaneous production o f two or more LPS O-PS by a gram negative pathogen is not

unusual (Perry et al., 1995).
The LPS of B. pseudomallei is thought to be both highly conserved and constant

(Perry et al., 1995). The similarity between the structures of the O-PS of organisms fiom
diverse geographical locations mggests that there may be ody one serotype of B.
pseudomallei (Perry et al., 1995). Bryan et al. (1994) demonstrated homogeneity of the

LPS of B. pseudomailei serologically and by immunoblots with a collection of 44 clinical
isolates fkom Thailand.

Burkholderia pseudomallei normally produces equimolar arnounts of type I and
type II O-PS (Perry et al., 1995). AJ2CE4 was found to be deficient in the production of

type II O-PS while the synthesis of type 1 O-PS was d e c t e d . Type

II O-PS was

reduced to 15020% of that seen in the parent strain 1026b.
It is unclear why ody the synthesis of type II O-PSis afTected by a mutation in the

B. pseudomaIZei galE gene homolog. It is possible that there are redundancies in the
biosynthetic pathways for type I O P S such that an organisrn with a non-functional UDPgalactose 4-epimerase can still synthesize type I O-PS. The epimerase must play a more

critical role in the biosynthesis of type II O-PSsuch that redundant pathways only result

in the synthesis of 15 to 20% of normal levels of type II O-PS. Further studies are needed
to investigate this phenomenoa

Type II O-PS has been correlated with serum mistance and virulence in B.
pseudomallei.

AJ2CE4 displayed wild-type s e m tesistance (Deshazef, personal

communication). Senun sensitive transposon mutants of B. pseudomaIZeei have been
generated in our laboratory; these mutants completely lack type JI O-PS. M2CE4
produces sutncient type II O-PS to d o w the organism to be resistant to the bactencidal
action of normal human serum. B. pseudodlei AJ2CE4 was found to be 13 fold less
vident than the parent strain 1026b. Senim-sensitive mutants of B. pseudomallei are
approximately 200 fold less virulent than serum-resistant strains. Since AJ2CE4 is
serum-resistant and still synthesizes some type II O-PS,it is not surprishg that this strain
does not exhibit a large ciifference in M e n c e compared to the parent strah.
It is currently unclear why AJ2CE4 is invasion-deficient. It is possible that LPS

may play a role in the invasion of epithelial cells by B. pseudomallei. An uptake pathway
into A549 cells may depend on the presence of type II O-PS, which is deficient in the
galE homolog mutant N2CE4.

Aitematively, the transposon insertion in the B.

pseudomallei galE homolog may have produced polar effects on downstream genes, one
of which may be required for invasion of eukaryotic cells.

A complernentation

experiment utilking a cloned copy of the galE homolog would eliminate this possibility.

Additional studies are needed to determine the reason for the Uivasion-deficient
phenotype of this mutant.

Pathogens have developed many strategies for survival in hosts which possess
very effective defense mechanisms. The outcome of the host-pathogen interaction during

infection is clearly iduenced by a nurnber of factors. We have begun to investigate a

nurnber of the factors that make Burkholderia pseudurnalZei a successfbi pathogen.
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