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Abstract

Alginate is a critical virulence factor contributing to the poor clinical prognosis associated with the conversion of Pseudomonas
aeruginosa to mucoid phenotypes in cystic fibrosis (CF). An important mechanism of action is its ability to scavenge
host innate-immune reactive species. We have previously analyzed the bacterial response to nitrosative stress by S-
nitrosoglutathione (GSNO), a physiological NO- donor with diminished levels in the CF lung. GSNO substantially increased
bacterial nitrosative and oxidative defenses and so we hypothesized a similar increase in alginate production would occur.
However, in mucoid P aeruginosa, there was decreased expression of the majority of alginate synthetic genes. This microarray
data was confirmed both by RT-PCR and at the functional level by direct measurements of alginate production. Our data
suggest that the lowered levels of innate-immune nitrosative mediators (such as GSNO) in the CF lung exacerbate the effects
of mucoid R aeruginosa, by failing to suppress alginate biosynthesis.
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Introduction

The progressive lung damage and deterioration of
respiratory function in cystic fibrosis (CF) arises from
a characteristic pattern of bacterial colonization of the
lung, with chronic Pseudomonas aeruginosa infections
being centrally important to the lung pathology
and progressive tissue damage in CF patients [1,2].
More than 80% of CF patients over 26 years old
are chronically infected with P aeruginosa and these
infections persist, despite aggressive antibiotic therapy
[3]. These infections are only in the respiratory tract
lumen, not systemic, so it appears that innate lung
defense is specifically compromised by CF [4,5]. After
initial infection with wild-type, non-mucoid strains,

exemplified by strains such as PAOI1, conversion of
P aeruginosa to the mucoid phenotype in the CF host
occurs and increases bacterial resistance not only to
host clearance and defense mechanisms, but also to
antibiotic interventions [6,7]. The mucoid phenotype
is characterized by production of large amounts of the
exopolysaccharide alginate [6,8—10]. Mucoid conver-
sion is concomitant with the establishment of chronic
bacterial colonization [4,11,12] and increases inflam-
mation and lung damage [13], while causing
pulmonary function to decline [14,15]. Furthermore,
alginate modulates host defenses to allow a persistent
infection [16]. Accordingly, mucoid conversion results
in a poor prognosis for CF patients [3,4,11] in which
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alginate production is an important and independent
[11] virulence factor.

Aggressive antibacterial therapy, although ben-
eficial, provides only a temporary delay in mucoid
conversion [14] and could be a double-edged sword as
it may be associated with increased alginate pro-
duction for some antibiotics [17]. Mucoid conversion
occurs as a result of mutations, primarily in muc genes
[18] that render the stress response sigma factor AlgU
constitutively active [7,19] and cause the character-
istic activation of alginate biosynthesis genes [20].
This “runaway” mucoid phenotype is highly unstable,
however, due to the toxic effects of uncontrolled AlgU
on the bacterial cell and later phenotypic change is
towards lowered alginate production through second-
site mutations, e.g. in algU [21] exemplified by the
strain PAO578II [22].

Alginate forms a viscous polysaccharide biofilm-like
matrix around the bacteria, increasing resistance
to both host defenses and antibiotics by a range of
mechanisms [6,7]. The alginate matrix inhibits
opsonization and phagocytosis [23-26] with O-
acetylation by the algFI¥ cluster [27] being important
[23]. Alginate has also recently been shown to cause
conformational changes in antimicrobial peptides [28].
The alginate matrix greatly restricts the diffusion of
antibiotics and antibacterial innate-immune reactive
oxygen and nitrogen species (ROS and RNS,
respectively) to the bacteria [29—31] but also binds
and scavenges these species before they can reach
the microorganisms [26,31,32]. The combination of
diffusion restriction [30] and consumption by scaven-
ging will be particularly effective in limiting the path
length of host ROS and RNS through the alginate
matrix, to restrict their access to the bacteria. In light of
the range of its deleterious effects, the hydrolysis of
alginate by alginate lyases continues to be pursued as a
potential therapeutic strategy [33—35] and there also
appears considerable therapeutic promise in antibodies
directed against alginate [36] but other pharmacologi-
cal approaches to decrease alginate production may
also prove to be clinically beneficial.

The prevalence of P aeruginosa in CF is likely to be
multifactorial, but a significant component of this
prevalence is thought to be due to a decrease in nitric
oxide (NO-) mediated innate immunity [37]. In
addition to its important signaling roles, NO- is a
reactive, bactericidal and bacteriostatic, highly diffu-
sible radical. Since NO- is a gas, in the context of the
gas-exchanging environment of the lung, much of the
innate-immune action of NO- is likely to be mediated
by non-volatile nitrosothiol carriers of NO-, such as S-
nitrosoglutathione (GSNO) [38]. GSNO is a physio-
logically relevant NO- donor in the lung [38] whose
levels are decreased in the lower airways in CF [39].
However, the predominant chemistries of nitrosothiol
action and detoxification are distinct from “free” NO-
with the former being by nitrosonium equivalent
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transfer to target protein thiols and with the latter by
specific GSNO metabolism [40]

We have shown that wild-type P aeruginosa is able to
mount inducible defenses against nitrosative stress
and that upon mucoid conversion these defenses are
constitutively up-regulated [13,20]. Furthermore,
antipseudomonal therapy decreases this NO- con-
sumption and restores nitrogen redox balance in the
CF lung [41]. The combined deficiencies of lowered
host NO-/GSNO levels and constitutive resistance
against NO- stress by mucoid P aeruginosa, may
help explain the prevalence of the mucoid phenotype
of this pathogen in CF. We hypothesized that gene
expression responses of P aeruginosa to mucoidy and
nitrosative stress are broadly independent [20,42],
nitrosative stress may modulate the mucoid phenotype
by altering expression of important mucoidy-related
genes. Since the metabolic costs of maintaining the
mucoid phenotype are great [6], we reasoned that
the additional nitrosative stress and the metabolic
reprogramming required to deal with it [42] could
negatively impact upon alginate production. Here, we
show using microarrays and other assays that exposure
to GSNO, a physiologically relevant NO- donor,
inhibits alginate gene expression and lowers alginate
production by mucoid P aeruginosa.

Materials and methods
Bacterial strains and growth conditions

P aeruginosa PAOS5T8II (mucA22 sup-2) has been
described previously [20,22]. For RNA isolation,
strains were cultured shaking at 37°C overnight in
Luria broth (LLB). About 1 ml of the overnight culture
was used to inoculate 100 ml of LB with 0.3 M NaCl
(for a starting density equal to that of a saturated
culture diluted 1:100 and grown for 4h at 37°C to
a mid-log optical density at 600 nm (ODggo) of 0.5
before GSNO treatments and use [20]. It is difficult to
estimate the steady-state concentration of NO- that this
will result in due to uncertainties in GSNO half-life and
metabolism (about 10 min in CF lung as assessed by
expired NO- release) [38] and also NO- consumption
by both flavohemoglobin and nitric oxide reductase up-
regulated in PAO578II [42]. One possible assumption
(half-life ~ 10—15 min) leads to estimates of the steady-
state concentration of NO- to which the bacteria are
exposed to in this i vitro system is of the order of 1 pM,
a value that is consistent with known pathophysiolo-
gical levels of NO- [43]. Furthermore, as reported
previously, this concentration produced only a mild
and transitory growth arrest with no cell death [42], a
situation analogous to the predominantly static
biofilm-mode of growth in the CF lung [29,44,45], in
which NO- is thought to play a major antibacterial role
[46]. However, it is also clear that in this experiment,
GSNO has the potential to act directly.
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Cystic fibrosis lung cells and iINOS tmmunostaining

IB3-1 (CF) and S9 (CF-corrected) cells [47,48] were
grown to 80% confluency. Cells were fixed with 1%
paraformaldehyde followed by membrane permeabi-
lization using 1% TritonX-100. The coverslips were
washed three times with PBS prior to incubating with
blocking solution (10% skim milk, 6% BSA fraction V
and 2% goat serum in PBS). Airway epithelial cells
were incubated with a polyclonal rabbit anti-inducible
NO- synthase (iNOS) antibody (Transduction Labs,
Lexington, KY) at 4°C overnight at a dilution of
1:500, followed by a secondary antibody. This
antibody has previously been used in immunostaining
and microscopic quantification of iNOS in CF cell
lines [49]. Alexa 488-conjugated to goat anti-rabbit
IgG antibody (Molecular Probes, Eugene, OR) was
diluted 1:1000 and incubated with samples for 5h at
37°C in blocking solution. Coverslips were mounted
on glass slides with PermaFluor (Immunon, Pitts-
burgh, PA) and analyzed using an Olympus IX70
microscope (Olympus, Melville, NY). Alexa 488
fluorescence was visualized using an excitation
wavelength 490 = 10 nm. All images were taken at a
magnification of X 100. Confocal fluorescence
microscopy images were collected and quantified
using the Perkin-Elmer Life Sciences UltraView
confocal microscopy system as previously [50].

Microarray and RT-PCR analysis of gene expression

GSNO [51] was added to cultures of mucoid strain
PAOS578II (in LB containing 0.3 M NaCl) for 30 min
at 5mM final concentration, together with matched
non-GSNO treated controls, then RNA extraction
and microarray analysis performed as previously
described [42]. These conditions were optimized to
take into account the relatively short half-life of
GSNO at 37°C (approximately 20—30 min). Results
from three microarray chips, i.e. independent identical
experiments, were obtained for each strain. Gene
expression of alginate synthesis and mucoid associated
genes in GSNO-treated PAO578II was compared to
untreated controls and ratios of expression and
statistical significance were calculated, using Students
t-test. For RT-PCR confirmation of selected gene
expression ratios, P aeruginosa mucoid strain
PAO578I1 was grown and treated with GSNO as
described above (i.e. » = 3) and analyzed in triplicate
as previously [42]. Primers were designed using
Primer Express software (Applied Biosystems, Foster
City, CA): for algD these were GAGCACCGCGAT-
CAAGGA and TTGTCCAGTTCGCCGATCA, for
algE these were CGAGGCGCCGAAGAACT and
CGCGATCGTTTTCCGATT, and for algU these
were CGTGCGCTCGGCAATT and TTGATGG-
CGATCCGATACAG. Following PCR, relative
expression ratios were calculated using 2°T where

ACT represents the difference in cycling times (CT)
for the two samples being compared. CT is the point
at which the PCR cycle crosses the preset logarithmic
threshold. Statistical significance was calculated using
Students z-test upon the ACT values. Statistical
analyses was performed using SigmaStat 3.0, SPSS
Inc., Chicago, IL.

Alginate biosynthesis assay

GSNO [51] was added to triplicate cultures of mucoid
strain PAO578II (in LB containing 0.3 M NaCl) and
non-mucoid strain PAO1 (in LB) for 30 min at 5mM
final concentration, the cultures were then briefly
centrifuged, washed with LB containing 0.3 M NaCl
and then resuspended in fresh (non-GSNO contain-
ing) medium and grown for 1h. Removal of GSNO
was necessary to prevent its interfering with alginate
assay. After 1 h, culture fluid was collected and assayed
for alginate production as previously [52].

Results and discussion
Lowered iNOS expression in CF cells

It has been documented that exhaled NO:- in CF
patients is lowered [53,54]. However, this may be an
indirect result of infection with NO- consuming
phenotypes of P aeruginosa [41,42], rather than an
actual decrease in host NO- synthesis. Since iNOS is
the major source of NO- in the lung [49], we wanted to
independently confirm that its expression was lower in
the CF cells we have previously used [55—58]. Figure 1
shows that iNOS expression in the CF cell line IB3-1
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Figure 1. Diminished levels of iNOS in CF respiratory epithelial
cells. Images show level of immunofluorescence observed with IB3-
1 (CF) and S9 (CFTR-corrected) cells (A). Quantification (%) of
iNOS expression visualized by immunofluorescence (B). Data,
means of triplicate assays = SEM (*, p = 0.01).
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Table I. Microarray gene expression ratios of the alginate biosynthetic genes in mucoid P aeruginosa PAO5781I under nitrosative stress
(GSNO treated) compared to control (no GSNO), Also shown are the expression ratios of the same genes that occurs upon loss of mucoid
phenotype, by comparison of expression of mucoid strain PAO578II (mucA22 sup-2 algU ) with that of its nonmucoid algU mutant derivative,

PAO6865 (algU::'Tc). [20].

PAO578II fold change GSNO

Fold change upon genetic

Gene identity vs. control loss of mucoidy [20] Enzymatic activity or function

PA3540 algD — 1.9ns 7 GDP-mannose 6-dehydrogenase

PA3541 alg8 — 2.9 ns 2.9 Putative polymerase

PA3542 alg44 - 3.7% 3.4 Membrane protein

PA3543 algK — 4.8% 5.8 Periplasmic protein

PA3544 algE — 10* 3.2 Outer membrane protein for alginate export

PA3545 algG — 4.8% 3.5 C5-mannuronan epimerase, protection from
alginate lyase

PA3546 algX - 6.3% 4.1 Periplasmic protein

PA3547 algL — 4.6% 6.3 Periplasmic alginate lyase

PA3548 algl - 3.7% 4.1 Alginate O-acetylation

PA3549 alg¥ — 4.2% 7.6 Alginate O-acetylation

PA3550 algF - 2.7% 16.0 Alginate O-acetylation

PA3551 algA — 2.9% 4.0 Phosphomannose isomerase and GDP-mannose
pyrophosphorylase

PA5322 algC 3.4% - Phosphomannomutase and phosphoglucomutase

Mean — 3.8 +5.7

*p = 0.05 by Mann—Whitney rank sum test and ns, not significant.

is significantly lower than that of its CFTR-corrected
and genetically-matched derivative S9. This, along
with prior reports [37], indicates that host innate-
immune nitrosative stress is lower in CF, regardless of
consumption or detoxification of NO: by P aeruginosa.

Effects of GSNO on alginate and mucoidy-associated gene
expression

Microarray analysis of the expression of alginate-
related genes has proven to be a useful approach in
uncovering less overt aspects of the mucoid phenotype
[13,20]. Although conventional biochemical alginate
assays remain a gold standard, the complex nature of
alginate structure and biosynthesis, as well as the large
number of genes in its production and regulation [10],
make in-depth studies of many steps difficult. The
mucoid strain PAO578II was chosen as it has become
the tester strain for complex gene expression patterns
in mucoid cells [13,20,42]. Although wild-type non-
mucoid strains such as PAO1 or PA14 can grow as
biofilms, they do not appear to produce significant
amounts of alginate, even in a biofilm [10,59] but in
the light of a recent report that non-mucoid strains can
produce alginate under certain conditions [60],
alginate gene expression by PAO1 was also studied.
Nitrosative stress from exposure to GSNO in
PAO578I1 caused a concerted down-regulation of
many alginate-related genes. This was unexpected; as
we had hypothesized that alginate synthesis would be
increased to protect the bacteria from this stress. The
expression of almost all genes whose products are
involved in the biosynthesis and processing of alginate
was significantly decreased (Table I), by values
ranging from between — 1.9 and — 10-fold (Table I)

with a mean of — 3.8. In contrast, the expression of the
same genes was reported to be increased by mucoid
conversion (i.e. PAO578II vs. its non-mucoid algU
mutant derivative PAO6865) from between 4 2.9 and
+16-fold, with a mean of +5.7-fold [20]. All the
different classes of alginate biosynthetic genes:
monomer synthesis, polymerization, acetylation and
export, displayed down-regulation by GSNO. RT-
PCR of selected genes was performed order to
confirm the microarray data and reported in Table II.
RT-PCR of algD, the key rate-limiting step in alginate
biosynthesis [61] and algE, a critical porin for
polymer export [62,63], showed expression decreases
upon GSNO treatment of —2.7-fold (p < 0.01) and
—9.8-fold (p < 0.01), supporting analysis of the
microarray data. In comparison, no clear trend in
effects on alginate regulatory genes was observed
(Table III) and the unambiguous assignment of the
mechanisms of alginate biosynthetic gene repression
by GSNO was not possible given the complex nature
of alginate gene control [6,10].

The effects of GSNO upon PAO578II at the gene
expression level were also borne out when its
impaction upon alginate synthesis was tested. The
assay was normalized to c.f.u. in order to correct for

Table II. RT-PCR of selected alginate genes in mucoid P
aeruginosa PAO578II under GSNO-imposed nitrosative stress
compared with untreated controls.

Gene identity Fold change GSNO vs. control by RI-PCR

PA0762 algU —1.02%
PA3540 algD —2.7t
PA3544 algE —9.8f

*p values: = 0.01; T =0.05.
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Table III. Micorarray expression ratios of alginate regulatory genes in mucoid P aeruginosa PAO5781I under nitrosative stress with GSNO
compared non-GSNO treated controls, p values, as in Table I. Also shown are the expression ratios of the same genes that occurs upon genetic
loss of mucoid phenotype, by comparison of expression in mucoid strain PAO578II (mucA22 sup-2 algU ) with that of its nonmucoid algU

mutant derivative, PAO6865 (algU::Tc"). [20].

PAO578II fold change

Gene identity GSNO vs. control

Fold change upon
genetic loss of mucoidy  Alginate expression regulatory function

PA0762 algU —2.7ns 49.2
PA0763 mucA 1.1 ns 21
PA0764 mucB 1.4 ns 7
PA0765 mucC 1.0* 4.1
PA0766 mucD 3.3% 2.2
PA1754 cysB 3.8% -
PA4446 algW —1.4% -
PA4462 rpoN 3.2% -
PA5253 algP 2.9% —-1.2
PA5255 algQ 1.3* —-1.4
PA5261 algR —1.3 ns 3.1
PA5262 algZ —2% 2.2
PA5483 algB 1.4* -
Regulatory gene mean —1.2 +9.6%

Alternative sigma factor responsible for transcription
of algD, algR, algT, algZ and rpoH

Anti-sigma factor: negatively regulates alginate production

Negatively regulates AlgU

Postulated to act with MucA and MucB in negative
regulation of AlgU

Putative HtrA-like protease, negatively regulates AlgU

Activator of algD transcription

Putative HtrA-like protease, inhibits alginate synthesis

Negative regulator of algD transcription

Histone-like protein; activates algD transcription

Activator of algD transcription;

Activator of algC and algD transcription

Hypothesized cognate sensor kinase for AlgR;
negative regulator of alginate production

Positive activator of algD transcription

*p = 0.05 by Mann—Whitney rank sum test and ns, not significant.

the bacteriostatic effects of the GSNO treatment. We
assayed alginate production directly and observed a
significant decrease in alginate biosynthesis upon
GSNO treatment (Figure 2). Although repression of
alginate synthesis was not complete, it is in accord
with the gene expression data and the difference most
likely reflects the microarrays assessing change in
new gene product synthesis, while alginate production
at the polymer level assesses steady state levels of
enzymes and their activity.

The non-mucoid strain PAO1 exhibited no coordi-
nated or significant effects of GSNO upon alginate
biosynthetic gene activity (Table IV). Alginate
synthesis was not detected by carbazole assay (i.e.
below the levels of sensitivity) in either the absence or
presence of GSNO. Thus although under some
conditions [60], this non-mucoid strain does produce
some alginate, there was no effect of nitrosative stress
under the culture conditions used here. We also note
that expression of adhC, which codes for a GSNO-
metabolizing aldehyde dehydrogenase, was not sig-
nificantly up-regulated (+1.5-fold in PAO578II,
—1.3-fold in PAO1 respectively, not significant)
although others have noted a lack of adhC up-
regulation in GSNO-treated Escherechia coli [64].

In this work, we have shown that nitrosative stress
significantly down-regulates the vast majority of genes
involved in alginate synthesis and maintenance of the
mucoid phenotype in P aeruginosa. The concerted
decrease in alginate gene expression assessed by
microarrays occurred against the backdrop of active
and increased mRNA and protein synthesis nitrosative
defenses [42] and thus was not merely the result of a
generalized metabolic or transcriptional machinery

depression. The microarray findings are supported by
RT-PCR analyses and direct measurement of alginate
production. All of these assays confirm a significant
decrease in alginate synthesis by GSNO treatment. We
are led to conclude that an inability of the CF host to
suppress alginate production by nitrosative stress, due
to the derangement in NO--mediated innate immunity
in the CF host [37-39,53,54] (see also Figure 1), is
likely to play a role in the distinct pathogenesis of
colonization with mucoid phenotypes. Future studies
planned include assessing the magnitude of GSNO
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Figure 2. GSNO Inhibition of alginate synthesis. Triplicate
cultures of mucoid P aeruginosa PAO578II was treated for 30 min
with 5mM GSNO, washed and then alginate synthesis measured
after 1 h incubation as in the text. Data, means = SD (%, p = 0.05).
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Table IV. Micorarray expression ratios of alginate biosynthetic genes in non-mucoid P aeruginosa PAO1 under nitrosative stress with GSNO

compared non-GSNO treated controls.

Gene identity PAOI1 fold Change GSNO vs. control

Enzymatic activity or function

PA3540 algD —1.7 ns
PA3541 alg8 —1.1ns
PA3542 alg44 —1.4 ns
PA3543 algK —2.0 ns
PA3544 algE —1.7 ns
PA3545 algG —2.3ns
PA3546 algX —1.5ns
PA3547 algl. +1.1 ns
PA3548 algl —1.1 ns
PA3549 alg] +1.8%
PA3550 algF 1ns
PA3551 algA —1.5ns
PA5322 algC 1.6 ns
Mean -1.5

GDP-mannose 6-dehydrogenase

Putative polymerase

Membrane protein

Periplasmic protein

Outer membrane protein for alginate export
C5-mannuronan epimerase, protection from alginate lyase
Periplasmic protein

Periplasmic alginate lyase

Alginate O-acetylation

Alginate O-acetylation

Alginate O-acetylation

Phosphomannose isomerase and GDP-mannose pyrophosphorylase
Phosphomannomutase and phosphoglucomutase

*p = 0.05 by Mann—Whitney rank sum test and ns, not significant.

effects upon alginate synthesis in a range of CF
isolates, as although PAO578II represents a suitable
model strain for CF isolates, there may be differences
in how mutations in other CF isolates interact.

We propose that pharmacological correction of the
NO- defect in CF, or direct boosting of NO- levels by
administration of GSNO or other NO- donors, may
provide viable strategies to suppress alginate synthesis
in patients colonized by mucoid P aeruginosa. Such
interventions may synergize with other treatments that
alter airway surface fluid composition and properties,
such as alginate lyases [34,65] and DNAses [66,67].
Since mucoid phenotypes are notorious for their
recalcitrance and resistance to eradication by anti-
biotics with conventional treatments once mucoid
conversion occurs [6,14], there is a need for less
conventional strategies to deal with mucoid P
aeruginosa in the CF host.

Acknowledgements

Research described in this article was supported by
National Institutes of Health grant AI31139 (VD) and
Grants TIMMI0310 (GST) and 3R22R (WO) from
the Cystic Fibrosis Foundation. Microarray instru-
mentation was supported by the Keck-UNM Geno-
mics Resource core facility at the University of New
Mexico. The cost of P aeruginosa microarray chips was
defrayed in part by a subsidy grant #012 from Cystic
Fibrosis Foundation Therapeutics Inc. Research was
also supported by Philip Morris Incorporated.

References

[1] Deretic V. Pseudomonas aeruginosa infections. In: Nataro JP,
Blaser M]J, Cunningham-Runddles S, editors. Persistant
bacterial infections. Washington, DC: ASM Press; 2000.
p 305-326.

[2] Goldberg JB, Pier GB. The role of the CFTR in susceptibility
to Pseudomonas aeruginosa infections in cystic fibrosis. Trends
Microbiol 2000;8:514-520.

[3] FitzSimmons SC. The changing epidemiology of cystic
fibrosis. J Pediatr 1993;122:1-9.

[4] Koch C, Hoiby N. Pathogenesis of cystic fibrosis. Lancet
1993;341:1065-1069.

[5] Koch C, Hoiby N. Diagnosis and treatment of cystic fibrosis.
Respiration 2000;67:239-247.

[6] Govan JRW, Deretic V. Microbial pathogenesis in cystic
fibrosis: Mucoid Pseudomonas aeruginosa and Burkholderia
cepacia. Microbiol Rev 1996;60:539—-574.

[7] Martin DW, et al. Mechanism of conversion to mucoidy in
Pseudomonas aeruginosa infecting cystic fibrosis patients. Proc
Natl Acad Sci USA 1993;90:8377-8381.

[8] Fyfe JA, Govan JR. Alginate synthesis in mucoid Pseudomonas
aeruginosa: A chromosomal locus involved in control. ] Gen
Microbiol 1980;119:443-450.

[9] McAvoy M], et al. Isolation of mucoid strains of Pseudomonas
aeruginosa from non-cystic- fibrosis patients and characteris-
ation of the structure of their secreted alginate. ] Med
Microbiol 1989;28:183-189.

[10] Ramsey DM, Wozniak DJ. Understanding the control of
Pseudomonas aeruginosa alginate synthesis and the prospects for
management of chronic infections in cystic fibrosis. Mol
Microbiol 2005;56:309-322.

[11] Pedersen SS, et al. Role of alginate in infection with
mucoid Pseudomonas aeruginosa in cystic fibrosis. Thorax
1992;47:6—-13.

[12] Pedersen SS. Lung infection with alginate-producing,
mucoid Pseudomonas aeruginosa in cystic fibrosis. APMIS
1992;100(Suppl. 28):1-79.

[13] Firoved AM, Ornatowski W, Deretic V. Microarray analysis
reveals induction of lipoprotein genes in mucoid Pseudomonas
aeruginosa: Implications for inflammation in cystic fibrosis.
Infect Immun 2004;72:5012-5018.

[14] Koch C. Early infection and progression of cystic fibrosis lung
disease. Pediatr Pulmonol 2002;34:232-236.

[15] Bonfield TL, et al. Inflammatory cytokines in cystic
fibrosis lungs. Am J Respir Crit Care Med 1995;
152:2111-2118.

[16] Cobb LM, et al. Pseudomonas aeruginosa flagellin and alginate
elicit very distinct gene expression patterns in airway epithelial
cells: Implications for cystic fibrosis disease. J Immunol
2004;173:5659-5670.

[17] Bagge N, et al. Pseudomonas aeruginosa biofilms exposed to
imipenem exhibit changes in global gene expression and beta-
lactamase and alginate production. Antimicrob Agents Che-
mother 2004;48:1175-1187.

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/02/11
For personal use only

214 S. R. Wood et al.

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

[33]

[34]

[35]

[36]

[37]

Boucher JC, et al. Mucoid Pseudomonas aeruginosa in cystic
fibrosis: Characterization of muc mutations in clinical isolates
and analysis of clearance in a mouse model of respiratory
infection. Infect Immun 1997;65:3838—-3846.

Deretic V, et al. Conversion of Pseudomonas aeruginosa to
mucoidy in cystic fibrosis: Environmental stress and regulation
of bacterial virulence by alternative sigma factors. J Bacteriol
1994;176:2773-2780.

Firoved AM, Deretic V. Microarray analysis of global gene
expression in mucoid Pseudomonas aeruginosa. ] Bacteriol
2003;185:1071-1081.

DeVries CA, Ohman DE. Mucoid-to-nonmucoid conversion
in alginate-producing Pseudomonas aeruginosa often results
from spontaneous mutations in algT, encoding a putative
alternate sigma factor, and shows evidence for autoregulation.
J Bacteriol 1994;176:6677—-6687.

Schurr MJ, et al. Gene cluster controlling conversion to
alginate-overproducing phenotype in Pseudomonas aeruginosa:
Functional analysis in a heterologous host and role in the
instability of mucoidy. J Bacteriol 1994;176:3375-3382.

Pier GB, et al. Role of alginate O acetylation in resistance of
mucoid Pseudomonas aeruginosa to opsonic phagocytosis.
Infect Immun 2001;69:1895-1901.

Oliver AM, Weir DM. The effect of Pseudomonas alginate on
rat alveolar macrophage phagocytosis and bacterial opsoniza-
tion. Clin Exp Immunol 1985;59:190-196.

Oliver AM, Weir DM. Inhibition of bacterial binding to mouse
macrophages by Pseudomonas alginate. J Clin Lab Immunol
1983;10:221-224.

Simpson JA, Smith SE, Dean RT. Alginate inhibition of the
uptake of Pseudomonas aeruginosa by macrophages. ] Gen
Microbiol 1988;134:29-36.

Franklin MJ, Ohman DE. Mutant analysis and cellular
localization of the Algl, Alg], and AlgF proteins required for
O acetylation of alginate in Pseudomonas aeruginosa. J Bacteriol
2002;184:3000-3007.

Chan C, Burrows LL, Deber CM. Alginate as an auxiliary
bacterial membrane: Binding of membrane-active peptides by
polysaccharides. ] Pept Res 2005;65:343—-351.

Yoon SS, et al. Pseudomonas aeruginosa anaerobic respiration in
biofilms: Relationships to cystic fibrosis pathogenesis. Dev
Cell 2002;3:593-603.

Hassett DJ. Anaerobic production of alginate by Pseudomonas
aeruginosa: Alginate restricts diffusion of oxygen. J Bacteriol
1996;178:7322-7325.

Nichols WW, et al. Inhibition of tobramycin diffusion by
binding to alginate. Antimicrob Agents Chemother 1988;
32:518-523.

Learn DB, Brestel EP, Seetharama S. Hypochlorite
scavenging by Pseudomonas aeruginosa alginate. Infect
Immun 1987;55:1813-1818.

Wong TY, Preston LA, Schiller NL. Alginate lyase: Review of
major sources and enzyme characteristics, structure—function
analysis, biological roles, and applications. Annu Rev
Microbiol 2000;54:289-340.

Hatch RA, Schiller NL. Alginate lyase promotes diffusion of
aminoglycosides through the extracellular polysaccharide of
mucoid Pseudomonas aeruginosa. Antimicrob Agents Che-
mother 1998;42:974—-977.

Mrsny RJ, et al. Addition of a bacterial alginate lyase to
purulent CF sputum iz vitro can result in the disruption of
alginate and modification of sputum viscoelasticity. Pulm
Pharmacol 1994;7:357-366.

Pier GB, et al. Human monoclonal antibodies to Pseudomonas
aeruginosa alginate that protect against infection by both mucoid
and nonmucoid strains. J Immunol 2004;173:5671-5678.
Kelley TJ, Drumm ML. Inducible nitric oxide synthase
expression is reduced in cystic fibrosis murine and human
airway epithelial cells. J Clin Invest 1998;102:1200—-1207.

(38]

(39]

(40]

[41]

[42]

[43]

[44]

[45]

[46]

(47]

(48]

[49]

(50]

(51]

(52]

(53]

(54]

[55]

(56]

(57]

(58]

(59]

Snyder AH, et al. Acute effects of aerosolized S-nitrosoglu-
tathione in cystic fibrosis. Am J Respir Crit Care Med
2002;165:922-926.

Grasemann H, et al. Decreased levels of nitrosothiols in the
lower airways of patients with cystic fibrosis and normal
pulmonary function. J Pediatr 1999;135:770-772.

Hess DT, et al. Protein S-nitrosylation: Purview and
parameters. Nat Rev Mol Cell Biol 2005;6:150—166.

Gaston B, et al. Nitrogen redox balance in the cystic fibrosis
airway: Effects of antipseudomonal therapy. Am J Respir Crit
Care Med 2002;165:387-390.

Firoved AM, et al. Microarray analysis and functional
characterization of the nitrosative stress response in non-
mucoid and mucoid Pseudomonas aeruginosa. ] Bacteriol
2004;186:4046—-4050.

Nussler AK, Billiar TR. Inflammation, immunoregulation,
and inducible nitric oxide synthase. ] Leukoc Biol
1993;54:171-178.

Singh PK, et al. Quorum-sensing signals indicate that cystic
fibrosis lungs are infected with bacterial biofilms. Nature
2000;407:762—-764.

Hoffman LR, et al. Aminoglycoside antibiotics induce
bacterial biofilm formation. Nature 2005;436:1171-1175.
Grasemann H, et al. Endothelial nitric oxide synthase variants
in cystic fibrosis lung disease. Am ] Respir Crit Care Med
2003;167:390-394.

Zeitlin PL, et al. A cystic fibrosis bronchial epithelial cell line:
Immortalization by adeno-12-SV40 infection. Am J Respir
Crit Care Med 1991;4:313-3109.

Egan M, et al. Defective regulation of outwardly rectifying Cl-
channels by protein kinase A corrected by insertion of CFTR
[see comments]. Nature 1992;358:581—-584.

Darling K, Evans T. Effects of nitric oxide on Pseudomonas
aeruginosa infection of epithelial cells from a human respiratory
cell line derived from a patient with cystic fibrosis. Infect
Immun 2003;71:2341-2349.

Fratti RA, et al. Role of phosphatidylinositol 3-kinase and
Rab5 effectors in phagosomal biogenesis and mycobacterial
phagosome maturation arrest. ] Cell Biol 2001;154:
631-644.

Hart TW. Some observations concerning the s-nitroso and s-
phenylsulfonyl derivatives of L-cysteine and glutathione.
Tetrahedron Lett 1985;26:2013-2016.

Martin DW, et al. Differentiation of Pseudomonas aeruginosa
into the alginate-producing form: Inactivation of mucB
causes conversion to mucoidy. Mol Microbiol 1993;9:
497-506.

Elphick HE, et al. Exhaled nitric oxide is reduced in infants
with cystic fibrosis. Thorax 2001;56:151-152.

Thomas SR, et al. Nasal and exhaled nitric oxide is
reduced in adult patients with cystic fibrosis and does not
correlate with cystic fibrosis genotype. Chest 2000;117:
1085-1089.

Perkett EA, et al. Chloroquine normalizes aberrant transform-
ing growth factor beta activity in cystic fibrosis bronchial
epithelial cells. Pediatr Pulmonol 2006;41:771-778.

Poschet JF, et al. Molecular basis for defective glycosylation
and Pseudomonas pathogenesis in cystic fibrosis lung. Proc
Natl Acad Sci USA 2001;98:13972-13977.

Poschet JF, et al. Endosomal hyperacidification in cystic
fibrosis is due to defective nitric oxide-cylic GMP signalling
cascade. EMBO Rep 2006;7:553—559.

Poschet JF, et al. Hyperacidification of cellubrevin endocytic
compartments and defective endosomal recycling in cystic
fibrosis respiratory epithelial cells. J Biol Chem
2002;277:13959-13965.

Wozniak D], et al. Alginate is not a significant component of
the extracellular polysaccharide matrix of PA14 and PAO1

RIGHTS LI MN Kiy



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/02/11
For personal use only

[60]

[61]

[62]

[63]

Pseudomonas aeruginosa biofilms. Proc Natl Acad Sci USA
2003;100:7907-7912.

Bragonzi A, et al. Nonmucoid Pseudomonas aeruginosa
expresses alginate in the lungs of patients with cystic fibrosis
and in a mouse model. J Infect Dis 2005;192:410—-419.
Deretic V, Gill JF, Chakrabarty AM. Gene algD coding
for GDPmannose dehydrogenase is transcriptionally
activated in mucoid Pseudomonas aeruginosa. J Bacteriol
1987;169:351-358.

Chu L, et al. Nucleotide sequence and expression of the algE
gene involved in alginate biosynthesis by Pseudomonas
aeruginosa. Gene 1991;107:1-10.

Rehm BH, et al. Overexpression of algE in Escherichia coli:
Subcellular localization, purification, and ion channel proper-
ties. J Bacteriol 1994;176:5639-5647.

[64]

[65]

[66]

[67]

GSNO lowers alginate production 215

Flatley J, et al. Transcriptional responses of Escherichia coli to
S-nitrosoglutathione under defined chemostat conditions
reveal major changes in methionine biosynthesis. J Biol
Chem 2005;280:10065—-10072.

Bayer AS, et al. Effects of alginase on the natural history
and antibiotic therapy of experimental endocarditis caused
by mucoid Pseudomonas aeruginosa. Infect Immun 1992;
60:3979-3985.

Fuchs HJ, etal. Effect of aerosolized recombinant human DNase
on exacerbations of respiratory symptoms and on pulmonary
function in patients with cystic fibrosis. The Pulmozyme Study
Group. N Engl ] Medicine 1994;331:637—642.

Shak S, et al. Recombinant human DNase I reduces the
viscosity of cystic fibrosis sputum. Proc Natl Acad Sci USA
1990;87:9188-9192.

RIGHTS LI MN Kiy



