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ABSTRACT
PSEUDOMONAS AERUGINOSA METABOLISM IN THE CYSTIC FIBOSIS LUNG
By
Michael Jay Opperman

Cystic fibrosis of the lung is an autosomal recessiisease caused by defects in the
Cystic Fibrosis Transmembrane conductance Regubafoile current treatments and
interventions have greatly reduced morbidity armteased life expectancy in this population,
cystic fibrosis patients face chronic infectiortloé lung. These chronic infections cause a
chronic inflammatory state of the lung to devel@ading to slow degradation of the lung
parenchyma and expansion of the conductive pathveagisease known as bronchiectasis.
Treatment at the late stages of this pulmonaryadisés by heart and lung transplantation, a
surgical intervention that carries significant reskwell as limited by the total availability of
such organs. A potential intervention in this deseprocess that may significantly reduce the
progression of bronchiectasis is in the effectemoval of pathogenic organisms from the cystic
fibrosis lung. Of the various organisms that caels®nic infection of the cystic fibrosis lung,
Pseudomonas aeruginosa demonstrates the highest prevalence of infectimhgaeatest
correlated risk of morbidity and mortality in tipspulation.

Pseudomonas aeruginosa is a Gram negative bacterial species know fordewange of
opportunistic infections (e.g. burn wounds, urinaact infections secondary to catheterization,
and ventilator-associated pneumonia) and a divarsge of environments that it inhabits.
Effective treatment dP. aeruginosa infection is greatly complicated due to its insim
resistance to many different classes of antibi@gsvell as the rapid development of resistance

to treatment during chronic cystic fibrosis lunggiction. A greater understanding of the



metabolic phenotypes &% aeruginosa may lead to the development of both better clirtiests
monitoring the state of infection of the lung adlas the intelligent design of pharmaceutical
interventions that target metabolic pathways imgrdrto growth in this organism during
infection.

In this dissertation, | present the quantifiecooar metabolism of six cystic fibrods
aeruginosa isolates and the laboratory reference strain PAOthese studies, | demonstrate the
difference of metabolism under glucose only minimaidia growth (M9) and in a media
formulated to mimic the cystic fibrosis lung un@erobic and anoxic growth (Simplified
Synthetic Cystic Fibrosis sputum Media). Theseistuceveal shared and divergent metabolic
phenotypes across several isolates from differeagyigaphical as well as genetic backgrounds.
These studies also identify the importance of tlgexylate cycle and polyamine metabolism
during the growth oP. aeruginosa and to demonstrate the variation in utilizatiorotfer
metabolic sub-systems of central carbon metaboksnally, these studies demonstrate the
suboptimal biomass production Bfaeruginosa and identify overproduction of reductant as a
key product of the central metabolismPofaeruginosa. Overall, this research makes substantial
progress in understanding not only the metaboliER aeruginosa in the cystic fibrosis lung
but identifying key metabolic pathways for futurevéstigation that may have a significant

impact in the understanding of biofilm formatiordgmathogenic infection of other bacteria.
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CHAPTER 1 -
Pathogenesis of Cystic Fibrosis dPsbudomonas aeruginosa Infection:

A Literature Review



The work described in this thesis concerns metalsbbnges during adaptation and
pathogenesis of the bacteRseudomonas aeruginosa in chronic infection of the cystic fibrosis
lung. Pseudomonas aeruginosa is a significant factor in the morbidity and mditiaof cystic
fibrosis (CF). Cystic fibrosis is an autosomal ssiee disease caused by a defect in the Cystic
Fibrosis Transmembrane Conductance Regulator, wdaiakes pathological changes in
bicarbonate secretion and mucus function. The relsekescribed in this thesis uses Metabolic
Flux Analysis and Flux Balance Analysis to quang@ntral carbon metabolism in cystic fibrosis
isolates ofP. aeruginosa. These techniques yield characteristic flux majps define the
metabolic phenotypes of the strains under envirantiah@nd lung-like conditions. Such maps
yield a better systemic understanding of the méi@kwolution of the organism in the cystic
fibrosis lung. The metabolic phenotypes can aldaraidentifying potential metabolic drug

targets.

This introductory chapter describes the medicstiony, pathogenesis, molecular basis,
and current treatment of cystic fibrosis. Also udzd is a description of the taxonomy and the
metabolic characteristics of the gemssudomonas. The virulence characteristics ef
aeruginosa, its pathogenesis during pulmonary infection istyfibrosis, and the current
complications in the treatment of lung infectiofi€gstic fibrosis are presented next. Lastly, an
introduction is given to the technical aspects @tabolic Flux Analysis and Flux Balance
Analysis, the methods used in the studies presantgabsequent chapters on the metabolism of

P. aeruginosa.



The Medical History of Cystic Fibrosis

Cystic fibrosis of the pancreas, also known asawiscidosis but more commonly as
cystic fibrosis, was named for the observationafigreatic cystic and fibrotic lesions observed
during autopsy [1]. Modern investigation of theeadise can be traced to the published case study
of 49 patients with steatorrhea (excessive fatae$) caused by pancreatic insufficiency who
were subsequently shown to have cyst formationfianotic lesions in the pancreas at autopsy
by Dr. Dorothy Andersen [1]. While early descriptsoof the disease focused on the Celiac-like
symptoms of the disease, steatorrhea and failuteite, a frequent note was the associated
chronic respiratory infections in patients thatvseed the neonatal period [1,2]. Patients with the
disease seemed to fall into two groups, one thaldwdie due to obstruction of the digestive
system, meconium ileus, within the neonatal peaiod those that would live past infancy but
succumb to chronic respiratory infection [1,2]. Igavork to understand the pulmonary
complications of cystic fibrosis showed infectiamgipally by Staphyl ococcus aureus and
treatment was diet supplementation with vitamimsiting fat intake, and ingestion of pancreatic
extracts with sulfadiazine or other sulfa drugsduae antibacterial therapy [3]. During this time,
50 percent of those with meconium ileus would digaiw the first two weeks of life, and 50
percent of those without meconium ileus would dithiw the first 6 months of life [4].

While early observations included the discussibmany bodily glands possibly being
affected, it was not until the 1940s that abnormatus gland function was investigated as the
basis for the clinical presentation of this disg&s&]. The study conducted by Farleeal.
demonstrated that unlike Celiac disease, cystrosils patient secretions were lower in viscosity
and were greatly reduced in the secretion of tme@atic enzymes trypsin and lipase [6]. A
second paper by the Farber gave the disease themagoviscidosis to describe the viscous

mucus secretions that provided the mechanical basiee decreased enzyme secretion of the



pancreas as well as the increased viscosity dfults seen [7]. This conclusion of thickened
mucus being a central symptom of the disease wsndd be used to explain the strong

association between meconium ileus and cystic $ibr8,9].

Realization that the disorder involved all exoerglands would come in the late 1940s.
A heat wave in New York City in August 1948 ledihe discovery of sweat gland involvement,
with an obvious bias toward cystic fibrosis childtgeing hospitalized for heat exhaustion and
further investigation showing examples of patients/ed to warmer climates to protect against
respiratory infections dying quickly as a resulhefit exhaustion complications [10]. This
observation led to a case-control study and sulesgglirect experimental measurement of sweat
and blood salt concentration in patients with sagzecystic fibrosis in 1953 [11]. This study
provided evidence of abnormal salt loss in cyshookis with increased secretion of sodium,
chloride, and potassium by sweat and salivary glaeden under salt-limited intake [11].These
results would lead to the development of sweaingsb quickly and reliably determine cystic

fibrosis in patient populations [12].

The next decades of cystic fibrosis research,eytiibviding more effective treatments to
prolong life, did not yield the true cause of thgedse. Treatment of the severest of disease
symptoms, meconium ileus, did not begin until 1948ding to increased survival in some
patients [13,14]. Antibiotic treatment, new to nmeadiscience, also increased survival of cystic
fibrosis patients, but soon led to cases of infecby gram negative organisms, chiefly
Pseudomonas aeruginosa, in the 1950s [14—17]. In the 1960s and 1970gareh into proposals
that cystic fibrosis is an inborn error of metabulior is caused by abnormal production of
mucus proteins would prove these ideas to be wnhde the discovery of abnormal ciliary

motility and subsequent proposal of a cilliary-tofactor defining cystic fibrosis also failed to



yield a clear understanding of the disease [18-2ltiinately, the lack of another organism with
similar presentation and difficulty in culturinglisefrom cystic fibrosis patients hindered
understanding the molecular basis of the diseaflentethe 1980s [19,22]. Abnormalities in
salt content of pulmonary secretions would finddydemonstrated in lung epithelial tissue in
1981, directly showing excessive sodium uptake ardahstrating a likely defect in chloride ion
regulation on the apical membrane in cystic fisgmtients [23]. This theory was further

supported by work in cultured cells from the traalhraucosa of a cystic fibrosis patient [24].

While evidence of chloride ion dysfunction in éilial tissue was beginning to be
established, the genetics of the disease weréalgioning to be untangled. Early work by
Andersen et adlemonstrated the likelihood that the disease wasitosomal recessive genetic
disease [5]. By the 1970s, it had become cleamthsa genetic disease predominately affecting
Caucasian populations [25-27] and was rarely seaonn-Caucasian populations [26,28-30]. In
the US, rates of gene prevalence were shown tp@eamately 2%-5%, but multiple studies

failed to show if this was a multi-loci or multilalic disease [31-33].

The molecular basis for the disease and its gegatrks would finally be revealed with
the development and application of modern DNA tebbgy. Development of genetic linkage
analysis using restriction fragment length polynimsms [34] would lead to the localization of
the cystic fibrosis gene to band 31 of chromosa@rigb,36]. In 1989, Collins, Riordan and Tsui
cloned and named the Cystic Fibrosis Transmemhanéuctance Regulator (CFTR) [37-39].
This work would establish the CFTR as being an Aliirling cassette (ABC) protein, as well as
describe what would be known as the most commotiont F508del [37,40]. Confirmation of
the chloride channel activity of the CFTR would @from work on CFTR point mutations and

direct purification and testing of bound CFTR ie #arly 1990s [41-43]. These techniques have



also led to a much clearer understanding of thédawide prevalence of the disease, with those
of Northern European descent having the highdsoifigystic fibrosis in the United States with
a birth rate of 1 in 3000 live births and worldwidevalence of the disease varying from 1 in
900 live births in some populations in Canada 0 10,500 live births in Native American
populations [44]. With a relatively high allelicteain northern European populations, it has been
proposed that there may be a protective effedhéberozygotes against certain pulmonary
infections or conditions, but the true cause ferdblective pressure retaining the genetic defect
remains an open scientific question [45,46].
The Molecular Basis for Cystic Fibrosis

Much is now know about the protein responsiblecigstic fibrosis, the Cystic Fibrosis
Transmembrane conductance Regulator (CFTR). ThérG&& cAMP-regulated ABC
transporter with the unique property among suchepme of transporting several ions,
preferentially chloride ions [47—-49]. These projsrhelp the protein regulate epithelial sodium
channels, regulate ATP-sensitive outwardly reatifychloride channels, directly transport ATP,
regulate potassium channels, and aid in functionirtge bicarbonate/chloride exchange in the
pancreas [50-53]. CFTR resides in the apical menetsarface with two membrane spanning
domains that make up the pore that gates chlooiléransfer [54]. It also contains two
cytoplasmic domains that define the protein as mbs of the ATP-binding cassette transporter
family, an ATP binding domain and an ATP hydrolygitiomain [55]. Regulation of CFTR
activity is primarily through phosphorylation bydgin Kinase A (PKA), which is activated by
CAMP, but it can also be activated by other pradmg. PKGII) [56-58]. Presently under

investigation is the role of the CFTR in bicarb@ansport outside of pancreatic exocrine



secretion, as acidic secretions are a prominetureaf cystic fibrosis that best explain the
broad pathological features of the disease [59-61].

With these advances in the molecular understamafil@fTR, the more than 2000 known
genetic defects in the CFTR have been classifigzthti®logies of protein quantity or
quality[44]. Defects in protein quantity can invelgorrect mRNA production, which can be
caused by abnormal gene transcription as a resolissense (39.9% of reported CFTR
variants), nonsense (8.3%), frameshift (15.7%§pbicing (11.5%) mutations, which lead to
premature stop codons or accelerated mRNA degoedatid subsequent lack of sufficient
CFTR in the cell membrane [62,63]. Mutations cagshrese transcription defects are more
commonly seen in Mediterranean countries (G542X)iamAshkenazi Jewish populations
(W1282X) [55,64]. Additional mutations in the gegm@moter region or alternative gene splicing
of the CFTR, seen in A455E and P574H defects, edhdr lead to decreased transcript
production and thus decreased amounts of CFTReiceh membrane [64]. Protein
manufacturing defects also reduce protein quargitgh as the endoplasmic reticulum quality
control degradation of the CFTR in F508del, whieads to few successful insertions of the
CFTR into the cell membrane [65]. Finally, the CFit$elf can be intrinsically unstable, with
the Q1412X leading to a CFTR protein with a reducaiftlife, caused by the loss of the last 70

amino acids of the protein [64].

Cystic fibrosis pathologies are also caused lgcarsd class of CFTR defects, which are
due to intrinsic issues with protein function [48,64]. CFTR activity can be affected by genetic
mutations that allow for proper protein insertiorddevels to be present in the cell, but cause
incorrect opening of the channel or limited ion doctance when open [44,56,66]. The 3rd most

common cystic fibrosis defect, G551D, is due tofalystion of the ATP-binding site, which



causes obstruction of the open conformation optiséein [55,64]. The conductance of the
CFTR can also be affected, as seen in the R117ktigatefect, changing the current-voltage
relationship from linear to strongly inwardly rdging [56,62,64].
The Pathophysiology of Cystic Fibrosis

Ultimately, the defective bicarbonate ion locdiiaa due to a CFTR defect leads to the
central pathology of thickened secretions as dtresimproper mucin expansion on epithelial
surfaces. The pathophysiology of cystic fibrosithet chronically dehydrated mucus leads to
thickened and sticky secretions, causing the dispathology [60,61]. While previous theories
have explained the lack of proper mucus hydratiothe lack of correct chloride transport, a
unified theory on cystic fibrosis based on chlotidesport does not fully explain the dehydrated
mucus seen in the alimentary tract [61,67]. Insteacknt work has established the importance
of calcium ions and bicarbonate; calcium ions aicdrbonate regulate charge shielding and
alkaline pH, which is critical for the proper ungang and unfolding of mucin polymers to form
a high viscosity hydrated gel [67—70]. This explsoraof how defective CFTR function affects
bicarbonate secretion and consequently mucus fuamctnnects the molecular changes to the

organ-level dysfunction and symptom presentatiotystic fibrosis.

The accumulation of mucus in the digestive systarparticular the duodenum, gives
rise to the earliest clinical presentation of tieedse. The duodenum, the most proximal section
of the small intestine contains the anatomical de&nfor both the pancreas and the liver, and is
where bicarbonate and mucus secretions from therpas and duodenum neutralize, and protect
the organ from, the acidic stomach contents [7lijs Treates the proper environment for micelle
formation of lipids and activation of digestive gnees from the pancreas [72,73]. In about 15%

of infants with cystic fibrosis, the first indicati of a mucus-plugged small intestine appears



with the failure to pass the first stool within thiest few days of life, a condition called
meconium ileus [44,74]. The CFTR in the pancrediicts is central to the high rate of
bicarbonate secretion, and the degree of losscaftbbnate transport in the expressed CFTR
allele determines whether pancreatic insufficieiscgeen in a patient, which manifests as the
pancreatic duct clogged with thickened mucus ardmaalating proenzymes beginning in the
neonatal period [75-78]. The closed pancreatic dilotvs the digestive enzymes to activate
within the pancreas itself, causing enzymatic digaspancreatitis and fibrosis [79,80]. In time,
the lack of secretion of digestive enzymes by #ecpeas begins to manifest in fatty stools
(steatorrhea) and failure to thrive in infants &odidlers due to fat soluble vitamin and lipid
absorption failure [80]. Current treatment for mafhition caused by cystic fibrosis is to increase

caloric intake and supplement pancreatic enzymesadrsoluble vitamins [81].

Additional symptoms of cystic fibrosis preseniasients enter adulthood. Without
sufficient bicarbonate secretion in the duodentma,small intestine remains acidic, producing
an environment hospitable to bacterial overgrofitther complicating the malnutrition
symptoms of the disease [82]. Continuous failuredotralize gastric contents leads to increased
gastric emptying times and decreased lower esophtwee, causing gastroesophageal reflux
disease and peptic ulcers [83—-85]. In time, chrpnoduction of thickened mucus in the
digestive tract can obstruct the small bowel, présg in Distal Intestinal Obstruction
Syndrome, Meconium Plug Syndrome, constipatiomsistisception, and, in extreme cases,
Pneumatosis Intestinalis, where an intussuscemelruptures and leads to bowel contents
emptying into the abdominal cavity [84]. 97% of emlith cystic fibrosis are sterile due to
congenital bilateral absence of vas deferens, atratiive azoospermia likely related to the lack

of necessary CFTR expression for proper male reatoct tract development [86,87]. (It should



be noted that there is no relationship betweeilisten women and cystic fibrosis, and the
pregnancies of those with a normal range of lumgtion and BMI are regarded as low-risk
[44,81].) Pancreatic enzyme secretion obstructismtd mucus plugs in the secreting lobes
causes cellular metaplasia in mucus secreting aetlsfinally, fibrosis of the organ, leading to
episodes of pancreatitis[80,84,88]. The endocmumetion of the pancreas is affected in 50% of
cystic fibrosis patients who are 30 or older, alifjo it is unclear if this is due to direct
destruction of the beta cells of the pancreas sfushgtion related to decreased CFTR expression

[89,90].

However, pathology in the pulmonary system isgreatest cause of mortality in cystic
fibrosis patients. Current understanding is thatgbeudostratified ciliated columnar epithelium
provides innate bacterial defense by using cilimtwe a thin mucus layer on the cell surface
towards the larynx, pulling inhaled pathogens awam the lower airways of the lung towards
the destructive environment of the stomach [91]h@we sufficient water to allow for proper
fluidity of this mucus layer, the proper bicarbanand chloride transport by the CFTR and
sodium by the epithelial sodium channel (ENaC) nbasin place to form a pericillary layer
below the normal mucus layer [92,93]. In cystiadidis, this mucus layer is disturbed, although
it is currently unknown if the liquid layer heigbit viscosity of the mucus is the primary basis of
the dysfunction [94,95]. Ultimately, the thicken@dicus cannot be moved by the ciliated cells,
causing pooled mucus to form and providing a nostiteoenvironment for bacteria and non-
bacterial species to grow [93]. Commonly seen iindes species in this population are
Pseudomonas aer uginosa, Staphylococcus aureus, andHemophilus influenza, although
Streptoccocus sp.,Burkholderia sp., Sreptococcus pneumoniae, andAspergillus sp. are also of

concern [96]. With this increase in susceptibityinfection, cystic fibrosis patients face a
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pathological cycle of lung destruction due to ini@e, inflammation, lung tissue destruction due
to the immune response, infection clearance, atidwed by another infection [97-99]. This
prolonged multiple infection leads to a chronidanfimatory state of the lung causes repeated
cycles of neutrophil elastase digestion of the Ipagenchyma, which causes the obstructive lung
disease Bronchiectasis, with a majority of cysticdsis patients demonstrating the disease by

three years of age [100-102].

While treatment of the pulmonary conditions oftay$ibrosis is possible, many issues do
arise. Chronic inflammation caused by infectiotréated with high-dose ibuprofen, but such
treatment can cause Analgesic nephropathy [103jlevditernative anti-inflammatory
treatments are under investigation, including Ni@ixide modulators such as Riociguat or
GSNOR inhibitors, ibuprofen remains the most commament treatment [104]. Acute and
chronic infection is treated with antibiotics, mestnmonly aminoglycosides such as
tobramycin, vaccination, or monoclonal antibodigaiast specific bacteria or viruses, but the
ever-present issue of antibacterial resistancelgreamplicates chronic infection
treatment[96,105,106]. DNAses are also used to teelpce thickened mucus secretions [106].
Perhaps the most hopeful treatments involve direatment of the defective CFTR, such as the
CFTR potentiator, ivacaftor, and CFTR modulatorshsas lumacaftor, but these cannot treat all
of the known defects in the CFTR [104,107]. Epidaogical studies of cystic fibrosis patients
with mild and severe disease both show a strongngea lung function starting at 40 years of
age, with no difference seen in pulmonary diseasergy [108]. Final treatment for decreased
lung function caused by bronchiectasis due to ahrorfection is lung transplantation, though
the lack of sufficient organs for transplant maktes option unavailable to most [109,110].

Because the leading cause of morbidity and moytaditystic fibrosis patients is chronic lung
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infection, understandingseudomonas aeruginosa infection in cystic fibrosis patients is of

crucial importance [96,105].

Current prevalence rates®@faeruginosa infection of has been shown to be 74% of all
cystic fibrosis patients 26 years and older, witkrdb0% of patients over the age of 18
demonstrating infection [111]. The current theofyndection of the lung byr. aeruginosa
begins with a clinically independent exposure @llacteria, due to the bacterium's
environmental ubiquity [112]. Inhald®l aeruginosa begins to establish persistent biofilm
communities within the lower respiratory tract, imegng a cycle of innate immune system
response, inflammation, decreagederuginosa concentration and then re-infection due to a
failure of clearance of the biofilm [113,114]. Thulsronic cycle of inflammation causes the
scarring and widening of the airways of the lowespiratory tract known as Bronchiectasis, a
condition that can only be treated with lung trdasfation in the late stages of the disease [102].
Pseudomonas aeruginosa treatment using current antibacterial therapy ssifficient, as biofilm
increases microbial survival and recolonizatioerfteatment, eventually leading to a state of
nearly complete antibiotic resistance in chronfedtion [115]. The long range goal of the
research described in this thesis is to identifyainelic features oP. aeruginosa during cystic
fibrosis infections which can be used to aid itneent.
The Taxonomy and Metabolism ofPseudomonas aeruginosa

The Pseudomonadaceae are a Family of organisinisaba been observed since the
beginning of the study of bacteria, with the falsscription and use of the nasudomonas
occurring in 1885 [116,117]. With the establishmehtibosomal RNA-based taxonomy the
present genera of bacteria in this family congsisarily of Pseudomonas sp.,Azotobacter sp.,

Azomonas sp.,Azor hizophilus sp., andCellvibrio sp.[118].Pseudomonas aeruginosa belongs to
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the genu$’seudomonas, the Type Genus of the family[118,119]. While imllly classified as

most genetically similar tB. fluorescens andP. putida, inclusion of several house-keeping gene
sequences to establish higher resolution interispgenetic lineages has demonstréted
oleovorans andP. stutzeri as belonging to the. aeruginosa subgroup andP. fluorescens andP.
putida belonging to separate subgroup$séudomonas[119,120].

Members oPseudomonas share several physically and chemically definable
characteristic?seudomonas sp. are Gram negative bacilli with polar flagétland ubiquitously
in water and land ecosystems between 4°C-42°C ahtirange of 4-8, making many
environments potential reservoirs [118,121]. Theya@mmon opportunistic pathogens of
animals and plants [118,119]. A defining charasteriof some members of the genus, though
not expressed by all members, is the productidluofescent colored compounds, such as
phenazine pigments, toxins that can act as siderepl§122,123]. The metabolic characteristics
of the genu$seudomonas help further define the groupseudomonas are chemoorganotrophic,
nonphotosynthetic bacteria that require only singaldon compounds to survive, with only
three known species of the genus requiring moreptexacarbon compounds to grow [118].
While all genes for tricarboxylic acid cycle (TCAhd oxidative pentose phosphate pathway
(OPPP) enzymes have been found through genomerssgg®f severaPseudomonas species
[124-127], the general experimental finding in ge@us is the unique lack of an active 6-
phosphofructokinase[128-131], causing a loss aflg functional Embden—Meyerhof-Parnas

(EMP) pathway and the reliance on the Entner-DoofflgED) pathway[118].

The Entner-Doudoroff pathway is an enzymatic paththat allows for the cleavage of
6-phospho-gluconate to one pyruvate and one glitsrgde-3-phosphate using the enzymes 6-

phosphogluconate dehydratase and 2keto-3-deoxypbgkonate aldolase [132]. This
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pathway is seen in many bacterial species, anda@aymore primitive form of carbohydrate
catabolism than the EMP pathway [133]. This pathwaly produces one ATP, one NADPH,
and one NADH compared to the EMP pathway's netymiieh of 2 ATP and 2 NADH, but the
ED pathway has been proposed to decrease totalpreged for glycolytic metabolism,
allowing for a total net increase in energy withpect to metabolic need for enzyme production
[134]. Anaerobic metabolism and fermentation patysi@o exist irPseudomonas, which are
often generally mis-described as a genus of oldigatobes. Arginine can be deaminated to
ornithine to directly produce ATP in seveRseudomonas species, with growth only observed
under rich media conditions [135-137]. Pyruvatenentation is known to occur under
anaerobic growth in only two members of the gefsaidomonas extremaustralis and
Pseudomonas aeruginosa, with P. aeruginosa producing lactate, acetate, acetaldehyde, or

ethanol [138,139].

A striking metabolic characteristic of the gefssudomonas is the ability to use
nitrogen compounds as alternative electron accg[i#d—143]. Using the enzymes nitrate
reductase, nitrite reductase, nitric oxide redwgtasd nitrous oxide reductagseudomonas are
able to reduce nitrate to nitrite, nitric oxidetraus oxide, and finally to nitrogen gas [144].
These enzymes receive electrons from the samea@iaddnors to oxygen oxidases, ubiquinols
and the cytochromlec; complex that are employed in aerobic respirafidns allows for the
electron transfer chain of oxidative phosphorylatio continue functioning in anoxia with only
a slight decrease in energy transfer efficiency[145].

Members of Note of thePseudomonas genus
Members of th&seudomonas genus have been studied for various scientific and

industrial propertief?seudomonas putida has been studied in the potential "green” prodoabif
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food flavoring additives, (e.g. cinnamic acid, cis-muconate, p-hydroxy- benzoate), important
aromatic chemical precursors (e.g. p-cuomarate) phiarmaceutical chemical precursors
(e.g.myxochromide) [146—148Pseudomonas putida strain KT2440 is noteworthy, as it is a
well-studied, sequenced organism that is a Gendratognized as Safe certified strain
[146,149].Pseudomonas fluorescensis a well-known rhizosphere bacteria, known for its
commensal nature with plant roots in helping obtaitrients while producing anti-fungal
compounds [150].

ThePseudomonas genus members most similarRoaeruginosa, P. oleovorans andP.
stutzeri are also of scientific and practical interdxtoleovorans, a bacteria that can directly
oxidize petroleum derived hydrocarbons, is undetioaed study for use in the "green”
production of biodegradable thermoplastics[151-1B3§tutzeri has been of interest for its
bioremediation potential because of its abilitgligest aromatic hydrocarbons and its resistance

to various heavy metals [154].

Pseudomonas syringae is a well-known plant pathogen of model and agdtical plants
such as kiwifruit producingctinidia deliciosa and hazelnut producin@orylus avellana; the
bacterium is used as a model system for plant-gatihoteractions [155,156]. The pathogenesis
of P. syringae in plants involves entering a plant at sites @iy or openings such as the
stomata[157,158]. Once inside, the bacterium uségae Il secretion system (T3SS) to directly
inject the plant cell with virulence factors to pogss plant cell recognition as well as developing
a biofilm to sustain infection[157,159].
The Human PathogenPseudomonas aeruginosa

Of thePseudomonads, P. aeruginosa is the most significant for human health. The name

aeruginosa, literally Latin for "copper rust", is a referenttethe similarity of the pigmented
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organism's colonies to that of the color of oxidiz®pper (verdigris) [119].The first recorded
isolation and description &f. aeruginosa was in 1872 [119]. It is an opportunistic pathoged,

in addition to humans, can infect amoebas, furigits, nematodes and other mammals [160—
163]. Opportunistic infections &f. aeruginosa occur as a result of the breakdown or weakening
of anatomical barriers of the host; this makesdideterium a common cause of nosocomial
infection, principally from contaminated medicauggment that bypasses physical barriers:
catheterization-related Urinary Tract Infectionsptilator-associated pneumonia, and a general
infection risk of wounds and burns in a hospitatisg [124,164—-166]P. aeruginosa, in a non-
medical setting, is more commonly seen in "hotftalliculitis”, an infection of hair follicles

seen post exposure to a water source that hasaotgyoperly treated against bacterial growth
[166].

The study of the organism as a causative agdmtirofin disease has led to a close
examination of the many factors responsible fop&togenicityP. aeruginosa use Type IV pili
and fimbriae for motility and attachment to epithketell membranes and other materials [167].
P. aeruginosa cells that have entered the respiratory tract leesn shown to bind to the sialic
acid structures present on epithelial cells andimpioteins [168,169]. Sialic acid structures on
cells are believed to be sources of self-recogmitip the immune system and have been shown
to increase during inflammation [170,171]. In tlemsistently pro-inflammatory state with
thickened and static pools of mucin in the pulmgrsystem of cystic fibrosi€. aeruginosa

quickly establishes residency [172].

After attachingP. aeruginosa begins to secrete various compounds to begin titbgesf
the host environmenk. aeruginosa has a well described Type 1l secretion systen53)3

allowing for direct injection of host cells withrulence factors [114]. Expression of this
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virulence factor alone is associated with a sixtHiakrease in the relative risk of mortalityfn
aeruginosa associated pneumonia [17B].aeruginosa secretes several proteins through a Type
Il Secretion System (T2SS), such as Exotoxin Aip¢ghdria-toxin like toxin that causes ADP-
ribosylation of EF-2 that may help in breakdowrtis§ue barriers during infection [174,175].
Various proteases are also secreted via the TAg®riantly: the elastase LasB, which cleaves
elastin to cause the breakdown of the mechanicakbsthat hold tissues together; the lysine-
specific zinc metallo-endopeptidase LasA that enbamelastase activity and cleaves
Staphylococcus aeures peptidoglycan; and phospholipases to cleave tohegitolipid cell

membrane of the host cells [115,175-179].

With sufficient concentration d?. aeruginosa, formation of the virulence factor with the
greatest scientific and medical interest, biofibagins. Biofilm production by bacteria is widely
reported, and is seen as a protective mechanisraadéria against their environment and
especially against antibacterial agents [164,182}-Hofilm production is a complex and
coordinated communal behavior that relies on gigpaling, known as quorum signaling, to
produce coordinated production of biofilm precurgarducts at the correct bacteria density to
form a mature biofilm [183—185]. IR. aeruginosa production of sufficient quantities of the
guorum signaling molecules belonging to the farofiyN-acyl homoserine lactone, 3-oxo-C12-
HSL and C4-HSL, leads to activation of tasRl and the'hlRI gene regulation systems [184].
This regulation system causes metabolic and celdlianges to shift the bacteria into production
of biofilm components, L-guluronic acid and D-maronic acid, and physiological changes for
biofilm niche living [186]. Important changes tesparation are likely to occur as well, as low
oxygen tension within cystic fibrosis mucus is gt reduced within biofilm [187]. The biofilm

community also fosters the growth of a small popaiteof highly resistant cells known as
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persister cells, capable of replenishing the biofitith bacteria after exposure to an antibiotic
[188,189].

P. aeruginosa expresses a diverse array of antibiotic resisthesale biofilm production.
P. aeruginosa has an inducible protein AmpC, a cephalosporitizgiecan hydrolyze thg-
lactam ring found in the penicillin drug family aftibiotics to cause inactivation [190]. The
bacteria also contains several efflux pump proteiapable of removing the antibacterial drug
families of fluoroquinolones and aminoglycosidesnrthe cell's cytosol [191]. Disturbingly,
strains ofP. aeruginosa have been reported, that are resistant to cqlistiast-resort antibiotic
[192].
Pseudomonas aeruginosa and the Cystic Fibrosis Lung

Many studies oP. aeruginosa as a cystic fibrosis pathogen have focused ortifgliamy
genetic changes during chronic infection and tlegpction of biofilms and virulence factors,
but much less is known about the system-wide métapbenotypes of this and other
pathogenic microbes or their physiological adaptegiduring chronic infections
[112,124,164,193-202]. Omic studies of pathog@nigeruginosa strains have described
changes at the genomic [203-212] transcriptomi6é [208—217] and proteomic [181,213,218]
level that point to numerous changes in adaptatighe cystic fibrosis lung environment.
Evidence in these and other studies indicateghibrganism grows in a microaerobic to
anaerobic environment within the lung; nitratevaikable for respiration and available primary
carbon sources include amino acids, glucose, aid kcid [219,220]. Direct measureskof
aeruginosa cystic fibrosis isolates found that the overprdaurcof the biofilm component
alginate is commonly associated with increased mdityand mortality in the patient

population. This produces a mucoid colony phenotyprilture [176,221-223]. Chronic
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infection isolates oP. aeruginosa also demonstrate decreased production of othexikno
virulence factors [197].

However, these identified changes, have not leddiear understanding of the metabolic
adaptations that the organism undergoes for twiindigeasons. First, chronic infection strains
of P. aeruginosa often lack mismatch repair enzymes, creating thpehyputable phenotype,
allowing for increased niche specialization in pugmonary system [224]. This causes most
chronic infection strain isolaté% aeruginosa to have significant genomic instability,
introducing significant uncertainty in the dire&rgpmic measurements due to the very high
genomic diversity observed [217,224-226]. Secoifterdnt Omic datasets do not correlate well
(Pearson’s correlation coefficient$)(values are generally around 0.4-0.5) within dets or
with comparisons to other Omic measures of the ssam®les, giving uncertainty to the true
meaning of the differences recorded with thesertiegctes [227-229]. To identify which changes
are actually significant for pathogenesis and tasuee and predict functional changes in
metabolism, a toolbox of network based computatiand experimental methods is available.
Metabolic Network Analysis

Metabolic Network Analysis is the application optdogical analysis and computational
theory to biological measurements to better undadsthe interplay between genetics and
biochemistry to produce metabolism [230]. The mdghior describing metabolism
mathematically and modeling it computationally wdexeloped for the purpose of directed
genetic engineering of microbes to produce degrbldmolecules [231,232]. The major
approaches to analyzing and modeling metabolieBwan be divided into enzyme kinetics

based representation of chemical reactions or gist@atie assumption based approaches

19



[233].The work in this thesis focuses on two stesidye based modeling techniques, Metabolic
Flux Analysis and Flux Balance Analysis.
Metabolic Flux Analysis

Metabolic Flux Analysis (MFA) centers on the usasoftopically labeled substrates
(usually™*C) in experiments allowed to reach a stable patiéisotopic distribution (end point
labeling) [234]. The labeling patterns in metab@ifoducts or intermediates are used to deduce
internal metabolic state and pattern of carboneffuthrough the cellular metabolic system: a flux
map[235]. To produce such a map measurements ate ofi@xtracellular input and output
fluxes such as biomass production, gas exchange;abon inputs[235]. Second, metabolite
pools must also accurately represent subcomparaiiwatton of a cell such that measured mass
isomers (isotopomers) accurately represent labatimiifferent parts of the cells [236]. Third,
the major biochemical pathways need to be knowntladtoichiometry and carbon positional
transformations for each reaction are needed fdr ezaction step [237]. Fourth it is assumed
(based on past metabolic studies) that there achaiges in enzyme kinetics due to increases in
mass due to isotopic labeling [234].

With these assumptions in mind, the computatioradeting and fitting of*C labeling
data can be discussed. Metabolism of carbon-cantagcompounds by enzymatic processes
occurs at defined carbon positions within the malkeclue to the biochemical specificity of
enzymatic catalysis; this fundamental propertyrafyenatic reactions allows for characteristic
labeling patterns to develop for the carbon inrtteéecule [238]. To describe the re-shuffling of
label for a reaction, an atom mapping matrix isstarcted for each reaction in the network
[239]. Since each carbon atom in a metabolitetieeeiabeled or unlabeled, there are a total of

2"isotopomers [239]. Using mapping matrices and jsmieer matrix representations matrix
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algebra can be used to predict the labeling paiesteady state in all metabolites by assuming
reaction rates (the values of the metabolic flux23%]. The computed results are then compared
to the measuretfC labeled measurements and the flux values aatiitely changed to optimize
the fit of the modeled to the measured labelingegpas [235]. Computational software such as
13C-Flux is available for this stage of MFA [240].i$lesults in MFA quantifying carbon fluxes
through metabolism.

To date, most MFA studies of microbial systems Hacesed on questions related to
biotechnology and metabolic engineering, microphajsiology, and gene function [241-245].
Several recent studies have analyzed the metah@@i@ctions of pathologically relevant
bacteria within their host environment [246,247¢ anetabolic differences between mutant
strains [248]. A recent study of pathogenesis edlametabolism i. aeruginosa employed
MFA to compare 17 uropathogenic strains [249]. Aendetailed discussion with a
methodologically improved study directed specificak cystic fibrosis isolates can be found in
the next chapter of this dissertation.

Flux Balance Analysis

In addition to the use of MFA to quantify metaboiisConstraints-based Flux Balance
Analysis (FBA) is a biochemically-based matheméatisadeling approach to the steady state
analysis of metabolism that incorporates carbonrexmdcarbon elements in a large-scale mass
balance analysis; energy and redox co-factorslaoebalanced and no labeling experimental
data are needed [250-252]. FBA can extend the migtaTope beyond carbon and beyond
central metabolism to a complete genomic scaleragecof metabolism [251,253]. The
biochemical equations that make up the individtegps of metabolism are converted into a

matrix equation in which the stoichiometry of eaehction (how many of which metabolites are
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consumed and produced) is described in a Stoichranoe S matrix and this acts on a vector
containing the carbon flux values for each reactmyield a vector containing the change of

metabolite concentrations over time (Equation 1).

dx
—=Sv
dt

1)
Where:
%is change of concentration over time

S is the stoichometrixmatrix
v is the flux vector

Equation 1 can be constrained to reduce the pessiathematical solution space using
assumptions, such as the steady state assumptimnnat accumulation of internal metabolite
pools, and through measurements like proteomicamstriptomic data to restrict the reactions
that are potentially active in the model [251]. Admhally, optimization algorithms can be used
to maximize or minimize selected individual fluxascombinations of fluxes (called objective
functions)in order to produce the most likely carlfloix of the metabolic network being tested
[251]. The COBRA (Constraints Based Reconstrucfioalysis) toolbox in MATLAB is an
FBA computational system with access to these fonstas described above were used for FBA
in this research project [254].

FBA investigations of pathogenic organisms havenhesed to search for novel drug
targets and have identified potential metaboligets not affected by current therapeutics, such
as amino acid production or fatty acid metaboli@sb-262]. Recent FBA research®n
aeruginosa includes a genome-based metabolic and transporelhbgdOberhardt and colleagues
[263], and used Flux Balance Analysis (FBA) withrtscript data from two cystic fibrosis

clinical strains isolated 44 months apart to inigedeP. aeruginosa’s metabolic capabilities and
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potential metabolic changes during prolonged imbacf264]. FBA has also been used to
identify potential metabolic drug targets duringfidm growth of P. aeruginosa[265].

The combination of both FBA and MFA allows for istigation of suboptimal growth
and testing of alternative objective functions timaty be optimized besides maximal biomass
production. However, there have been surprisingly $tudies in which these complementary
network flux analysis approaches have been comijit]227,241,266—-271], let alone in direct
application to understand bacterial pathogenidityhe following chapters, the investigation of
Pseudomonas aeruginosa metabolism and its changes due to exposure tgiveh in the

cystic fibrosis lung environment will be described.
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CHAPTER 2 —

Metabolic Flux Analyses ofPseudomonas aeruginosa Cystic Fibrosis Isolates

" This manuscript was submitted to Metabolic EngiimgeJournal in March 2016 (Opperman and Shachl):i
is currently under review.
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ABSTRACT

Pseudomonas aeruginosa is a metabolically versatile wide-ranging opporstici
pathogen. In humarfd aeruginosa causes infections of the skin, urinary tract, blcat the
lungs of Cystic Fibrosis patients. In additiéh aeruginosa’s broad environmental distribution,
relatedness to biotechnologically useful specied,ability to form biofilms have made it the
focus of considerable interest. We us& Metabolic Flux Analysis and Flux Balance Analysis
to understand energy and redox production and copison and to explore the metabolic
phenotypes of one reference strain and five stiaolated from the lungs of Cystic Fibrosis
patients. Our results highlight the importancehaf Oxidative Pentose Phosphate and Entner-
Doudoroff pathways . aeruginosa growth. Among clinical strains, we report two digent
metabolic strategies and identify changes betweeetically related strains that have emerged
during a chronic infection of the same patient. Mie&ealed that the magnitude of fluxes

through the glyoxylate cycle correlates with growates.
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INTRODUCTION

Pseudomonas aeruginosa is a gram negative, environmentally widespread,
opportunistically pathogenic bacterium; it causgsdtions, growth inhibition and death in
organisms as diverse as amoebas, fungi, plantatodes and mammals [1-4]. In humans this
organism causes infections of the skin, urinargttrialood, and lung; it is among the most
frequent and harmful causes of hospital-acquirésttions [5—7]P. aeruginosa, which forms
biofilms in many environmental and pathogenic gitres, is metabolically versatile [8] and
intrinsically resistant to many antibiotics; it @ddops further resistance during chronic infections
resulting in treatment failure [9—11. aeruginosa infections of the lungs of Cystic Fibrosis
(CF) patients are of particular concern.

CF is a genetic disease involving defects in thstiCyibrosis Transmembrane
conductance Regulator (CFTR) protein that affentestimated 70,000 individuals worldwide
[12-17]. Defective membrane transport leads to gatic insufficiency, diabetes mellitus,
bronchiectasis, and chronic bacterial infectiothef pulmonary system in adulthood [18,19].
While new treatments have begun to change how §&tffsub-types are treated (e.g. ivacaftor;
[20]), most adults with CF still face chronic badéinfection, especially bf?. aeruginosa,
leading to the development of highly resistantisgrand to the clinical failure of pulmonary
treatment, chronic inflammation and progressive agero the lung, pulmonary failure, and
eventual lung transplantation or death in mid-dehdd [5,9,11,12,21,22].

While many studies d®. aeruginosa as a pathogen have focused on identifying genetic
changes during chronic infection, and on the prado®f biofilms and virulence factors, much
less is known about the system-wide metabolic ptypes of this and other pathogenic microbes

or their physiological adaptations during chromfections [5,7,23-32]. Omic studies of
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pathogenid. aeruginosa strains have described changes at the genomic I33+dnscriptomic
[41-46], and proteomic [47,43,48] levels. Such ssithave demonstrated numerous changes in
the cellular inventory during evolution in the luagvironment. To identify which of these many
changes are significant for pathogenesis and teuneand predict functional changes in
metabolism, a toolbox of network based computatiand experimental methods is available. In
recent years, these tools have begun to be appliggthogenic microbes, includifiy

aeruginosa.

Constraints-based Flux Balance Analysis (FBA) ukesstructure of the metabolic
network and the stoichiometries of the reactionsloith they are composed to build
computational models of metabolism (see [49-51}doent reviews). Such models are used to
investigate the potential flows of carbon and o#lements as well as cofactor balances and can
extend to genome-wide coverage [50,52]. In additoowlentifying reactions and conditions
essential for growth and improving gene annotati&ls\ and related tools allow the prediction
of maximal growth rates and the exploration of prtsdi metabolic flux distributions under the
assumption of different optimization strategiesbféztive functions”, most commonly maximal
growth efficiency). FBA investigations of pathogewrganisms have been used to search for
novel drug targets and have pointed to potentidhb@dic targets not affected by current
therapeutics, such as amino acid production oy &atid metabolism [53—-60]. Oberhardt and
colleagues have constructed a genome-based monhatabolism and transport ih
aeruginosa [61], and used Flux Balance Analysis (FBA) withnisaript data from two CF
clinical strains to investigate. aeruginosa’'s metabolic capabilities and potential metabolic
changes during prolonged infection [62]. FBA hadleen used to identify potential metabolic

drug targets during biofilm growth & aeruginosa [63]. To map network-wide metabolic
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fluxes without assumptions about the strategiesbgctives being pursued during cellular
metabolism, isotopic labeling experiments are uegdther with metabolic network models
[64].

Metabolic Flux Analysis (MFA) combinedC labeling results with the growth and
uptake measurements used for FBA to yield estinadtearbon fluxes through central
metabolism [65—-68]. Most MFA studies of microbigs®ems to date have focused on questions
related to biotechnology and metabolic engineenmigrobial physiology, and gene function
[69-73]. Several recent studies have analyzed #tabulic interactions of pathologically
relevant bacteria within their host environment, 78} and metabolic differences between
mutant strains [76]. A recent study of pathogenedested metabolism iR. aeruginosa
employed MFA to describe 17 uropathogenic straii?$. [

The combination of FBA and MFA allows the testirfqlternative objective functions,
and can identify the origins of sub-maximal growdtes. However there have been surprisingly
few studies in which these complementary netwark finalysis approaches have been
combined [70,78-85]. Here we performed FBA analisigther with*C MFA of one reference
and five selected CF pathogenic strain®.adieruginosa to understand energy and redox
production and consumption processes and to expletabolic (in)efficiencies and metabolic
phenotypes. Our results highlight the importancthefOxidative Pentose Phosphate Pathway
(OPPP) and Entner-Doudoroff Pathway (EDPPimeruginosa growth and point to a
substantially lower flux around the tricarboxyliciéh pathway than has been previously reported
for the same reference strain under similar cookti The differences were explained by the
smaller experimental dataset previously used. Antbaglinical strains we report two

metabolic strategies and identify changes betweeetically related strains that have emerged
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during the course of a chronic infection of the sgratient. MFA identified fluxes through the
glyoxylate cycle, whose magnitude correlated witbwgh rates across strains, although this
pathway is not predicted by FBA to increase groeffitiency. Finally, we compared the degree
of relatedness of metabolism among strains obtdmeaslo ways: in the first approacfic

labeling data alone was used, and in the seconituttess obtained by MFA were compared.
While both approaches clearly discriminated amdwegstrains, the patterns of relatedness

revealed by labeling data did not correspond tegtapparent from the flux analyses.
MATERIALS AND METHODS

Strain selection and culture

Pseudomonas aeruginosa strains are described in Table 2.1. Strains wieosen that
have sequenced genomes, clinical and epidemioldgigartance, and to include an example of
an ancestral and descendant strains [86]. Strat®s AA43, AA44, and LES 400 were obtained
from the Belgian Co-ordinated Collections of Miamganisms (Ghent, Belgium; LMG
numbers: 27630, 27631, 27632, and 27623 respegtiRseudomonas aeruginosa strain AMT
0023-30 was obtained from Cystic Fibrosis IsolateedSeattle, Washingtorfseudomonas
aeruginosa strain PAO1 was obtained from Dr. M. Mulks at Mgdn State University. M9
defined minimal media with 22 mmol glucose as thle sarbon source was used as the culture
media for all experiments [87]. All cultures wenmeultured from -80°C frozen stock samples
onto M9 media solidified with 1.5% agarose for 2ts at 37°C. Single colonies were
transferred into 30ml of M9 liquid media in 250 Bllco triple baffled shake flasks, incubated
at 37°C and shaken at 120 RPM until stationary @l(&2 to 14 hours) before

spectrophotometric measurement of cell densitypbasrbance at 600nm (@) and inoculation
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of experimental cultures to initial densities dDODs0. For'*C-labeling experiments cells
were cultured using either 99.9% (mol/mol)*fG] glucose or 20% (mol/mol) [B*C] glucose.
Cell and media sample harvest

Cell pellets were collected by centrifugation oftares at mid-log phase (Q8~0.5). 1
ml of culture was centrifuged at 15000 g for 5 nt@su The supernatant was removed and 100
of 6N HCl was added to the pellet, which was st@ed€0°C. Cell pellet sample preparation for
amino acid analysis was based on previously regoniethods [78,88].
Determination of substrate uptake rates and producsecretion

Glucose uptake rates for each strain were detethifoen 1mL culture supernatants
using at least three biological replicate sampde®&ch of three log phase time points taken at
15 minute intervals. After lyophilization, samplesre resuspended in 6Q0Q of 99% D,O, and
then lyophilized and resuspended in §Q0of 99.9% BO. 1H-NMR was performed on an
Agilent DirectDrive2 500MHz instrument using an Agile@neNMR Probe withProtune for
auto-tuning. Spectra were obtained at 500 MHz wiflulse angle of <45acquisition time
0f2.05 s, and recycle delay of 2 s. Glucose comagans relative to the initial 22mM were
determined with reference to 10 mM methylphosphanaidded as internal standard. No secreted
products were detected at significant levels inntieelia after culture growth for any of the
strains. Calculation of glucose uptake rates duexygpnential growth used the following
equation:

. 13 C—-Cy
S Xje Mt —1

Wherey is intrinsic growth rate (F); C is the concentration of glucose (mM) at timx;is the

initial density (g- DWI/L) of cells; t is time (hoyrsand v is uptake flux (mmol/g- DW/hr).

53



Strain Origin Related Isolatep Relevant Charasties References
Australia
PAO1 Wound Isolate N/A Standard Reference Strair] [7,30,32]
(1955)
U.S.A.
AMT 0023 oF _pediatric Clinicd AMT 0023-34 | Persister Cells Present [31,39]
30
Isolate (~1998)
Increased Acute Morbidity
UK Risk
Al T Liverpool Decreased Life Expectangy
LES 400 CF - Aduit Clinical Epidemic Straing with Infection [24,25,27,37,89]
Isolate . .
(2003) (LES) Pyrqcyanln Overprodgcﬂor
Alginate Overproduction
CF Transmissible
Parental strain of AA43,
AA2 AA43, AA44 AALL
Germany 7.5 years total lung
AA43 CF — Adult Clinical AA2, AA44 colonization time
(~1998 & ~2003) risk
Motility defect
AAd4 AAZ, AA43 Protease reduction
LPS and PGN changes

Table 2.1. Pseudomonas aeruginosa strains analyz&dPS, Lipopolysaccharide; PGN, polygalacturan. Niét applicable.
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Determination of CO, efflux rates

Cultures were grown, as described above, to éaglphase that were sealed with gas-
tight caps and incubated for two hours. Due tdhiigl sensitivity and low maximum range of
CO, detection of the LICOR CmeasuremenB. aeruginosa growth was limited to a low
range of optical density for this measurement. dd¢ledensity of the culture was measured and
growth was stopped by adding 1 mL 6N HCI to theuwel which also converted dissolved
bicarbonate to C® Total CQ was measured using a LICOR LI-6400with drydf@e air as
input into the culture flask at a rate of p0B. Readings of total CQwere recorded over 5
minutes (1s time resolution) to allow for removalG®, from the flask. Total C@evolved was
measured in at least three replicate cultures @ levels integrated for total G@fflux. Due
to the very small change in OD during the Gfieasurement period, G@fflux was calculated
from total CQ evolved per change in time per total change invagight in grams.
Analysis of Amino Acid labeling

Cell pellets were suspended in 1 mL of 6N HCI amibated at 100°C for 24 hours, and
dried at 60°C under a stream of. Mmino acids were derivatized using N-Methyl-Nrfte
butyldimethyl-silyl] trifluoroacetimide (MTBSTFA, &MA-ALDRICH) in a 25ul pyrimidine
and 2l 1% MTBSTFA solution incubated at 40°C for 1hosrmeviously described
[78,88,90]. GC-MS analyses of derivatized aminasevere performed on an Agilent
5973GC/quadrupole MS. GC-MS signals were correfdedatural isotope abundance [88].
Amino acid fragments used 1iC MFA were based on reported reliability [90]. Ureded
amino acid samples collected were used to confieratcuracy of natural abundance correction.
GC-MS amino acid data was corrected for naturaheloce isotopic contents with average

values and standard deviation calculated for biokdgeplicates used as model inputs.
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Principal Component Analysis (PCA) and HierarchicalClustering Analysis (HCA)

GC-MS measured mass fragment mass abundanceodatainho acids of strains
harvested after growth in 100%"4 glucose or 20% uniformly labeled (1,2,3,4,56)
glucose was collected. Amino acid fragments thatwmeeasureable in three biological replicates
were then processed in MATLAB (2010a, Mathworksti®daMA, U.S.A.) using the PCA
function to produce a principal component anal§®i3. HCA was performed on this data set as
well as on fluxes determined by MFA that were ndizea to each strain's glucose uptake rate.
HCA was implemented in the programming languageiRgicomplete linkage criteria using
Euclidian distance [92].
13C Metabolic Flux Analysis

A carbon isotopic network d¢. aeruginosa central metabolism was constructed by an
approach similar to that previously usedEoroli [78]. The iM01056 FBA model [61] reaction
network was simplified by only including carbon @i® of reactants and products, by introducing
both net and exchange fluxes for reversible flubgs;ombining linear reaction sequences that
do not alter carbon positions, and by condensiogrs#ary metabolic pathways into a growth
equation that consumes central metabolic internbeslias precursors to produce cellular biomass
as previously defined [61,93]. By preserving theh&ecture of the FBA model, results of FBA
and**C MFA could be directly compared, alC MFA results examined by FBA [78].

Measured rates of glucose uptake ,@@lux, and**C labeling patterns in amino acids
together with growth rates were used to estimdtgnal fluxes of central carbon metabolism by
fitting flux values to the experimental data usthg**C-FLUX software as previously described
[67,68,78]. For most labeling data, variation ambiajogical replicates was very small (see

Supplemental 2.1); since experimental standardatiewis (SDs) are not a reliable estimate of
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true population SDs when 5 or fewer replicatesamiayzed, experimentally observed SD’s with
low SD’s were increased to 2% of mean values foAMtodeling as previously described [78].
This also avoids excessively constraining modalesylts to labeling data at the expense of
direct flux measurements and reduces the potduotiaistortions due to precise but inaccurate
mass isomer quantification [78]. To allow for urteerties inP. aeruginosa biomass
compositions, production rates were constraindzetwithin 50% of thé. coli biomass values
[78].

To minimize the risk that solutions representeraloather than global optimization
minima, multiple randomly generated initial fluxasnstrained by sampling the feasible solution
space were used. First, at least 100 randomly getefeasible starting points that produced
optimized fits by thé*C-FLUX program were found. Next, the 10 startingnpothat yielded the
lowest final residuum values were used in the se@bage to generate 1000 more starting points
by randomly perturbing these starting points tddyl00 new points each. The final, lowest
residuum optimized flux values that resulted inltlest fit to the data were used. Confidence
intervals for flux values were estimated using ankécCarlo approach to randomly generate
values of: biomass, glucose uptake rate; Effux rate, and amino acid labeling data for each
strain [94] based on the experimentally determstaddard deviations. At least 20 such datasets
were then fitted, as described above to yield beBtix maps for each strain. These 20 flux
value sets were then used to calculate 90% cordelemervals for each flux modeled for each
strain.

All MFA computations were performed using the HRg@rformance Computer Center,

Michigan State University, using a parallel 1536ecduster of 192 nodes (two four-core Intel
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Xeon E5620s at 2.4 GHz with 24 GB of RAM and 250 I@&al disk space per node). Global
sum of squared residuals (§5for each strain is listed in Supplemental 2.2.
Flux Balance Analysis

The genome-derived stoichiometRcaeruginosa model iM01056 developed by
Oberhardet al. was used for FBA [61]. The results of PAOlaraespntative of predicted
central metabolism for all the strains studied ls&nee their genomes do not appear to lack any
functional central metabolic fluxes [23,39,41]. Thedel was modified to better account for
lipid production (see Supplemental 2.3) resultim@ itotal of 1013 reactions and 875
metabolites. The COBRA Toolbox 2.0 in MATLAB (Matbvks, Natick MA, U.S.A.)
implementing the Gurobi 6 optimizer was used foARBIng the objective function of maximal
biomass production [52]. FBA simulations used measiglucose uptake rates by strain PAO1.
To determine the range of fluxes that allow 99%8@%¥o of the maximal growth rates, the Flux

Variability Analysis (FVA) function of the COBRA Tatbox was used [95].

RESULTS

The physiology, growth and yield of the refereacd clinical strains were compared
during growth in defined medium to characterize smgnsic or evolved differences among
them. Specific growth rates, final culture deng#ty a measure of carbon conversion efficiency
over the full growth cycle), glucose uptake rates] CQ efflux rates were measured as
described in Materials and Methods and are shovigare 2.1.

The growth rates show a 40% range of values, atiddlucose uptake and G@fflux
rates show a twofold range across strains. Compardtbse reported for uropathogeRic
aeruginosa strains grown in an artificial urine medium [7Afasn LES 400 showed a growth

rate as high as or higher than the highest prekjigaported (0.96 htvs 0.91 ht) and strain

58



AA44 showed a glucose uptake rate as low as orrltiveen the lowest rate reported in
uropathogenic strains (4.92 mmol gD\ vs 5.37 mmol gDW hr?). P. aeruginosa
pathogenic strains display a large range of grquattameters under defined growth conditions
pointing to divergent physiological phenotypes.ddytrast, the maximum optical densities
attained at stationary phase showed no statistisgjhificant differences among strains,
indicating that the growth yields over the cultpeziod are similar.

To explore whether final yields are reflected ubstrate use efficiencies during growth,
Carbon Conversion Efficiency (CCE) was calculatadrdy log phase growth using biomass
production rates compared to: (a) glucose uptatesyrand (b) C®production rates (Figure
2.2). CCE values for both methods are not sigmitigadifferent for any strain, as seen from the
95% confidence intervals and confirmed by a hetsdastic two sided t-test (p>0.05).

These results are consistent with the absencetettd secreted products in culture
media (closed carbon balance). Previous studi€s adruginosa andP. fluorescens also found
no evidence for significant metabolite export dgrgrowth in defined simple media [77,96].
The values of CCE% found for these strains (59%-7&8 higher than the 52% reported Eor
coli growing under the same conditions [97]. In thaedhe CCE is lowered by acetate
secretion, but the range here is lower than theattd 86% folP. fluorescens (as calculated
from reported MFA results [96]).

To assess whether the diverse pathogenic strairesdvolved divergent metabolic
phenotypes-3C labeling data for amino acids from cultures grawsteady state with labeled
glucose, were analyzed by Principal Component AsalfPCA) and Hierarchical Clustering
Analysis (HCA). Both analyses (Figure 2.3) demaatstclear differences between strains, with

70% of the variation of the amino acid label daiatained in the first three principal
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components of the PCA. Sample labeled amino adal uised in Figure 2.3 can be found in
Supplemental 2.1. Both PCA and HCA show two graafpstrains, one containing AMT 0023-
30 and PAO1 and the other consisting of AA43, AAR44, and LES 400.

The*C MFA flux map ofP. aeruginosa reference strain (PA01) is shown in Figure 2.4.
The MFA model, experimental data, and flux tablesgven in Supplemental 2.2. The map
shows that the flux through the Entner-Doudorotihey (EDP) is equivalent to 60% of the
glucose uptake rate. Flux through the decarboxyladtep of the Oxidative Pentose Phosphate
Pathway is equivalent to 85% of the glucose uptBkélished values for aerolic coli grown
under similar conditions show a flux of 25%-27%otigh the OPPP compared to glucose uptake
with glycolysis carrying close to 80% of the glueagtake flux [78,98]. A substantial flux
recycles carbon from the OPPP to hexose-monophtespha that the sum of these fluxes (the
total flux from hexose-6-phophate to 6-phosphoghate) is higher than the glucose uptake rate.
Escherichia coli studies have also reported cyclic OPPP fluxes utese conditions [78,98].
Little or no net flux was estimated to occur framge-phosphate to hexose-6-phosphate via the
reversible steps of glycolysis. Also noteworthyhis low tri-carboxylic acid (TCA) cycle flux
under these aerobic conditions, with significankéls estimated though the glyoxylate cycle and
anapleurosis from phosphoenolpyruvate carboxyl@safidence interval (Cl) calculations of the
MFA model indicate that the fluxes are well estietaby the data, with 90% Cls for net fluxes
limited to +/-10% of flux values in the EDP and @P&nd close to +/-20% of fluxes in the TCA

cycle.
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Figure 2.1. Growth physiology.(A) Specific growth rates (n=5, AA43 n=4); (B) Bircell densities (OD600, n=3); (C) Glucose
uptake rates (AA44 n=7, LES400 n=3, AMT0023-3 netbers n=5), and (D) CCefflux rates (AMT0023-30 n=4, AA2 n=5, others
n=3). Error bars represent 95% confidence intentdsizontal bars in (A), (C), and (D) connect stsathat do not show significant
difference ¢<0.05) under two-sided t-tests, [no significantelifnces among strains in (B)].
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Figure 2.2. Carbon conversion efficiency during grath. Filled bars show values calculated from glucosakgand biomass
production; Empty bars show values calculated f@ efflux and biomass production. Error bars repreS8#6 confidence
intervals. (CCE% Glucose for LES400 n=4; CCE %,@@2 n=5, AMT0023-30 n=4; others n=3)
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Figure 2.3.Discrimination among strains using™°C labeling fingerprinting. (Figure 2.3A - Left)Principal Component Analysis
the isotopomers of proteinogenic amiacids and their fragments. Steady state labalagymeasured in three biological replice
from 100% 133C and 20% §-**C Glucose experiments (see materials and meth8tisjns: AMT002-30 (circles), AA2 (triangles
AA43 (squares), AA44 (diamond4)ES 400 (pentagrams), and PAOL (hexagraiFigure 2.3B Right) Hierarchical Clusterin
Analysis (HCA, see materials and methods) of timesdata used in Figure 2.3
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Flux Balance Analysis d?seudomonas aeruginosa strain PAO1 was performed using a
modified genome-derived model (see methods) togeitik the glucose uptake rate measured
for PAO1. A predicted flux map based on maximumngloefficiency (maximal biomass
production for the glucose uptake rate) as theabibge function is shown in Figure 2.5. A listing
of the predicted net fluxes for optimal growthnsthe supplemental materials (Supplemental
2.3).

The FBA flux map shows several differences fromMFA experimentally based map
for PAO1. Cyclic flux in the oxidative pentose ppbate pathway is not seen in the FBA map;
instead the majority of the carbon flows througé Entner-Doudoroff pathway and the OPPP
decarboxylation flux is predicted to be lower tlemtimated by MFA. FBA predicts a robust tri-
carboxylic acid cycle flux that is not consistenthithe fluxes estimated by MFA. FBA predicts
maximal growth efficiency (CCE) to be 70%, compat@the 60-65% observed. To assess
whether particular fluxes estimated by MFA arelljik® be responsible for the submaximal CCE
observed for PAO1L, flux variability analysis (FVas used to determine the ranges of fluxes
consistent with 99-100% of maximal predicted. Tésuits are shown in Figure 2.5 and Table
2.2 and predict that near-maximal growth coulddstaned with a large range of individual
fluxes. For example the first committed step of @fePP (decarboxylation of6-
phosphogluconate) can have 0-130% of the predagéchal value. The MFA map for PAO1
shows several net fluxes outside the range defydeVA for near-optimal growth: (A) G3P to
PEP flux is estimated by MFA at 20% of glucose ketaith a range of 49%-81%calculated by
FVA;(B) pyruvate to Ac-CoA and C£19% of glucose uptake in MFA vs 51-133% from VFA)

and (C) PEP to pyruvate (6% vs. 49-81%)).
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Figure 2.4.C MFA flux map of strain PAO1.Strain PAO1 was grown in defined minin
media with either 100% 1°C or 20% Ls-**C Glucose (n=3 replicates for each substrat
steady state labeling during exponential gr«. Labeling and external fluxes were measured
modeledas described in materials and methods. Arrow tl@skas are proportional to net flux
Numbers represent net carbon fluxes in units=-mmol flux/(gDW?¢hr); values are give+/-
90% confidence intervals (Cl). The rage of fluxatatyzed by Aldolas and alph-ketogluarate
dehydrogenase show the optimized model resulteghaiith the upper range of the calcula
Cl190% as these fluxes are limited to O (irreveesibNor-standard or potentially ambiguo
abbreviations: 6PGC, phosph+-gluconate; G3P, GlyceraldehydeBesphate; H6P, hexc6-
phosphate; P5P, Pentosé&besphate
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Figure 2.5. Flux map from FBA analysis of strain PA1. Uptake of glucose, production of

CO, and growth rate were used to constrain a stoickinomgenome-derived metabolic model
(see materials and methods) with the objectivetfandeing maximal growth (corresponding to
maximal growth yield on glucose). Numbers are hetds as in Figure 2.4. Ranges are from flux
variability analysis (range of each flux consisterth 99-100% of maximal growth).
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To quantify the metabolic differences among st asolated from the cystic fibrosis lung
environment, Metabolic Flux Analysis was conduatedhe clinical strains (Table 2.1). Flux
values estimated by MFA are listed in Table 2.2 {fux lists can be found in Supplemental 2.2)
and net fluxes are displayed relative to the PAOG4 ¥alues in Figure 2.6A while Figure 2.6B
shows flux values relative to the uptake rate atgbe for each strain. This figure demonstrates
that CQ efflux and phosphoenolpyruvate carboxylase fluggacross all strains are within 30%
of the reference strain flux even though glucodekgprates show a variation of 49-106%. The
estimated EDP and TCA cycle fluxes vary widely asrstrains with 2-fold and 3.5-fold ranges,
respectively. The-ketoglutarate dehydrogenase flux is very low fiemence strain PAO1, and is
highly variable across the other strains (FiguBAZ2. Finally, it was observed that the flux rate
of isocitrate lyase plotted against the measurgthgic growth rate of all strains showed the
greatest linear correlation (0.599)Rf flux to growth rate outside of the biomasstet
synthesis fluxes. This value increased tof ad&ue of 0.982 with the removal of strain AA2’s

MFA derived flux from this data set (Figure 2.7).

Hierarchical Clustering Analysis (HCA) of MFA flwalues normalized to measured
glucose uptake rates (Figure 2.8) separated strgm$vo groups with distinct metabolic
strategies. LES 400, AA44, and PAO1 were in oneg@nd AA2, AA43, and AMT 0023-30
were in the other. The group containing LES 4000PAand AA44 shows little or no
decarboxylation of 2-oxoglutarate-ketoglutarate, in the TCA cycle) and much high&RP
fluxes in comparison to the AA2, AMT0023-30, and #43group. To investigate the differences

that underlie these groupings, the ratios of flukesugh key pathways are shown in Table 2.3.
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Strain PAO1 LES 400 AMT 0023-30 AA2 AA43 AA44

Flux Net Flux |Xch Flux| Net Flux |Xch Flux| Net Flux [Xch Flux] Net Flux [Xch Flux| Net Flux |Xch Flux[Net Flux|Xch Flux
Glucose Uptake 9.45+0.00 N/A [10.05+0.22 N/A [9.25+0.24 N/A [6.96+0.23 N/A [5.79+0.23 N/A [4.80+0.11 N/A
H6P—6PGC 13.71+0.47 N/A |14.4240.52 N/A |12.69+0.42 N/A [6.34+0.28 N/A |5.34+0.43 N/A [.750.20 N/A
6PGG->G3P +PYR | 5.67+0.57 N/A [10.13+0.65 N/A [11.35+0.55 N/A ]5.96+£0.21 N/A |4.97+0.25 N/A [3.26+0.11 N/A
G3P—PEP 3.69+0.31.84+0.0$2.87+0.370.86+0.082.19+0.430.86+0.04 4.36+0.2[0.81+0.083.62+0.220.95+0.042.31+0.070.78+0.04
PER>PYR 1.14+0.310.56+0.080.75+0.290.57+0.08-0.24+0.440.58+0.02 2.19+0.18.53+0.021.64+0.170.44+0.08.97+0.1(.45+0.02
2 G3P->H6F 0.00+0.45 N/A [2.85+0.54 N/A [3.44+0.51 N/A ]0.00+0.00 N/A [0.00+0.00 N/A [0.00+0.04 N/A

6PGG-2 R5P 8.04+0.68 N/A 14.29+0.72 N/A |1.34+0.46 N/A [0.38+0.23 N/A [0.36x0.37 N/A [2.48x0.18 N/A

2 R5P»S7P + G3P | 2.5040.20.51+0.091.20+0.230.47+0.080.31+0.150.29+0.0% -0.01+0.06.35+0.020.02+0.120.28+0.040.72+0.0.20+0.0%
S7P + G3P> R5P + E41{2.50+0.210.95+0.0$1.20+0.230.95+0.000.31+0.150.95+0.00 -0.01+0.08.95+0.000.02+0.120.95+0.0(D.72+0.0(.95+0.00
R5P + E4AP— H6P + G3|2.13+0.210.17+0.070.77+0.220.00+0.010.00+0.140.00+0.04 -0.28+0.00.28:+0.0¢-0.22+0.120.14+0.0§).50+0.0%9.14+0.04
PYR—-CO,+ AcCoA [3.54+0.52 N/A 16.84+0.45 N/A ]8.14+0.3§ N/A ]5.41+0.28 N/A [4.31x0.31] N/A [2.17£0.16 N/A
OAA + AcCoA— CIT [1.9320.37 N/A [3.76x0.28 N/A 16.86x0.56 N/A 14.14+0.30 N/A [3.49+0.3] N/A [1.13#£0.13 N/A
CIT—ICIT 1.93£0.37 N/A |[3.7620.28 N/A ]6.86x0.56 N/A ]4.14+x0.30 N/A |3.49+0.31] N/A |1.13#0.183 N/A
ICIT - aKG + CO,  |1.07+0.250.00+0.11140+0.16/0.21+0.096.20+0.720.00+0.06 3.62+0.30.05+0.093.30+0.380.00+0.1(D.48+0.140.00+0.06
aKG —» SUCC + C(; [0.09+0.27 N/A ]0.19+#0.15 N/A ]5.32+0.71] N/A [2.85+0.41 N/A [2.68+0.37 N/A 10.01+0.12 N/A
SUCC— FUM 0.96+0.380.01+0.002.55+0.230.01+0.005.98+0.55 0.01 | 3.37+0.330.01+0.002.88+0.300.01+0.0(D.66+0.09.01+0.00
FUM — MAL 0.97+0.20/0.95+0.1$1.89+0.110.00+0.1$3.39+0.280.16+0.18 2.03+0.1/.69+0.1$1.72+0.160.67+0.110.60+0.0%.01+0.13
FUM — MAL 0.97+0.200.95+0.151.89+0.110.00+0.1$3.39+0.280.1640.18 2.03+0.1.69+0.1$1.72+0.160.67+0.110.60+0.09.01+0.1p
MAL — OAA 2.81+0.540.95+0.1%$6.13+0.390.95+0.007.43+0.430.95+0.0¢6 4.58+0.21.95+0.063.63+0.310.95+0.081.86+0.1%.95+0.06
ICIT-> GLX + SUCC | 0.86+x0.1 N/A ]2.36+0.20 N/A ]0.66+0.24 N/A ]0.52+0.1§ N/A ]0.20+0.16 N/A 10.65£0.08 N/A
GLX + AcCoA— MAL |0.86x0.1 N/A [2.36x0.20 N/A [0.65+0.25 N/A ]0.52+0.19 N/A ]0.20£0.177 N/A [0.65+0.09 N/A
MAL — PYR + CQ [0.00+0.000.00+0.10.00+0.000.76+0.080.00+0.000.92+00€ 0.00+0.010.79+0.040.00+0.000.82+0.08.00+0.0(D.40+0.0¢
PEP + CQ— OAA ]1.81+0.190.00+0.0%1.25+0.160.00+0.021.82+0.280.00+0.04 1.62+0.1p.17+0.0 71.5010.lGO.OOiO.OﬂD.8910.04]).0010.04

2 GLX — PEF 0.00+0.000.00+0.030.00+0.000.00+0.020.00+0.050.00+0.01 0.00+0.0§€.00+0.0 0.00i0.0JJ0.00i0.0dD.OOi0.0 0.00+0.01
CO, Efflux 13.62+0.9p N/A 14.1320.7y N/A [21.67x1.76 N/A [13.29+0.61 N/A 11.5810.7$ N/A  [7.82+0.55 N/A
Final Residuum 182.27 142.11 99.88 73.72 72.75 386.4

Table 2.2. Net and exchange (Xch) fluxes determindzy “°C MFA with 90% confidence intervals. (See materials and methods)
Residuum is the minimal sum-of-squares optimizddeséound using>C-Flux. Abbreviations as for Figure 2.4.
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Figure 2.6.°C MFA flux maps of P. aeruginosa cystic fibrosis clinical isolates(A) Net

fluxes relative to those of the reference strafQP. (B) MFA determined fluxes (moles of C) in
experimental strains relative to the carbon mdlar 6f glucose uptake. Each flux is expressed
with its +/- 90% confidence intervals. Several arsavere removed in comparison to Figure 2.3
due to either low flux in the reference strain (EB'A) or zero fluxes seen in reaction for all
strains. From top to bottom: AA2, AA44, AA43, LESHAMTO0023-30, and PAO1 (B only).
Arrow weights of figure do not quantitatively caspond to flux sizes. The reactions catalyzed
by Aldolase and alpha-ketogluarate dehydrogenassen($2A01) show the optimized model
results paired with the upper range of the caledl&l 90% as modeled confidence interval

results are limited to a flux of zero and notatimed for other reactions would imply a reversible
flux.
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Figure 2.7 Comparison of select metabolic fluxes termined by *C MFA with growth

rates of P. aeruginosa strains. MFA derived fluxes are plotted against measureghisic

growth rate with coefficient of determination afidiar regression of fluxes for glyceraldehyde
phosphate dehydrogenase (diamond), isocitrate (filled squares; the value for strain AA2 is
represented with and empty square), and aspaytatieesis flux (filled circles). The Rvalue for

isocitrate lyase with the inclusion of strain AA20.599. Net flux values are as in Table 2.2.
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Figure 2.8. Discrimination of metabolic phenotypesmongP. aeruginosa strains.
Hierarchical Clustering Analysis using MFA derivitak values was employed to identify two
main groupings as discussed in the text.
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Growth
Rate (1)

GLX/TCA

ED/TCA

OPPP/ED

OPPP/TCA

NAD(P)H

ATP

FADH2

Respiratory
ATP
Synthesis

PAO1 FBA

0.85

0.00

1.87

0.07

0.14

38.71

-2.8

P

3.42

90.11

LES 400

0.96+0.11

0.63+0.11

2.69+0.10

0.20+0.20Q

0.53+0.21

39.35+2.5

49.12+0.671

2.55%0.23

93.09+0.97

PAO1

0.78+0.09

0.45+0.27

2.93+0.27

0.74+0.13

2.16+0.21

38.86+2.4

88.21+0.58

0.96+0.38

90.36+1.34

AA44

0.73+0.034 0.57+0.17

2.89+0.17

0.37+0.09

1.06+0.14

17.69+0.9

83.81+0.33

0.66+0.09

41.40+0.64

AA2

0.89+0.08

0.13+0.36

1.44+0.08

0.00+9.79

0.00+9.79

29.10+1.9

91.91+0.83

3.37+0.32

75.88+1.19

AMT 0023-3C

0.71+0.07

0.10+0.38

1.65+0.0¢9

0.05+0.5(Q

0.07+0.51

44.41+3.4

14.17+1.39

5.98+0.55

115.82+1.7

NJ

AA43

0.67+0.03] 0.06+0.82

1.42+0.1C

0.01+5.81

0.01+5.81

24.71+2.3

81.47+0.83

2.88+0.30

64.62+1.29

P. fluorescens
SBW25

0.04

0

0.59+0.0

0.35+40.6

10.21+40.61 15.03+1.56

0.20+2.04

3.06+100.0

D 42.36+102

P. fluorescens
mucA- 4algC

0.04

0.11+0.0

0.44+0.G

Q.34+0.00

0.59+0.00

9.19+1.86

2.45%3.§

$0.47+100.2

D 27.63+212

|E. coli aerobitf 0.58+0.01

0.14+0.79

5.14+4.0%

0.33+0.03

1.68+0.29

31.89+2.3

40.77+1.93

3 0.27+0.33

90.90+3.9§

Table 2.3. Flux ratios and cofactor production rats for P. aeruginosa strains. The ratios of fluxes at major central metabolic
branch points, as discussed in the text, sepdratsttains into the two groupings shown in FiguB Estimated cofactor production
rates are from MFA determined flux maps normalittethe glucose uptake rate for each strain. ATBstsate level phosphorylation;
NADP(H) total cellular NADH + NADPH production. $tins LES 400, PAO1, and AA44 show higher flux ratowt lower relative
ATP generation rates than strains AA2, AMT 0023-&fJ AA43. Flux ratios calculated using: GLX/TCA =
Vcrr s eix+suceyV (oaatac-coaycrm); EDITCA = Viepg, cap+pYr{V (0aatac-coay cim); ED/IOPPP = Vbpg, gap+pYR{V (Psp+psg s7p+G3P),
OPPP/TCA = \psp+psg s7p+car} V(oaarac-coay cm)- These results show the differences in energyotiem with strain AMT0023-30
being the highest in energy produced per glucosgke@mnd ATP production per unit of growth. NADP&hsumption related to
biosynthesis estimated from FBA values were remdred the total NAD(P)H pool before ATP equivaleadculation.
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These ratios were based on major branch pointsasibetween the TCA and Glyoxylate
cycles and EDP:OPPP as well as on alternate soofoesfactors. Total NAD(P)H and ATP
production rates are also shown. This analysistpamthe ratios GLX/TCA, ED/TCA,
OPPP/ED and OPPP/TCA being markedly different bebtatae two flux phenotypes
discriminated by HCA (Figure 2.8). A calculationftfx ratios derived from FBA using a
maximized biomass production objective functiomduded, showing that with the exception
of the GLX/TCA flux, maximal growth fluxes fall wiin the variation across strains while none
of the strains shows flux partitioning predictedrbgximal growth. Flux ratios derived from
MFA aerobicE. coli measures [78] also are included, with EMPP usegiddice of EDP, for
comparison to another gram-negative bacteria gnaweer similar conditions. While the coli
is closer in its flux ratios to strains LES 400,03Aand AA44, Table 2.3 clearly demonstrates
very different energy utilization strategies fougbse consumption, with a net negative total
direct ATP production irf?. aeruginosa compared to a positive ATP productionEncoli. P.
aeruginosa growth is also significantly higher th&h coli under similar conditions. A related
speciesP. fluorescens, MFA[96] under similar conditions is also includedthis table,
demonstrating metabolic differences between alginah-producing wild-type (SBW25) and an
alginate operon induced but non-alginate produpintant (mucA-4algC; [99]).

DISCUSSION

Many studies oPseudomonas aeruginosa have focused on identifying genetic changes
[33,37,39], production of biofilm [30,100-102], vetion in biofilm components [28,31,103],
biofilm dispersal [32,104], virulence factor prodioo [23,24,27,29,41], understanding antibiotic
resistance [22], and identifying pathogenic andnpltygpic differences between environmental

isolates and pathogenic isolates [105,106]. Quangfmetabolic fluxes across strains can show
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whether the genetic and physiological differenaasaspond to metabolic flux patterns. This
study provides the first direct evidence of didtimetabolic phenotypes among clinical isolates
from cystic fibrosis infections bl. aeruginosa.

An earlier MFA study of uropathogerft aeruginosa strains reported a significantly
different map of central metabolic fluxes for th&(R reference strain to the one we observed
(Table 2.2). These include a much smaller carbantfirough the OPPP (1.07 mmol gD\
vs our finding of 8.03 mmol gDWAhrY), a larger portion of carbon passing through tBE
(8.24 mmol gDWhr? vs 5.67 mmol gDWhr™), a substantial TCA cyclic flux (6.42 mmol
gDW hr' vs1.93 mmol gDWhr?), and import of carbon into the TCA cycle from pyate and
its metabolites with an output flux from the TCActy from oxaloacetate to
phosphoenolpyruvate [77]. If this divergence wate tb the effects of the media (moderately
higher salt content in the earlier study), it wolighlight metabolic plasticity i®. aeruginosa.
The alternative is that experimental/analyticatetiénces account for the flux map discrepancies.
Since Berger et al., in keeping with common pragticsed a single labeling scheme (100%CL-
glucose), we repeated our MFA analysis using dmy100% 1**C glucose labeled amino acid
data obtained in this study. This yielded fluxessek to that reported by Berger et al., with a
decreased OPPP decarboxylation flux, and increfisess in the TCA cycle and EDP (see
supplemental 2.4). We also tested the effect obréng the measurements of g€fflux rate
(which limited this study's MFA Cgefflux rate to be between 23-39% of glucose uptakes
and which is not measured in most MFA studies)sHuiditional reduction in constraining data
resulted in estimated fluxes that are very sintdathe one reported by Berger et al. (see
supplemental 2.4). Crown et al. [98] recently répadithat multiple glucose labeling experiments

yield better resolution and confidence'& MFA of E. coli than one labeled isotopomer or one
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combination of isotopomers. This is consistent \pitvious label design studies (reviewed in
[107]), and our observations here and previous®yd7,108,109], which also support the value
of gas exchange measurement§’GMFA.

Due to the generally low throughput of MFA, théeere been efforts both to speed up
flux analyses [72,110], to u$&C labeling patterns in metabolite profile datasethout flux
mapping to identify pathway activities [111] andctmrelate differences in steady state labeling
of biomass (protein amino acids) with alteratiamparticular fluxes among knockout mutants or
different substrate use [112]. Here, we examinedtidr relatedness of strains in their overall
labeling patterns was linked to relatedness in fhaps, which would be particularly valuable in
flux phenotype screening of multiple strains. Gesults show that while strains can be reliably
separated using amino acid labeling patterns, ahé&® and degree of metabolic differences
cannot be straightforwardly inferred.

Previous sequencing work creates the potentiat$ess genotype-phenotype
relationships. Strain LES 400 was genomically cammpao strain PAOL, identifying multiple
potentially significant genetic differences betwdleese strains [37]. Under these conditions, the
genomic differences did not cause large changdwiflux patterns. Previous study of the
closely related strains AA2, AA43, and AA44, idéetdl AA44 as being different in its non-
mucoid character [23]. Here we observed substditiabpattern differences between AA2 and
AA43 on the one hand and AA44 on the other undaditmns where no significant
exopolysaccharide production was detected. Str&dif@023-30, which was characterized as
having persister cells [31] segregated with thegeai strains. Persister cells are often
associated with biofilm formation [113] so the fld&ferences observed here may be

functionally related to differences between straiva for biofilms versus non-biofilm formers.
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A MFA study of a wild-type strain d®. fluorescens and a mutant that has induced alginate
production signaling with corresponding deletioraafecessary enzyme for alginate production
strain reported flux map differences that resenttdedifferences seen in this study between the
two phenotypic groups: high TCA, low OPPP flux mepand low TCA and high OPPP flux in
the other [96]. An FBA study dfleisseria meningitidis, another species lacking a complete
EMPP, also predicted that these two extremes in &GAOPPP flux can exist [114]. We note
that the flux phenotypes of strains AA43 and AA#dw divergent metabolic adaptations
compared to their shared ancestor: strain AA2. Tiffisrent basal metabolic strategies can be
observed in related strains after prolonged suhwivthe cystic fibrosis lung [29].

Several studies have investigated the importanderdgerplay between metabolism and
pathogenicity. The Entner-Doudoroff Pathway (ED#a well conserved pathway in the
Pseudomonas genus[115,116], whose members lack a complete EMiRiPhas been shown to
be preferentially utilized by glucose consuming imabacteria and to correlate with oxidative
stress tolerance [117]. The EDP was postulatecve Belective advantages based on the
observation of lowered fitness when Fructose-bisphate aldolase was introduced in a related
speciesPseudomonas putida [118]. The EDP has also been argued to have adyestiue to
lower protein expression requirements and increARddPH production in comparison to the
EMPP [118,119]. A previous transcriptomics studyseguential CF isolates Bf aeruginosa
from three separate patients demonstrated no charey@ression levels of EDP enzymes,
which contrasts with the variability in the carbitux among the strains investigated here [43].
This study also demonstrates through MFA findirgg efficient growth relies on utilization of

EDP over the OPPP. Glyceraldehyde 3 phosphatengyfiiom the EDP has also been discussed
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in the literature oPseudomonas, with evidence of this occurring in mutants [1&5 alginate
label studies ifPseudomonas mendocina [120].

Decreases in TCA utilization in pathogenic orgarsdras also been shown to correspond
to changes in virulence. These metabolic changeassociated with increases in survivability
and growth within the oxidative environment of aated macrophages #almonella
typhimurium[121,122], attenuation of virulence 8almonella enterica andYersinia
pseudotuberculosis[76,123], and decrease in type Il secretion syst&pression irY.
pseudotuberculosis andP. aeruginosa [76,124,125]. Finally, the glyoxylate shunt hasrbee
implicated in pathogenesis of organisms in humaeatie [126]. In addition to upregulation of
isocitrate lyase in CF infections [45], direct eamte of the importance of the glyoxylate shunt in
P. aeruginosa pathogenicity was shown in a mutant screen, wher&nockout of isocitrate
lyase prevented infection of alfalfa seedlings anldstantially reduced lung infection [127].

Here we observed small-to-moderate fluxes throbghshunt in all strains, and a significant
correlation between this flux and intrinsic grow#te across strains. This pathway activity under
conditions when neither fatty acids nor acetatesvpeovided, points to a possible anapleurotic
role.

Oxidative stress during chronic infection may explsome of the flux patterns observed.
Oxidative bursts are seen in many different orgasigesponse to bacterial infection [128-131],
and high oxidative stress in cystic fibrosis pasdmas been well documented [132,133]. A
correlation has been established between oxidatress and strain diversity h aeruginosa
[134]. Glucose catabolism via the EDP and OPPPwaath produces NADPH, which is needed
in antioxidant production/regeneration. The rafi@®PP to EDP fluxes would regulate the

NADPH production rate, since the first produces,tamd the second one NADPH per glucose
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equivalent. Immune cell oxidative attack has bédews to result in inhibition of glycolytic
metabolism beyond glyceraldehyde 3 phosphate [J#8haps favoring utilization of the EDP to
bypass the lower steps of glycolysis. The geneymiog) glucose-6-phosphate dehydrogenase,
2wf, normally under repression when non-glucose cagooinces are available, becomes
dysregulated in some cystic fibrosis isolates [138]. It will be necessary to extend the present
approach to characterizing clinical strains to deiee whether the flux phenotypes and their
correlates observed here also hold under conditimre closely resembling those in the CF
lung.
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APPENDIX A - Electronic Supplemental Descriptions
Descriptions of the supplemental material uploaaiedn electronic supplement of this

dissertation.

Supplemental 2.1C labeling data of amino acids used in Principah@onent Analysis and

Metabolic Flux Analysis models of this study.

Supplemental 2.2: Complete list of reactions in &belic Flux Analysis model with complete

flux table results and list of biomass values eeehch strain.

Supplemental 2.3: Complete flux results for FluxaBae Analysis of biomass optimized growth
of strain PAOland Flux Variability Analysis results 99% and 90% maximally optimized
biomass flux rate. Alterations to the biomass eiguaand additional reactions added to

Oberharde&t al. FBA model are also described.

Supplemental 2.4: Metabolic Flux Analysis flux riesdior strain PA0O1 model with removal of

20% 1,2,3,4,5,63C Glucose AA label data and G@fflux data.

Supplemental 2.5: The version of the formatted Balance Analysis model used in this study

(.xIs format).
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APPENDIX B - Additional Figure
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ABSTRACT

Pseudomonas aeruginosa is an opportunistic pathogen that infects a watege of
species and of significant importance to humantheKhown for causing nosocomial infections
of burns and of the urinary tract, as well as thetated to ventilator-associated pneumoRia,
aeruginosa is a major factor in the morbidity and mortalitiyaystic fibrosis (CF) patients. With
intrinsic abilities to resist antibacterial ageatsl quick adaptation against new antibioties,
aeruginosa is an important organism to study in order to dgvéreatments that are more
effective. ManyP. aeruginosa isolates have been investigated using many drffedenic and
direct virulence factor measures in an attempescdbe shared virulence and metabolic
changes during chronic infection of the CF lungthiis study, we usetfC Metabolic Flux
Analysis and Flux Balance Analysis on one referestcan and six strain isolates from the lungs
of CF patients to quantify their metabolic phenetypThe strains were grown under aerobic and
anoxic conditions in a media formulated to mimie @F lung. Our results highlight the
importance of putrescine (a polyamine) metabolischthe use of the glyoxylate cyclef
aeruginosa during growth in the CF lung while demonstratiog lutilization of the Entner-
Doudoroff and Oxidative Pentose Phosphate Pathwélgsalso report four metabolic
phenotypes under growth in aerobic and anoxic ¢immdi and the divergence of metabolism of

genetically related isolates that have emergedduwironic CF infection.
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INTRODUCTION

Cystic fibrosis of the pancreas (CF), also knowmacoviscidosis or more commonly
simply as cystic fibrosis, is an autosomal recesdigease caused by genetic defects in the
Cystic Fibrosis Transmembrane conductance Regul@terR) [1-5]. The CFTR, expressed in
many epithelial tissues of the body, is especiatiyortant for the correct secretion of chloride
and bicarbonate ions in the pancreas, lungs, aodethwm [6—14]. Defective CFTR expression
leads to thickened mucus secretions in the bodifopatients, causing symptoms including:
pancreatic duct obstruction; pancreatitis and 8lsrof the pancreas; meconium ileus;
gastroesophageal reflux disease and peptic ulmedsBronchiectasis, which poses the greatest

risk of morbidity and mortality in CF [6-9,15-24].

Bronchiectasis, an obstructive lung disease,usea by widening of the lower
bronchioles due to chronic inflammation causeddpeated cycles of infection and immune
clearance, damaging lung parenchyma [25-27]. Ins€&reted mucus has abnormally low
viscosity, causing pooling of mucus that allowsvgtoof inhaled bacteria in the lung [28-30].
Final stage treatment for decreased lung functawsed by bronchiectasis is lung
transplantation, though the lack of sufficient argéor transplant makes this option unavailable
to most [31,32]. Common infectious species sedDRnnclude Gram positive bacteria (such as
Staphylococcus aureus, Streptoccocus sp.), Gram negative bacteriBséudomonas aeruginosa,
Haemophilus influenzae) and non-bacterial speciesspergillus sp.) [33]. Of greatest concern

related to the possible lung pathogens in GF: eeruginosa.

Pseudomonas aeruginosa is a gram negative opportunistic pathogen withdewange of
suitable environments and hosts [34—39]. Curreswadence rates &f. aeruginosa infection

among CF patients have been reported to be asakigh% of all CF patients 26 years and older
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[40,41]. Due to its potential ubiquity in suitalleman habitats, the high rate of infection of CF
patients is currently thought to be due to randomirenmental exposure and, rarely, clinical
exposure [42]. Additionallyp. aeruginosa is resistant to many current therapies, due tmésy
intrinsic defenses against current antibacteralg. piofilm, cephalosporinase, and efflux pump
expression), as well as its rapid adaption dubgéaccbmmonly seen hypermutable phenotype
(caused by acquired defects in mismatch repairraagy[43—47]. These intrinsic defenses and
rapid adaptations against antibacterial treatnaatg with the pathogen’s environmental
ubiquity, lead to repeated infection cycles andicél failure of treatment, thus makiRy

aeruginosa of major clinical interest in the treatment of CF.

Many studies oP. aeruginosa CF isolates have been focused on identifying tamges
in the organism during chronic infection. Studiasdused various Omic tools [48-64],
measurements of known virulence factor expressind,measures of physiological changes
[42,65—-76] to establish a wide range of known aakams. Evidence in these and other studies
generally demonstrate an organism growing in agaerobic to anaerobic environment within
the lung (with nitrate available for respiratiowjith its primary carbon sources being amino
acids, glucose, and lactic acid present in the mgum [77,78]. Additionally, studies Bf
aeruginosa indicated that overproduction of the biofilm compat alginate is associated with
increased morbidity and mortality in the CF patipopulation [79-82]. Chronic infection
isolates ofP. aeruginosa also demonstrate decreased production of othexkmirulence

factors [71].

However, these identified changes have not leddiear understanding of the metabolic
adaptations that the organism undergoes for twindtgeasons. First, chronic infection strains

of P. aeruginosa are often of the hypermutable phenotype, causigfsiant genomic
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instability and diversity, introducing significanhcertainty in direct genomic measurements
[62,43,83,84]. Second, different Omic datasetsatccorrelate well within data sets or in
comparisons to other Omic measures of the samelegmendering uncertain the true meaning
of the differences recorded with these technig88s§7]. To identify which metabolic changes
are actually significant for pathogenesis and tasnee and predict functional changes in
metabolism, a toolbox of network based computatiand experimental methods is available.
The work in this paper focuses on two steady-dtaged metabolic modeling techniques,

Metabolic Flux Analysis and Flux Balance Analysis.

Metabolic Flux Analysis (MFA) centers on the u$eésotopically labeled substrates
(usually®*C) in experiments allowed to reach a stable patiéisotopic distribution (end point
labeling) [88]. The labeling patterns in metabgroducts or intermediates are used to deduce
internal metabolic state and a pattern of carbexef through the cellular metabolic system: a
flux map [89]. To produce such a map, a standatdfireactions with carbon positional
transformations in the organism and stoichiometmest be known, and measurements must be
taken of extracellular input and output fluxes sastbiomass production, gas exchange, and
carbon inputs [89-91]. Metabolism of carbon-contagrcompounds by enzymatic processes
occurs at defined carbon positions within the malkeclue to the biochemical specificity of
enzymatic catalysis; this fundamental propertyrafyenatic reactions allows for characteristic
labeling patterns to develop for the carbon inrttedecule [92]. To describe the re-shuffling of
the label for a reaction, an atom mapping matrisoisstructed for each reaction in the network
[93]. With mapping matrices and isotopomer mategresentations, matrix algebra can be used
to predict the labeling pattern at steady statdlimetabolites by assuming reaction rates (the

values of the metabolic fluxes) [89]. The computeslits are then compared to the measured
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13C labeled measurements and the assumed flux vatedteratively changed to optimize the fit
of the model to the measured labeling patterns [B®ik results in MFA quantifying carbon

fluxes through metabolism.

The second modeling technique used, ConstrairgsebBlux Balance Analysis (FBA), is
a biochemically-based mathematical modeling appré@at¢he steady state analysis of
metabolism that incorporates carbon and non-cagelements in a large-scale mass balance
analysis; energy and redox co-factors are alssmbathand no labeling experimental data are
needed[94-96]. FBA can extend the metabolic sceyerd carbon and beyond central
metabolism for complete genomic scale coverageatbolism [95,97]. The biochemical
equations that make up the individual steps of bwism are converted into a matrix equation
in which the stoichiometry of each reaction is gmat using software packages such as The
COBRA (Constraints Based Reconstruction Analysis)dox in MATLAB [98] in order to
optimize the model reactions. Additionally, optirinn algorithms can be used to maximize or
minimize selected individual fluxes or combinatiaidluxes (called objective functions) in

order to produce the most likely carbon flux of thetabolic network being tested [95].

To date, most MFA studies of microbial systemsenameused on questions related to
biotechnology and metabolic engineering, micropla}siology, and gene function [99-103].
Several recent studies have analyzed the metah@@i@ctions of pathologically relevant
bacteria within their host environment [104,105]tlte metabolic differences between mutant
strains [106]. A recent study of pathogenesis-eelahetabolism . aeruginosa employed
MFA to compare 17 uropathogenic strains [107]. AByestigations of pathogenic organisms
have been used to search for novel drug targetbavelidentified potential metabolic targets

not affected by current therapeutics, such as a@a production or fatty acid metabolism
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[108-115]. Recent FBA research Bnaeruginosa includes a genome-based metabolic and
transport model by Oberhardt and colleagues [1d&],uses FBA with transcript data from two
CF clinical strains isolated 44 months apart ireoitd investigat®. aeruginosa’'s metabolic
capabilities and potential metabolic changes dupiredpnged infection [117]. FBA has also
been used to identify potential metabolic drugessgluring biofilm growth oP. aeruginosa

[118].

The combination of both FBA and MFA allows for @stigation of suboptimal growth
and testing of alternative objective functions timaty be optimized besides maximal biomass
production. However, there have been surprisingly $tudies in which these complementary
network flux analysis approaches have been comiife?]85,99,120-125], let alone in direct
application to understand bacterial pathogenitigre, we performed FBA artdC MFA of
reference strain PAO1 and 6 selected CF pathogsolates to quantify redox production and
consumption, metabolic inefficiencies, and the ibelia phenotypes in media that mimics the
CF lung. In this study, we highlight the importaredeamino acid catabolism by putrescine
(polyamine) metabolism, with significant carbonxis not described in the scientific literature
of any MFA study. We also demonstrate the diffeesna utilization of the glyoxylate cycle
under aerobic and anoxic growth. Among the clingtedins we report four general metabolic
phenotypes, two in aerobic growth and two in angxawth, which appear during chronic
infection of the CF lung. We also demonstrate djeace in metabolic phenotype during chronic
infection of two genetically related strains. Flgalve report strain similarities and differences
using®C labeling data of proteogenic amino acids and wfttained*C MFA results. While

discrimination of strains was obtained in both @aghes in aerobic growth results, failure of
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discrimination during anoxic growth usif labeling data alone was inconsistent With

MFA results.

METHODS AND MATERIAL

Bacterial strains and culture

Pseudomonas aeruginosa strains are described in Table 3.1. Strains AAR43, AA44,
and LES 400 were obtained from the Belgian Co-@igid Collections of Micro-organisms
(Ghent, Belgium; LMG numbers:27630, 27631, 27632, 27623 respectivelylPseudomonas
aeruginosa strain AMT 0023-30 and AMT 0023-34 was obtaineshirCystic Fibrosis Isolate
Core (Seattle, WashingtorBseudomonas aeruginosa strain PAO1 was obtained from Dr. M.
Mulks at Michigan State University. Synthetic Cgdtibrosis sputum Media (SCFM), a defined
minimal media designed to simulate both the cadmnces used k. aeruginosa and the
environment of the cystic fibrosis lung, was onéhaf culture medias used in this experiment

[77].
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Strain Origin Related Isolates Relevant Characteriscs References
PAOL Australia
Wound Isolate N/A Commonly Used Reference Strgin. [65,73,74]
(1955)
USA CF - Pedhtric
AMT33023' Clinical Isolate AMT 0023-34 Persister Cells Present
(~1998) [54,72]
USA CF -Pediatrig
AMT 0023- Clinical Isolate AMT 0023-30 Persister Cells Present
34
(~2006)
Increased Acute Morbidity Risk
U.K. Decreased Life Expectancy with
CF - Adult Cinical| Liverpool Epidemic Infection
LES 400 Isolate Strains (LES) Pyrocyanin Overproduction [53,67-69,126]
(2003) Alginate Overproduction
CF Transmissible
AA2 AA43, AA44 Parental strain of AA43, AA44|
German CF — 7.5 years total lung colonization
AA43 Adult Clinical AAZ, AAd4 time 52 70.71
Sequential Isolates Increased Acute Morbidity risk [52,70,71]
(~1998 & ~2003) Motility defect
AA44 AA2, AA43 Protease reduction
LPS and PGN changes

Table 3.1. List ofPseudomonas aeruginosa strains used in this experimentLPS — Lipopolysaccharide; PGN — polygalacturan
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For the purpose dfC MFA labeling experiments, a reduced carbon source nhecied
on SCFM was prepared (Simplified-SCFM), with thidiwing changes to the carbon sources:
L-glutamate 9.2 mM, L-alanine 11 mM, L-ornithin4nM, L-arginine 1.8 mM, and L-
aspartate 4.9 mM and retaining all other descrdmdponents (e.g. salts) [77]. These
concentrations and substrates were determinedeoyéjor carbon compounds utilized by all
experimental strains ¢. aeruginosa during logarithmic growth of experimental culturdse
availability and relatively low cost dfC used in this study, and the need to maintain the
osmolaric concentration of SCFM. All cultures were-cultured from -80°C frozen stock
samples onto the media of subsequent experimauitatiog (SCFM or Simplified-SCFM) that
was solidified with 1.5% agarose. Cultures werengréor 24 hours at 37° C to produce isolated
colonies. For aerobic cultures, single coloniesenmnsferred into 30 mL of SCFM or
simplified-SCFM liquid media in 250 mL Bellco tripbaffled shake flasks, incubated at 37°C
and shaken at 120 RPM until stationary phase (12 toours) before spectrophotometric
measurement of cell density as absorbance at 6Q0Rgy) and inoculation of experimental
cultures to initial densities of 0.01 @fg. For all anoxic cultures, glass pressure tubeg wsed
and media concentrations of KN@ere increased to 50mM. All pressure tubes werggaliof
oxygen content through degassing by bubbling théiansith pure N gas for 15 minutes
uncovered and then for 5 additional minutes covésedubber stopper. All tubes were then fully
closed by rubber stoppers, sealed in place by almmetp, and autoclaved. All culturing
techniques involving puncturing the rubber stoppere executed by purging hypodermic
needles with dgas before the removal or addition of liquid crétmedia. For anoxic culture
inoculation, single colonies were transferred dhtside of pressure tubes filled with 10 mL of

SCFM or simplified-SCFM liquid media in 20 mL press tubes, vigorously shaken for 10
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minutes, and then incubated at 37° C until statypphase (24 to 48 hours) before
spectrophotometric measurement of cell densitypasrdance at 600nm (Q§9). Inoculation of
experimental cultures occurred at initial densitie8.01 ORQo For'®C labeling experiments,
cells were cultured using either 75% (mol/mol){8] L-alanine or 99% (mol/mol) [U3C] L-
glutamate.

Cell and media sample harvest

Cell pellets were collected by centrifugation aftares at mid-log phase (Qg~0.5 for
aerobic, Oyp=0.2 for anoxic). 1 mL of culture was centrifugedl&000 g for 5 minutes. The
supernatant was removed and 100of 6N HCI was added to the pellet which was saae-
20° C. Cell pellet sample preparation for aminalasialysis was based on previously reported
methods [125,127].

Determination of substrate uptake rates and producsecretion

Amino acid uptake rates were determined usingeat ree biological replicate samples
collected during log phase time points. Samplesi#ered using Millipore 2@m pore size
filters with filtered media collected and placed20° C for storage. Samples were quantified
using a Waters Quattro micro APl LC/MS/MS as ddsamtiby Gu et al., 2012 [128]. Sample
preparation used 1040 of samples diluted in 90@L of milipore filtered HO with 100uM of
phenylalanine-d8 as internal standard.

Glucose and lactate uptake rates and acetateisearates for each strain were
determined from 1 mL culture supernatants usirgast three biological replicate samples for
each of three log phase time points taken with M mrethylphosphamide added as internal
standard. After lyophilization, samples were resusied in 60QL of 99% DO, and then

lyophilized and resuspended in 600 of 99% D,O. 1H-NMR was performed on an Agilent
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DirectDrive2 500MHz instrument using an AlginategPmobe with Protune for auto-tuning.
Spectra were obtained at 500 MHz with a pulse aofyet5’, acquisition time of 2.05 s, and
recycle delay of 2 s. No other secreted producte Wetected at significant levels in the media
after culture growth for any of the strains. Caddigdn of uptake and secretion rates during
exponential growth used the following equation:

_u C=Cy
P Xer—1

Wherey is intrinsic growth rate (A); C is the concentration of glucose (mM) at titn¥; is the
initial density (gDWI/L) of cellst is time (hours); and is uptake flux (mmol/g- DW-hr).
Determination of CO, efflux rates

As described above, aerobic cultures were sealkbdgas-tight caps and incubated for
two hours until reaching early log phase. Due #high sensitivity and low maximum range of
CO, detection of the LICOR Cf&neasuremengB. aeruginosa growth was limited to a low range
of optical density for this measurement. The celigty of the culture was measured and growth
was stopped by adding 1 mL 6N HCI to the culturkicl also converted dissolved bicarbonate
to CO,. Total CQ was measured using a LICOR LI-6400 with drysGx@e air as input into the
culture flask at a rate of 5Q@/s. Readings of total CQwere recorded over 5 minutes (1 s time
resolution) to allow for removal of GGrom the flask. Total C@evolved was measured in at
least three replicate cultures with glBvels integrated for total G@fflux. CQO, efflux was
calculated as described in determination of sutestrptake rates and product secretion.
Determination of NO; uptake rates

Nitrate uptake rates were determined using at tease biological replicate samples
collected during log phase time points of anoxitures. Samples were filtered using Millipore

20 um pore size filters with filtered media collectattgplaced in -20° C for storage. Sample
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preparation used 1040 of samples diluted in 90@L of milipore filtered HO with 10uM of
1NO; as internal standard. A 3200 QTRAP® LC/MS/MS cedpio a Shimadzu (Columbia,
MD) LC-20ADvp HPLC system and SIL-HTC autosamplersmused for LCMS analysis. A
ZIC®-pHILIC column (50 x 2.1 mm, 5 um particle sizeas used with column oven
temperature at 40° C. The injection volume was and the flow rate was 0.2 mL/min using
water/acetonitrile (A/B) gradient at ambient tengtere. The initial gradient (A/B)=10/90, was
held until 2 minutes, followed by a linear gradiemB80/70 at 3 minutes, held at 30/70 until 4
minutes, followed by a ramp to 10/90 at 4.01. Mgssctra were acquired using turbo VTM ion
source and multiple ion monitoring scan type inaieg ion mode. Masses of 62 (unlabeled
nitrate) and 63'¢N labeled nitrate) were measured at retention tife3 min. To determine the
concentration of°N labeled and unlabeled nitrate, a standard cuagran for authentitN
labeled nitrate standard with concentration ramgenfO to 100 M. Data were processed for
calibration and for quantification of the analyteith QTRAP analyst software.
Analysis of Amino Acid labeling

Cell pellets were suspended in 1mL of 6N HCI, ireteld at 100° C for 24 hours, and
dried at 60° C under a stream of. Mmino acids were derivatized using N-Methyl-Nkte
butyldimethyl-silyl] trifluoroacetimide (MTBSTFA,®MA-ALDRICH) in a 25uL pyrimidine
and 2L 1% MTBSTFA solution incubated at 40° C for 1 hasrpreviously described
[125,127,129].

GC-MS analyses of derivatized amino acids werépaed on an Agilent
5973GC/quadrupole MS. GC-MS signals were correfdedatural isotope abundance [127].
Amino acid fragments used 1iC MFA were based on reported reliability [129]. binéled

amino acid samples collected were used to confieratcuracy of natural abundance correction.
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GC-MS amino acid data was corrected for naturahdboce isotopic contents with average
values and standard deviation calculated for biokdgeplicates used as model inputs.
Principal Component Analysis (PCA) and HierarchicalClustering Analysis (HCA)

GC-MS measured mass fragment mass abundanceodatainho acids of strains
harvested after growth in 75% 3<C-alanine or 100% uniformly labeled (1,2,3,4,5%0.-
glutamate was collected. Amino acid fragments Wexe measureable in three biological
replicates were then processed in MATLAB (2010a&githe PCA function to produce a
principal component analysis [130]. HCA was perfedwon this data set as well as on fluxes
determined by MFA that were normalized to eachrsg@lucose uptake rate. HCA was
implemented in the programming language R usingpteta linkage criteria which use
Euclidian distance [131].
13C Metabolic Flux Analysis

A carbon isotopic network dfseudomonas aeruginosa central metabolism was
constructed by an approach similar to that preWoused fork coli and previou$. aeruginosa
work [125,132].The iM01056 FBA model [116] reactinatwork was simplified by only
including carbon atoms of reactants and produgtgtiboducing both net and exchange fluxes
for reversible fluxes, by combining linear reactseguences that do not alter carbon positions,
and by condensing secondary metabolic pathwaysaigrowth equation that consumes central
metabolic intermediates as precursors to produlbdarebiomass as previously defined
[116,133]. Additionally, the preservation of thelitecture of the FBA model allowed the
results of FBA and®C MFA to be directly compared and tH€ MFA results to be used to

constrain the FBA [125].
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Measured rates of glucose uptake ,@@lux, and**C labeling patterns in amino acids,
together with growth rates, were used to estim#trmal fluxes of central carbon metabolism
[133] by fitting flux values to the experimentaltdaising thé*C-FLUX software as previously
described [92,125,134]. For labeling data, varraamong biological replicates was very small
(see Supplemental 3.1); since experimental starafanations (SDs) are not a reliable estimate
of true population SDs when 5 or fewer replicatesamalyzed, the experimentally observed
SD’s were increased to 2% of mean values for MFAlatiag as previously described
[125,132]. Measurements with a replicate standaxdation greater than 2% were adjusted to
this value to account for the measurement unceytadibeasurements with only one replicate had
their deviation adjusted to 5% of the mean values &lso avoids excessively constraining
modeling results to labeling data at the expenskrett flux measurements and reduces the
potential for distortions due to precise but inaat® mass isomer quantification [125,132]. To
allow for uncertainties if®. aeruginosa biomass compositions, production rates were
constrained to be within 50% of tkecoli biomass values [125].

To minimize the risk that solutions representezaloather than global optimization
minima, multiple randomly generated initial fluxasnstrained by sampling the feasible solution
space were used. First, at least 100 randomly gestefeasible starting points that produced
optimized fits by thé*C-FLUX program were found. Next, the 10 startingngthat yielded the
lowest final residuum values were used in the se&bage to generate 1000 more starting points
by randomly perturbing the 10 starting points @ gi100 new points each. The final, lowest
residuum optimized flux values that resulted inltlest fit to the data were used. Confidence
intervals for flux values were estimated using ankdCarlo approach to randomly generate

values of: biomass, glucose uptake rate; Efux rate, and amino acid labeling data for each
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strain [135] based on the experimentally determstaddard deviations. At least 20 such
datasets were then fitted, using the 10 bestit€st SR starting and ending flux values
determined for each strain as described aboveetd pest-fit flux maps for each strain. These
flux value sets were then used to calculate 90%aemce intervals for each flux modeled for
each strain.

All MFA computations were performed at the HighrfBemance Computer Center,
Michigan State University, using a parallel 153@ecduster of 192 nodes (two four-core Intel
Xeon E5620s at 2.4 GHz with 24 GB of RAM and 250 IG&al disk space per node). Global
SSesfor each strain is listed in Supplemental 3.2.

Flux Balance Analysis

The genome-derived stoichiometRseudomonas aeruginosa model iM01056 developed
by Oberhardt et al. with previously described updatere used for FBA [116,132]. The model
was modified to more fully account for alanine taigsm (see Supplemental 3.3), resulting in a
total of 1016 reactions and 876 metabolites. Th&RA Toolbox 2.0 in MATLAB (2014a)
with the implementation of the Gurobi 6 optimizeraptimization solver was used for FBA,
using the objective function of maximal biomassduation [97]. FBA simulations used
measured amino acid uptake ratessN@take rates, and acetic acid and,Efflux rates by
strain. To determine the range of fluxes that al@®#o of the maximal growth rates, the Flux

Variability Analysis (FVA) function of the COBRA Tatbox was used [98].

RESULTS

To determine the preferred carbon sources ifPtlaeruginosa isolates in the cystic
fibrosis lung and to reduce the complexity and @o$iC substrate labeling experiments, strains

were grown under aerobic and anoxic conditionsiendefined complex Synthetic Cystic
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Fibrosis sputum Media (SCFM) [77]. Filtered medaaples ofP. aeruginosa strains grown in
SCFM under aerobic conditions were quantified usiy.C with the results shown in Figure
3.1. The average concentrations and uptake ratesaefuginosa grown in SCFM under aerobic
conditions measured at early-log phase growth detrate average strains preference for L-
lactate, ornithine, proline, alanine, glycine, g lysine and aspartate under uptake rates,
carbon uptake rates, and lowest % remaining cordgareriginal media concentrations.
Individual strain results (see Supplemental Talld Bdemonstrate strain AA43 having little to
no uptake of leucine and lysine and strain AMTOGB3aving little uptake of glycine under
aerobic SCFM growth. Consideration of similar catabpathway utilization allows for the
selection of L-lactate or alanine as well as gltaor proline, with little reduction in
determination of metabolic pathways. Anoxic growtlSCFM results also demonstrate
similarities in uptake preference in aerobic SCKMh a notable increase in leucine
consumption and decrease in L-Lactate (see Supplafhieable S3.2). These combined results
led to a proposed Simplified-SCFM (S-SCFM) f3E labeling experiments containing the
amino acids of glutamate, alanine, ornithine, angir{included for proposed anoxic growth
utilization inP. aeruginosa [136]), and aspartate B aeruginosa strains. Similar amino acid
uptake preferences were also demonstrated by Palmaér with the exception of ornithine [77].
Comparisons of P. aeruginosa intrinsic growthgateSimplified-SCFM and SCFM
under aerobic and anoxic conditions for each s@e@nshown in Figures 3.2 and 3.3. Figure 3.2
demonstrates similar growth rates (within 20%) leetwS-SCFM and SCFM of all strains under
aerobic and anoxic growth. Figure 3.3 demonstitaesimilarity of growth rate order between
strains under aerobic and anoxic conditions, widfn iR? values demonstrating similarity of

growth to SCFM (see Supplemental Figure S3.1).
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Figure 3.1. Analysis of amino acids, glucose, anddtate consumption in aerobic Synthetic
Cystic Fibrosis sputum Media (SCFM) growth of severstrains of Pseudomonas aeruginosa.
Media harvest occurred at early logarithmic grogwB-5 hrs post inoculation, with strain AMT
0023-34 at ~8 hrs post inoculatio”) - Averaged values of compound uptake rates, anésn
mMol/(g- DW-hr).B - Averaged values of the carbon uptake, Unitsra@mMol/(g- DW-hr).C

- Averaged values of the % of the compound remgimrnfSCFM mediaD - % of total carbon
uptake from the media by compound. All measurena®d (3 measures per strain); standard
deviation ranges are represented as error bars.
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Figure 3.2. Analysis of amino acids, glucose, atactate consumption in anoxic Synthetic
Cystic Fibrosis sputum Media (SCFM) growth of severstrains of Pseudomonas aeruginosa.
Media harvest occurred at early logarithmic grog#t3-5 hrs post inoculation, with strain AMT
0023-34 at ~8 hrs post inoculatioA) - Averaged values of compound uptake rates, angsn
mMol/(g- DW-hr).B - Averaged values of the carbon uptake, Unitsra@mMol/(g- DW-hr).C

- Averaged values of the % of the compound remgimrnfiSCFM mediaD - % of total carbon
uptake from the media by compound. All measurenad (3 measures per strain); standard
deviation ranges are represented as error bars.
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Uptake and efflux rates determined under aerahtcanoxic growth in S-SCFM are
shown in Tables 3.2 and 3.3 and in Figures 3.43bdStrains growing under aerobic S-SCFM
uptake rates in Table 3.2 demonstrate a nearlgfbicedifference in alanine (12.15 mmol gDW
L hr! vs 5.85 mmol gDW hr), arginine (0.94 mmol gDWhr* vs 3.00 mmol gDW hr?), and
ornithine (0.52 mmol gDW hr* vs 1.54 mmol gDW hr?) uptake rates, a nearly sixfold
difference in the uptake rate of aspartate (0.59hgBW* hr' vs 3.52 mmol gDW hr?), and a
twofold difference in glutamate uptake rate (2.5hehgDW* hr' vs 5.69 mmol gDW hr?).
Total percentage uptake of carbon by compound dstraias a range of amino acid by uptake
as well, shown in Figure 3.4. The two compounds ke up a majority of the carbon uptake
in each strain are alanine and glutamate. The -stoas ranges of the percentage of total carbon
uptake made up by these two compounds demonslaatesvariation in the percentage of
alanine in total carbon uptake (23% in PAO1 to 58%A44) and narrower variation in the
percentage of glutamate in total carbon uptake (22%A44 to 37% in PAO1). Measured
uptake rates of amino acids Byaeruginosa during growth in anoxic S-SCFM also demonstrate
large ranges over substrate uptakes. As shownhbte Ba3, alanine uptake rates demonstrate a
fourfold difference (15.09 mmol gDWhr* vs 1.43 mmol gDW hr); arginine, a sixfold
difference (1.43 mmol gDWhr vs 0.22 mmol gDW hr?); aspartate, a fivefold difference
(6.88 mmol gDW hr' vs 1.24 mmol gDW hr?); and glutamate, a fivefold difference (6.88
mmol gDW"* hr' vs 1.24 mmol gDW hr?). Additionally, ornithine uptake rates demonstrate
range of 19% excretion of total carbon uptake %18 total carbon uptake (3.79 mmol gDW
hr' vs -0.97 mmol gDW hr?). Figure 3.5 also demonstrate the ranges of tatdlon uptake by
amino acid. These rates also demonstrate rang@6{PAO01) to 69% (AA2) for alanine and

12% (AA2 and AMT 0023-34) to 29% (PA01 and AA43) fputamate, the two compounds
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which collectively form the majority of carbon ugta Based on the consistency of carbon flow
in both anoxic and aerobic growth, a pardifél labeling experimental scheme of 7%%-3

alanine and 100% UC glutamate was used f&iC labeling for the MFA studies.

Proteogenic¢>C labeled amino acids obtained from pardif€l labeling experiments
were used to construct a Principal Component Aigplst of the aerobic and anoxic strain in
this experiment to determine strain relationshipdeaxr aerobic and anoxic growth. Figure 3.6A
shows clear differences under aerobic growth afrst; while Figure 3.6B indicates that strains
AA2, AA44, and LES400 demonstrate labeling overtapnoxic growth. Full proteogenic

amino acid labeling data can be found in electr@upplemental 3.1.

The*C MFA flux map for reference strain PAO1 duringatec growth of S-SCFM is
shown in Figure 3.7, with the list of fluxes shoimrthe flux map provided in Table 3.4 (the
complete flux listing can be found in electronigBlemental 3.2). The MFA model shows the
funneling of carbon through ornithine from glutam#édwards succinate with only a third of the
incoming glutamate flux towardsketoglutarate directly. The flux model also dentoates
cycling of carbon from the TCA (tricarboxcylic agidycle in the form of malate to pyruvate and
then back as citrate. The model also demonstriabeshrough the glyoxylate cycle with all
glyoxylate being converted to phosphoenolpyruvake: Entner-Doudoroff and Oxidative
Pentose Phosphate Pathways have little relatimnodtux through them, and demonstrate
minimal flux allowing for necessary biosynthesisbakes and amino acids for biomass
production. Most fluxes in this model demonstra@@e9CI values of 20% or less of the total
flux, with the exception of the urea cycle compdsen this model demonstrating potential

reversibility and utilization of this pathway.
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Strain Alanine | Arginine| Aspartaté  Glutamate Ormithi Tot&l);i;bm CO, Efflux
PAO1 5.97+1.38 1.4940.26| 3.52+0.89| 5.69+1.51 1.54+0.4} 77.1£19|1 31.25#6.41
AA2 6.60+1.22| 0.94+0.29| 1.79+0.11| 3.80+0.63] 0.92+0.24 56.2+10[4 31.4+1.68
AA43 5.85+1.26| 1.294+0.29| 1.32+0.08| 2.51+0.63  0.52+0.26 45.8+10/3 43.1+5.78
AA44 10.1742.091.32+0.36| 1.52+0.44| 2.75+1.44) 0.59+0.32 61.2+1896 31.2+1.48
LES400 | 10.88+1.851.12+0.21] 2.10+0.97| 4.62+1.49  1.18%0.7§ 76.7£22[0 27.9+3.28
AMT 0023-3012.15+2.533.00+£0.51] 2.35+1.51| 4.97+2.38| 1.24+0.3% 94.9+30[3 73.0£3.08
AMT 0023-34 7.29£1.79| 1.22+0.40| 0.59+0.31| 3.25+0.24] 0.66%0.19 51.1+1112 44.7+3.47

Table 3.2. Uptake and CQ efflux rate of Pseudomonas aeruginosa strains under aerobic growth conditions in Simplifed-
SCFM. All units are in mMol/(g-DW-hr) except total cambaptake, which is in C-mMol/(g- DW-hr) For aminadaaptake rates:
PAO1 n=6; AA2 n=5; AA44, LES400, AMT30 n=4; AA43&AMT34 n=3. For CQefflux rates n=6 for PA01, AA43, AA44, and
AMT 0023-34; n=3 for AA2, LES400, AMT 0023-30.

Strain Alanine | Arginine| Aspartate  Glutamate  Ormithi Tot&l);i;bor Sg*::iee S'Aé%erg[gn

Pall 6.82+0.370.29+0.09] 2.59+0.35| 3.33+0.36] 1.80+0.19 58.2+5.82 17.3+3.68 .68£0.16

AA2 11.1-16.6/1.05-1.17] 2.91-4.41| 0.16-2.28 | -0.25>-0.45| 49.8-83.6 | 103+37.3 3.00+0.65

AA43 3.57+0.08 0.26+0.05| 1.24+0.01| 1.68+0.18] 0.63+0.33 28.8+3.13 13.3+1.78 .2840.09

AA44 6.21+0.72/ 0.22+0.12] 1.44+0.94| 1.95+0.68 0.37+0.7Y 37.3#13|9 68.8+0.96 .744€0.14

LES400 15.1+2.811.43+0.16| 6.88+1.24| 3.24»3.35| 3.79+2.49| 107+27.94 28.5+8.09 1.36+0.49
AMT 0023-3010.9-15.1/0.91-1.34/ 1.41-1.60| 0.86-1.83 | -0.69-0.39| 40.4-70.8 | 38.2+9.91 ND
AMT 0023-34 4.76+£1.07| 0.51+0.23] 1.55+1.53| 0.65+0.80] -0.97+1.42 21.9+2118 27.6£3.91 ND

Table 3.3. Amino acid and nitrate uptake rates andcetate efflux rates ofPseudomonas aeruginosa strains under anoxic

growth conditions in Simplified-SCFM. All units are in mMol/(g- DW-hr) except Total carbaptake, which is in C-mMol/(g- DW-

hr). Measurements with only two measurements arengas the range of measurement. Amino acid uptdks for strains AA2 and

AMT 0023-30, n=2; LES400 Glutamate measurement a#2ithers n=3. Nitrate uptake rates n=3. Acetateretion rates for strains
for PAO1 and AA44 n=4; all others n=3; ND= not dméel.
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Flux Balance Analysis d®. aeruginosa reference strain PAO1 was performed using a
modified genome-derived model together with therenacid uptake rates measured for PAO1
under aerobic conditions. A predicted flux map blase maximum growth efficiency (maximal
biomass production for amino acid uptake ratesh@®bjective function is shown in Figure 3.8,
with the listing of flux ranges for 99% of maximazbmass determined by Flux Variability
Analysis shown. The FBA results demonstrate stgldifferences front*C MFA flux, showing
that optimal growth irP. aeruginosa strain PAO1 would involve carbon flux into L-glatate
and then into the TCA cycle viaketoglutarate. Most carbon flux from the TCA cyualeuld be

through the conversion of oxaloacetate to phospbipgruvate under optimized growth.

The normalized to total carbon uptdR€ MFA flux results for all strains grown
aerobically are shown in Figure 3.9 with valuetelilsas a percentage of total carbon uptake
through each reaction pathway for each strain. pdete listing of absolute fluxes in the figure
can be found in Table 3.4 and a full result listinglectronic Supplemental 3.2. These results
demonstrate a carbon flux similar to that for PA@ith movement of glutamate to ornithine and
then to the TCA cycle making up a range of 30%-0f%e total uptake carbon for all strains.
Strains AA44 and AMT0023-30 utilize glutamate detogknase to move carbon from the TCA
cycle to glutamate. The-ketoglutarate to succinate flux shows great valitgiin the strains,
with a range of no flux to more than half of thelban flux through this pathway across all of the
strains. The MFA demonstrates cycling of carbomftbe TCA cycle in the form of malate to
pyruvate and then back as citrate in all of thaistmodels. The fluxes (Table 3.4) also

demonstrate little flux through the EDP and OPPt#Ryays for each strain.
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Figure 3.6 Determination of Strain Diversity by **C-Labeling fingerprinting. 3.6A: Principal Component Analysis of t|
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Strain PA01 AA2 AA43 AA44 LES 400 AMT 0023-30 AMT 0023-34

Flux Net Flux Xch Flux NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | Xch Flux | NetFlux | Xch Flux
Alanine Uptake 7.35+0.24 NA 6.93+0.36 NA 65.99+0.54 NA 10.67+0.20 NA 9.03+0.27 NA 9.62+0.19 NA 550+0.15 NA
Arginine Uptake 1.23+0.09 NA 1.14+0.12 NA 1.41+0.05 NA 1.09+0.10 NA 1.08+0.07 NA 3514015 NA 1.62+0.13 NA
Aspartate Uptake 2631024 NA 1.81+003 NA 1.42+0 06 NA 128+0 11 NA 2.38+008 NA 3864032 NA 090+008 NA

Glutamate Uptake 7.07+0.24 NA 4424013 NA 378+0.28 NA 4.16+0.09 NA 4.28+0.10 NA 7.02+0 11 NA 3.49+0.06 NA
Omithine Uptake 1.07+0.12 NA 1.09+0.11 NA 044+0.15 NA 0.27+0.07 NA 1.20+0.13 NA 1.58+0.12 NA 0.85+0.07 NA
ARG — ORN + C0O2 0644078 NA 2304045 NA 1.18+0 46 NA 0644015 NA 0.69+0 09 NA 3354309 NA 155+025 NA
ORN — SUCC + C0O2 10.09+1 49 NA 9.61+1.10 NA 3.41+087 NA 5.58+0.89 NA 6.28+0 .48 NA 9.38+0.79 NA 9.55+1.04 NA
ORN+C0O2Z — CITR 0.00+0.83 NA 1.46+0.49 NA 0.00+0.46 NA 0.00+0.15 NA 0.00+0.04 NA 0.00£3.19 NA 0.00+0.16 NA
ORN—G5SH -8.38+148 | 095+014 |-7.66+1.08/0.95+0.12 |-1.81+0.92|0.69+0.12 | -4 67+0.89 |0.78+0.03 |-4 40+0.39|0.95+0.03 |-4 45+0.63| 0.95+0.01 |-7.16+0.97|0.95+0.02
Glu—G55H 8.43+1.48 095+001 [7.71+1.08|0.95+0.11 |1.84+092|0.95+0.10| 471+0.89 [0.95+0.00 |4 44+039 |0.95+0.01 |4 48+063 |0.95+0.00|7.17+0.97 |0.95+0.00
HEP—G6PGC 0.00+0.01 NA 1.37+0.64 NA 1.60+0.50 NA 0.00+£0.10 NA 0.00+0.00 NA 0.00+0.14 NA 0.02+0.06 NA
G6PGC—G3P +PYR 0.00+0.19 NA 1.37+0.27 NA 0.00+0.31 NA 0.00+0.00 NA 0.00+0.00 NA 0.00+£012 NA 0.02+0.05 NA
G3P—PEP -4 444037 | 095+012 |-557+054[{000+016 |-417+072|000+015|-295+022 [000+0 11 |-3.14+010[0.00+0 03 |-7 30+035|0.00+0 02 |-4 38+043|000+012
PEP—PYR -2.01+028 | 0.00+£0.09 |-046+0.63|0.74+0.12 |-2.49+0.86|0.11+0.09 | -368+0.35 [0.00+0 14 |-2.55+0.08|0.00+0.04 |-1.68+0.31|0.00+0.05 |-2.26+0.15]|0.00+0.03
2 G3P—HGBP 146+022 NA 2324030 NA 113+033 NA 089+010 NA 1.00+0 03 NA 099+015 NA 039+009 NA
6PGC—2 R5P 0.00+0.19 NA 0.00+0 .67 NA 1.60+042 NA 0.00+0.10 NA 0.00+0.00 NA 0.00£010 NA 0.00£0.04 NA
2R5P-57P + G3P -0.19+0.09 | 058+0.09 |-012+0.24/081+0.10|044+014|095+0.10|-0.01+0.03 [0.50+0.05 |-0.08+0.01|0.50+0.08 |-0.11+0.02 | 0.44+0.06 |-0.04+0.02| 0.40+.08

S/P+G3P— ROP+ E4P | -0.19+008 | 058+009 |-012+0.24|/081+0.10)|044+0.14|0.95+0.11 [ -0.01+0.03 |0.50+0.10 |-0.08+0.01|0.50+0.03 |-0.11+0.02| 0.44+0.06 |-0.04+0.02|0.40+0.02
RSP+ E4P — H6P + G3P | -0.73+0.11 0.95+0.00 |-0.46+0.24|0.00+0.11 |0.23+0.15 | 0.66+0.13 | -0.48+0.03 |0.95+0.00 |-0.45+0.03|0.95+0.07 |-0.52+0.03| 0.00+0.00 |-0.16+0.04 |0.00+0.15

PYR—CQ,+AcCoA 6.85+0.33 NA 5.75+0.89 NA 6.28+0.82 NA 7.67+0.27 NA 7.12+0.19 NA 11.43+0.33 NA 6.08+0.18 NA
OAA+ACCoA — CIT 6.03+0.30 NA 4.46+0.36 NA 5.863+0.33 NA 6.86+0.14 NA 5.97+0.15 NA 10.57+0.29 NA 4.83+0.22 NA
CIT=ICIT 6.03+0.30 NA 4.46+0.36 NA 5.83+0.33 NA 6.86x0.14 NA 5.97+0.15 NA 10.57+0.29 NA 4.83+0.22 NA
ICIT — aKG + CQOy 4.42+0.54 095001 |3.86+0.95|0.00+0.14 |4 78+092 [095+0.08 | 5.83+0.23 |0.95+0.17 | 4.45+0.14 |0.95+0.00 |9.32+0.50 | 0.90+0.09 | 3.86+0.43 | 0.00+0.11
aKG — SUCC + CQ, 2.34+1.67 NA 0.10+0.93 NA 6.41+0.71 NA 4.66+1.11 NA 3.73+0.39 NA 11.32+1.00 NA 0.00£1.33 NA
SUCC —=FUM 14.04+049 | 0.01+0.00 |10.30+0.38/0.01+0.00 |10.88+0.46| 0.01+0.00 | 11.27+0.22 |0.01+0.01 |11.53+0.29|0.01+0.00 [21.95+0.28| 0.01+0.00 |10.53+0.28|0.01+0.00
FUM— MAL 14594100 | 095+016 |1219+044/078+012 |11.11+0.64|000+016)11.67+0.28 {0.04+0.16 [11.96+0.32|0.95+0.06 [22 36+3.26|0.92+0.13 |10.72+0.18/0.00+0.00
MAL — OAA 9.37+0.89 0.00£0.10 |11.81+0.59|0.03+0.12 | 7.53+0.94 [ 0.00+0.03 | 7.65+0.49 |0.00+0.17 | 7.01+0.24 |0.00+0.00 |14 97+2.90/ 0.00+0.04 | 7.05+0.37 |0.00+0.00
ICIT— GLX + SUCC 1.61+0.33 NA 0.59+0.94 NA 1.05+0.90 NA 1.03+0.16 NA 1.52+0.06 NA 1.25+0.22 NA 0.98+0.25 NA
GLX +AcCoA — MAL 0.00+0.02 NA 0.59+0.65 NA 0.01+0.74 NA 0.00+0.26 NA 0.17+0.01 NA 0.00+0.24 NA 0.84+0.25 NA
MAL — PYR + CO; 5.22+0.39 061010 0.97+0.72|093+0.12 |3.60+0.64 [0.00£0.09 | 402+0.47 |0.09+0.04 |5.12+0.14 |0.00+0.04 | 7.39+0.36 | 0.93+0.01 [4.51+0.11 | 0.65+0.03
PEP+CO; — OAA -3.51+027 | 070005 |-579+0.48|086+0.13 |-2.09+0.76/0.71+£0.12 | -0.20+0.36 |0.85+0.02 |-1.34+0.14|0.78+0.01 |-6.44+0.40| 0.88+0.06 |-2.36+0.32|0.78+0.04
G3P— GLYC 0.23+0.04 NA 0.17+0.03 NA 0.11+0.02 NA 0.17+0.03 NA 0.20+0.03 NA 0.16+0.02 NA 0.07+0.01 NA
2GLX — PG3 + COy 0.80+0.17 NA 0.00+0.34 NA 0.52:0.47 NA 0.51+0.06 NA 0.67+0.03 NA 0.62+0.10 NA 0.07+0.05 NA
aKG — GLU 2.07+1.41 0.95+006 |3.76+1.04|0.01+0.12 |-1.63+0.72/0.94+0.07 | 1.17+0.93 |0.95+0.09 | 0.72+0.37 |0.95+0.00 |-2.00+0.64|0.95+0.00 | 3.86+0.95 |0.95+0.02
CITR + ASP — ARG + FUM| 000+083 NA 1.46+049 NA 0.00+0.46 NA 0.00+0.15 NA 0.00+0.04 NA 0.00+£3.19 NA 0.00+0.16 NA
CO, Efflux 36.21+1.85 NA 30.44+0.77 NA 36.66+1.90 NA 31.36+0.53 NA -7.94+0.22 NA 73.77+1.28 NA  [38.02+1.58 NA
Wall Efflux 0.19+0.03 NA 0.14+0.03 NA 0.08+002 NA 0.15+0.03 NA 0.19+0.02 NA 0.16+0.02 NA 0.07+001 NA
LPS Efflux 0.23+0.04 NA 0.11+0.01 NA 0.09+0.02 NA 0.17+0.02 NA 0.20+0.02 NA 0.15+0.02 NA 0.07+0.01 NA
Fatty Acid Efflux 0.23+0.04 NA 0.17+0.03 NA 0.17+0.03 NA 0.18+0.03 NA 0.22+0.03 NA 0.18+0.02 NA 0.08+0.01 NA
Glycogen Efflux 0.22+0.03 NA 0.16+0.03 NA 0.09+0.02 NA 0.16+0.03 NA 0.19+0.02 NA 0.15+0.02 NA 0.07+0.01 NA
Final Residuum 119.936 233704 222005 248908 130.518 177613 166.846

Table 3.4. Net and exchange (Xch) fluxes determidéy **C MFA of aerobic SCFM with 90% confidence intervals (See
materials and methods for description of Cl caltolg Residuum is the minimal sum-of-squares optimizddevéound using C13-
Flux. Abbreviations as for Figure 3.7, NA - fluxsteiption is not applicable.

123



7.68

¢ oot 6.54 6.54 11;8.71 5
021698 6.2e10.9 27.729.
ICIT *CO,.
HoP = + G3P A 2
Y v 0 :
5.99 10.33 Ghitiniat
E4P 2 fesT 1R"§P‘ 102171 'r CIT 0—18.4 ama eut
,-" L 2453 654
Phe l PEP < 0#45 0--16.98 28.4 35.4
Twe ¥ 537 ¥ ok I co aKG o 346354
0 G3P-+1..12587P " &Glﬂ
e | ( : OAA 46.95
' ‘ ~ sl 6.4-50.6 A
1.88 oesca X
7429 = — — GLX
co: = L4 PYR
= L v
A i 0esl.5 30.09
+RS5P RSP “Ri20—= co: ok
il | ] 0 = .
. 0-20.95
0—16.6 HIS ¥ ” Gtz .
it DNARNA | ] MAL SUCC
u_ow_ e h ‘ ;
= 22.05 Fl,\I 0-10.5 GSSH
* 40.75 a7.56
nae21 W accos m & ASp 362 331506
] 105 A~ _ _,,r”'— Arg_  3m R
Alanine_ F I oo i 738 o o
A9 | Aspartate o . 6.6—7.4
Lo CITR co:
Arginine Orn —
i <.« |Ornithine
545 exi
1 4.66—5.35
0 831381

Figure 3.8. Flux map from FBA analysis for strain FAO1 grown in Simplified-SCFM under aerobic conditims. Uptake of

amino acids, production of GGand growth rate were used to constrain a stoickinengenome-derived metabolic model (see
materials and methods) with the objective functemg maximal growth (corresponding to maximal gfoyield on S-SCFM
defined amino acids). Numbers are net fluxes &guare 3.4. Ranges are from flux variability an&ysange of each flux consistent
with 99-100% of maximal growth).
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The3*C MFA flux map for reference strain PA01 during gisagrowth in S-SCFM is
shown in Figure 3.10, with the complete list ofis listed in Table 3.5. As seen in the aerobic
13C MFA results, carbon flux from glutamate is movkobugh ornithine from glutamate towards
succinate with additional carbon converted freiketoglutarate to glutamate. The glyoxylate
cycle is utilized heavily in anoxic conditions,iasan incomplete TCA cycle. Most fluxes in this
model demonstrate 90% CI values of 20% or leshetdtal flux, with the exception of the urea
cycle components in this model demonstrating patkereversibility and utilization of this

pathway.

The FBA results for optimized biomass growth uralgoxic conditions with the FVA
determined ranges of 99% optimized biomass are slwWwigure 3.11. The FBA results
demonstrate movement of amino acid carbon frontldmé to glutamate to be taken into the
TCA cycle asu-ketoglutarate. FBA also demonstrates full utii@atof the TCA cycle and no
flux through the glyoxylate cycle. These resulemstin stark contrast with tHdC MFA results
for PAO1. The FBA results are in agreement withNi€A results of little carbon flux through

the EDP and OPPP.
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Figure 3.9. Averaged carbon-uptake normalized fluxmap from **C MFA analysis of P. aeruginosa cystic fibrosis isolates

grown in aerobic Simplified-SCFM conditions.MFA determined c-mol fluxes of individual experimelstrains normalized to total
carbon uptake averaged with standard deviatiorrm@ted. Arrow thicknesses are proportional to ageth% of total carbon uptake.
Arrows are colorized to demonstrate variabilitytatfl uptake carbon through experimental strains.
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Figure 3.10. Flux map from*°*C MFA analysis for strain PA01 grown in Simplified-SCFM under anoxic conditions.Strain
PAO1 was grown in defined S-SCFM with either 100963 or 20% W-C** Glucose (n=3 replicates for each substrate) @xgtetate
labeling during exponential growth. Labeling andeexal fluxes were measured and modeled as deddribwaterials and methods.
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127



Strain PAO1 AA2 AA43 AA44 AMT0023-30 AMT0023-34 LES 400

Flux NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux | NetFlux | XchFlux
Alanine Uptake 6 46+0 10 NA 9 90+0 26 NA 349+002 NA 550+0 21 NA 10 05+0 40 NA 369+0 24 NA 6 46+0 11 NA
Arginine Uptake 0.27+0.04 NA 1.0320.02 NA 0.21+0.02 NA 0.21+0.04 NA 1.04x0.10 NA 0.28+0.04 NA 0.27+0.04 NA
Aspartate Uptake 2.32+0.09 NA 290+013 NA 1.2320.00 NA 1.742012 NA 3.72+0.20 NA 067+0.10 NA 2.31+0.05 NA

Glutamate Uptake 3.69+0.07 NA 272+016 NA 1.87+0.04 NA 263x017 NA 497+015 NA 1.45+0.13 NA 3.69+0.03 NA
Omithine Uptake 1.7320.08 NA -0.00+£0.04 NA 0.30+0.04 NA 0.38+0.07 NA 012012 NA -0.00+0.01 NA 1.73+0.00 NA

ARG — ORN +C0O2 0.16+2.02 NA 0.84+0.34 NA 0.12+0.05 NA 0.08+0.10 NA 0.89+0.10 NA 0.15+0.10 NA 0.16+0.04 NA
ORN— SUCC+C02 6.58+0.48 NA 0.73+0.67 NA 0.52+0.41 NA 271048 NA 4.81+0.79 NA 0.00+0.51 NA 6.57+0.39 NA
ORN+CO2 — CITR 0.00+2.04 NA 0.00+0.34 NA 0.00+0.04 NA 0.00+0.10 NA 0.00+0.07 NA 0.00+0.08 NA 0.00+0.00 NA

ORN—G55H -469+0.47 |0.47+0.94 | 0.12+0.65 |0.00+£0.02 | -0.10+0.38 | 0.41+0.02 |-2.25+0.47 | 0.95+0.03 | -3.80+0.71 [ 0.95+0.06 | 0.15+0.50 | 0.95+0.05 | -4.66+0.36 |0.94+0.01
Glu—G5SH 471047 |047+0.95 | -0.11+0.65 |0.88+0.01 | 0.10+0.38 | 0.89+0.01 | 2.26+0.47 |0.95+0.00 | 3.81+0.71 |0.95+0.06 |-0.14+0.50 | 0.80+0.06 | 4.69+0.38 | 0.95+0.00
Glu—PRO 0.01+0.00 NA 0.01+0.00 NA 0.01+0.00 NA 0.01+0.00 NA 0.01+0.00 NA 0.01+0.00 NA 0.01+0.00 NA
H6P—6PGC 0.01+0.07 NA 0.00£0.01 NA 0.00+0.30 NA 0.00+0.42 NA 0.00+0.06 NA 0.00+0.08 NA 0.00£0.01 NA
6PGC—G3P +PYR 0.01+0.07 NA 0.0+0.01 NA 0.00+0.01 NA 0.00+0.02 NA 0.00+0.05 NA 0.00+0.02 NA 0.00+0.01 NA
G3P—PEP -3.92+0.32 | 0.95+0.15 | -3.52+0.19 |0.95+0.14 | -2.66+0.19 | 0.95+0.07 |-2.27+0.23 | 0.95+0.15 | -6.66+0.45 [ 0.95+0.09 |-0.84+0.28 | 0.95+0.16 | -3.93+0.12 |0.95+0.17
PEP—=PYR -1.38+0.28 |0.71+0.00 | 0.00+0.08 |0.00+0.01 | -1.20+0.21 | 0.00+0.08 |-1.33+0.17 |0.00+0.05|-2.92+0.10 [ 0.00+0.05 [-1.21+0.07 | 0.30+0.06 | -1.49+0.06 |0.70+0.00
2 G3P—HGP 0.34+0.08 NA 0.38+0.03 NA 0.22+0.10 NA 0.48+0.16 NA 0.45+0.08 NA 0.31+0.07 NA 0.32+0.04 NA
6PGC—2 R5P 0.00+0.00 NA 0.00+0.00 NA 0.00+0.30 NA 0.00+0.42 NA 0.00+0.00 NA 0.00+0.08 NA 0.00+0.00 NA

2R5P—=STP + G3P 0.01+0.01 |0.01+0.02 | 0.01+0.01 |012+001 [-003+010| 095+0.10 |-0.07+014 |0.95+008 | 0.02+0.01 |{0.00+0.06 | 0.01+0.03 |0.23+0.07 | 0.01+0.01 |0.03+0.06
S7P+ G3P— R5P + E4P | 0.01+0.01 |0.00+0.01 | 0.01+0.01 |0.12+0.07 | -0.03+0.10 | 0.95+0.09 |-0.07+0.14 | 0.95+0.08 | 0.02+0.01 | 0.00+0.06 | 0.01+0.03 |0.23+0.09 | 0.01+0.01 |0.00+0.01
R5P + E4P — HB6P + G3P |-0.19+0.02 | 0.02+0.08 | 0.22+0.02 |0.95+0.14 | -0.11+0.10 | 0.00+0.16 |-0.23+0.14 | 0.00+0.14 |-0.27+0.03 | 0.00+0.13 |-0.18+0.03 | 0.95+0.11 | -0.19+0.02 | 0.00+0.13

PYR—CQO,+AcCoA 6.96+0.26 NA 11.28+0.34 NA 3.53+0.12 NA 5.15+0.26 NA 10.88x0.51 NA 3.23+0.29 NA 6.94+0.08 NA

PYR—Acetate 0.84+0.07 NA 3.66+0.26 NA 0.37+0.03 NA 0.88+0.06 NA 0 NA 0 NA 0.84+0.19 NA
OAA+ ACCoA — CIT 6.61+0.24 NA 5.39+0.35 NA 2.28x0.11 NA 3.73+0.30 NA 8.63+0.23 NA 2.25+0.22 NA 6.59+0.08 NA
ClIT=ICIT 6.61+0.24 NA 5.39+0.35 NA 2.28x0.11 NA 3.7/3+0.30 NA 8.63+0.23 NA 2.25+0.22 NA 6.59+0.08 NA

ICIT — aKG + CO; 1.1320.47 |0.95+0.17 | -2.69+0.35 |0.95+0.15 | -1.70+0.31 | 0.95+0.00 |-0.24+0.31 | 0.95+0.15|-0.99+0.35 | 0.95+0.04 |-1.02+0.38 | 0.95+0.12 | 1.12+0.17 |0.95+0.14
aKG — SUCC+CQ, 0.00+0.66 NA 0.00+0.72 NA 0.00+0.36 NA 0.00+0.44 NA 0.00+0.62 NA 0.47+0.68 NA 0.00+0.42 NA

SUCC —=FUM 12.06+0.32 | 0.01+0.00 | 8.80+0.50 |0.14+0.00 | 4.50+0.18 | 0.01+0.00 | 6.68+0.48 |0.01+0.00 [14.43+0.44|0.01+0.00 | 3.73+0.36 | 0.01+0.00 | 12.05+0.10 | 0.01+0.00
FUM — MAL 12.21+1.99]0.95+0.11 | 8.89+060 |[095+013 | 4562019 | 095+000 | 6.84+043 |095+010 [1462+047|095+008 | 380x042 |095+012|12.20+0.10|095+0.10
MAL — OAA 7.94+1.84 |0.00+0.02 | 7.41+0.45 |0.00£0.00 | 3.11+0.21 |0.00+0.006 | 4.09+0.29 | 0.00+0.04 [10.29+0.57 | 0.00+0.00 | 2.13+0.38 | 0.00+0.02 | 7.83+0.11 |0.00+0.00

ICIT— GLX + SUCC 5.48+0.39 NA 8.07+0.22 NA 3.98+0.26 NA 3.97+0.27 NA 9.62+0.42 NA 3.26x0.41 NA 5.48+0.14 NA

GLX + AcCoA — MAL 0.00+0.00 NA 5.46+0.05 NA 1.05+0.09 NA 1.00+0.07 NA 1.72+0.47 NA 0.61+0.18 NA 0.00+0.06 NA
MAL — PYR +CO; 427019 |083x012 | 6944024 |095+004 | 251016 | 0.74+0.03 | 3.74+022 |063+000 | 6.0520.16 [0.87+0.00[229+0.15|088+0.06 | 437+0.10 |0.83+0.00
PEP+CO; — OAA -2.94+0.22 | 0.54+0.02 | -3.97+0.17 |0.00+0.03 | -1.62+0.18 | 0.00+0.06 |-1.27+0.17 | 0.21+0.05 | -4.30+0.48 [ 0.00+0.05 | 0.00+0.26 | 0.00+0.07 | -2.83+0.11 |0.55+0.03

G3P— GLYC 0.06:001 | NA | 007#001 | NA | 0.0320.01 NA [ 007:001 | NA | 009001 | NA |006+001| NA | 0062001 | NA
2GLX —PG3 +CO, | 2743019 | NA | 1312011 | NA | 146x014 | NA | 149%014 | NA | 305:006 | NA [133:012| NA | 2742007 | NA
aKG — GLU 1132047 |0.9520.09 | 2692062 |0.95:0.08 | 1.7020.37 | 0.950.07 | 0.24x0.40 | 0.95£0.08 | 0.99+0.64 | 0.950.07 | 1462050 | 0.95:0.01 | 1.12%0.38 |0.95£0.08
CITR +ASP ARG+ FUM| 000#204 | NA | 000:034| NA |000:004| NA |000:010| NA |000#007| NA |000:008| NA |[000:000| NA
CO, Efflux 3206:002] NA |3761x155] NA |1241x042| NA  [1841%137| NA [40.32:143| NA |858+107| NA [32.01x035] NA
Wall Efflux 0073001 | NA | 0092001 | NA | 0.0420.01 NA [ 009:001 | NA |011%003 | NA |007#001| NA | 007#001 | NA
LPS Efflux 006:001 | NA | 007001 | NA | 0.0320.01 NA [ 007:001 | NA |008001 | NA |006x001| NA | 0062001 | NA
Fatty Acid Efflux 007001 | NA | 011x001 | NA | 0.05:0.01 NA [ 010:001 | NA |013x001 | NA |009x001| NA | 007+001 | NA
Glycogen Efflux 0.06:001 | NA | 007#001 | NA | 0.0320.01 NA 0072001 | NA | 006001 | NA |005:001 | NA | 0062001 | NA
Final Residuum 320275 766.462 669.351 179.149 757 507 493121 320.162

Table 3.5. Net and exchange (Xch) fluxes determinday *°C MFA of anoxic SCFM with 90% confidence intervals.(See
materials and methods for description of Cl caltoig Residuum is the minimal sum-of-squares oédivalue found using C13-
Flux. Abbreviations as for Figure 3.7, NA - fluxsteiption is not applicable.
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Net carbon fluxes normalized to total carbon uptektes of thé’C MFA results for all
strains are shown in Figure 3.12, with valuesdisie a percentage of total carbon uptake
through each reaction pathway for each strain. rAete listing of fluxes in the figure can be
found in Table 3.5 and a full result listing in Plgmental 3.2. These results demonstrate that all
strains but AMT0023-34 have an incomplete TCA cyeal¢gh most strains (besides PAO1 and
LES400) transferring carbon fromketoglutarate to isocitrate into the glyoxylateley The
glyoxylate cycle also has a large carbon flux fbstains, having a range of 57%-87% of total
input carbon. These results also demonstrate ttigngyof carbon from the TCA cycle in the
form of malate to pyruvate and then back as citfBde movement of carbon towards the OPPP

and ED pathways represents 11%-29% of total cavipteke.
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Figure 3.11. Flux map from FBA analysis for strainPAO1 grown in Simplified-SCFM under anoxic conditims. Uptake of

amino acids, production of GGand growth rate were used to constrain a stoickinelgenome-derived metabolic model (see
materials and methods) with the objective functeing maximal growth (corresponding to maximal dgitoyield on S-SCFM
defined amino acids). Numbers are net fluxes &guare 3.4. Ranges are from flux variability an&ysange of each flux consistent

with 99-100% of maximal growth).
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Figure 3.12. Flux map from**C MFA analysis of P. aeruginosa cystic fibrosis isolates grown in anoxic Simplifid-SCFM
conditions. MFA determined c-mol fluxes of individual experintahstrains normalized to total carbon uptake ayedawith standard
deviation determined. Arrow thicknesses are propoal to averaged % of total carbon uptake. Arravescolorized to demonstrate
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Figure 3.13. Hierarchical Cluster Analysis of MFA cerived flux values.Hierarchical Clustering Analysis using MFA derividak
values was employed to identify the main groupiagsliscussed in the teX: Results from the Aerobic S-SCFNMC MFA
determined fluxesB - Results from the Anoxic S-SCFNC MFA determined fluxes.
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Aerobic
Strain | NADPH | NADH | ATP | FADH2 | __ ATP ATPly | TCAIGLX | OrniGlu | PEPIPYR | G6PIRSP
Equivalence
PAOT | 751 1163 | 750 939 59.21
FBA | (661l | 3ien | [5101 | [939] [58.94] 2350 NA NA 23 128
AA43 | 451:0.93 | 16.02+3.89 2082019 [10.88+0 46| 69.73+12.92 | 7917020 | 553+0.14 |-209:0.10| -1.72+0.10 | 3.20:0.68
oboany | 4812111 | 28422423 5.16:2 51 219520.28] 1211561125 | 138572016 | 8.4720.03 |-4692007 | -1.15:0.02 | -1.2840.16
PAO1 | -4.06:1.21 | 16.20£2.38 |-8.100.94(14.04:049| 4331877 | 3522021 | 3.75:0.04 | 4.86:0.14 | -1.49+0.03 | -1.330.21
AA2 |-389+156 |17.23+361 [-9.52£001(10.3040.38] 39.29+1350 | 31472034 | 7501026 | 255:0.06 | 0.17:019 | -3.38:0.54
AA44 | 108+125 |1820+131|-373:042[1127+022] 6139+713 | 5462:012 | 6.68+0.03 | 4772016 | -19.98:045 | -1.23+0.13
obos.5s | 333135 | 12632147 | 0.4350.35[106320.28) 2061782 | 45308027 | 49550.04 | 2482005 | -19120.03 | 1604032
LES400 | 0.04+0.37 | 15.4420.68 |-3.27+0.05[1153:020] 52542310 | 55612013 | 393:001 | 867010 | -383:003 | -1.47:0.08
Anoxic
ATP

' NADH | ATP | FADH2 |Equi ATPl | TCAIGLX | OrniGly | PEP/PYR | GEPIPPP
PAO1 | 7.86 16.94 777 9.62 84.20 130.00
FBA | [389] (2628] | [7.09] | [1087] | [B1.46] [61.46] NA NA 145 108
AA2 | -259:0.69 | 17.50:2.60 |0.1120.19] 8.80+0.50 | 50.7929.01 | 114.10:0.25 | 0.670.01 | -0.2720.19 | 057013 | 1172012
AA43 | 181065 | 369193 [1.31+0.14] 450:018 | 10152685 | 4847+075 | 057:0.01 | -0.3120.16 | -0.65:0.03 | -1.32+1.02
AMT
0023-34| -088+075 | 351:244 |060+016| 373:036 | 11.56:870 | 3221+076 | 069+003 | 0.00+1041 | 0.0+4048996 | 1.15+020
PAO1 | -4.72¢222 | 26.12+3.92 | 7.21+0.00]12.060.32| 64.37:1583 | 169.25:0.26 | 1.210.01 | 5.81:0.08 | -0.69:0.02 | -1.18+0.27
LES400| -3.59+0.43 | 25.93+1.28 |6.18:0.11(12.05:0.10| 67.75:4.52 | 144.20:0.15 | 1.20:0.00 | 5.88:0.07 | 0.65:0.01 | -1.14:0.18
AA44 | 2513078 | 13.04:2.48 | 3.59+0.03] 6.68:0.48 | 3275:8.88 | 74.66:0.30 | 0.94:0.02 |-11.32:0.34 | -0.34:0.04 | -1.36:0.68
AMT
0023-30| _482+055 | 23.13+353 |673+0.06|14.43+0 44| 6070+1079 | 11343:028 | 0.00+001 | 485:013 | 071+003 | -1.15:029

Table 3.6. Flux ratio tables of experimental strais in major points of carbon diversion in central méabolism and estimated
energy production of MFA determined strains flux rates.Flux ratios and cofactor production ratesPoaeruginosa strains. The
ratios of fluxes at major central metabolic brapoimts, as discussed in the text, with signifidant and strain variability shown in
Figure 3.9 and 3.13. Estimated cofactor produataes are from MFA determined flux maps normalitmethe glucose uptake rate
for each strain (direct summation of FBA resulé$dd in brackets). ATP, substrate level phosphtioylaNADP(H) total cellular
NADH + NADPH production. Flux ratios calculated mgi GLX/TCA = Voaa+ac-coaycm/V (cir 5 cLx+succy ORN/GLU

=V (orn, succ+co2fV (6Luake) ; PEP/PYR = Yoaa ;pep+codV (maL 5 pYr+co2); GEP/R5P =Y63p+aar, ceryV (Gap+s7R E4P+RSR)
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Anoxic
AMT AMT
Strain AA2 | AA43 |0023-34] PAO1 |LES400| AA44 | 0023-30
ATP Synthesis | 126% | 124% | 133% | 60% | 121% | 105% 74%
NADPH Synthesis| 411% | 414% | 133% | 241% | 296% | 123% 76%
NADH Synthesis | 1229% | 120% | 139% | 83% | 134% | 165% 102%
Biomass 69% | 69% | 49% | 45% | 80% | 28% 45%
NH4 Production | 119% | 117% | 125% | 137% | 114% | 145% 137%
Aerobic
AMT AMT
Strain PAO1 | AA44 [ AA2 [0023-30] AA43 ]0023-34| LES400
ATP Synthesis | 919% | 93% [ 92% | 59% | 67% | 71% 134%
NADPH Synthesis| 799 | 184% | 107% | 265% | 193% | 190% 86%
NADH Synthesis | 104% | 117% | 139% | 107% | 98% | 154% 136%
Biomass 78% | 85% | 83% | 52% | 53% | 32% 86%
NH4 Production | 88% | 126% | 131% | 249% | 257% | 335% -11%

Table 3.7. MFA constrained FBA to FBA maximized gravth results. Results higher than 100% correspond to increasatlption
compared to growth optimized results.
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Hierarchical Cluster Analysis of the carbon uptakemalized"*C MFA flux results are
shown in Figure 3.13.. These results demonstratditu patterns in the aerobic and anoxic
results. Under aerobic growth (Figure 3.13A), sisdiES 400 and AMT 0023-34 show the most
similarity in comparison to the other strains. Undeoxic growth (Figure 3.13B), AMT0023-34,
AA2 and AA43 show the most similarity in comparigorthe other strains. To understand the
flux differences that HCA has shown, the ATP, redofactors, and flux ratios of major
metabolic flux divisions were calculated. As lisiadlable 3.6, ratios of TCA cycle flux to
glyoxylate cycle flux are higher under aerobic giimwompared to similar to higher flux ratios
through the glyoxylate cycle flux under anoxic cioths. Movement of carbon from glutamate
or ornithine shows the utilization of ornithinegaccinate conversion by all strains under aerobic
growth, but via glutamate by strains AA2, AA43, akidT 0023-34 under anoxic conditions.
Most strains also demonstrate net consumption dDRI and ATP during growth (except
aerobic growth of AA43 and AMT0023-30). To determufifferences in the ATP and redox
cofactor production in relation to optimized biommagowth, FBA constrained ByC MFA
results was compared to FBA optimized biomass drods shown in Table 3.7, MFA
constrained FBA shows increased NADPH and NADH potidn over biomass synthesis

reduction.
DISCUSSION

Many studies oPseudomonas aeruginosa have been conducted to better understand the
various adaptations that happen during chronictrde of CF patients. A frequent concern
related toP. aeruginosa metabolism in the CF lung has been understandsngétabolic
flexibility under micro-aerobic to anoxic conditisnespecially as the organism’s growth is likely

to be under these conditions in the CF lung [7438], Additionally, various Omic measures of
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serial CF isolates have been conducted to medseigenomic [48,49,51-54,56,57,75,138],
transcriptomic [51,58-62], and proteomic [58,63 J1&@8&nges in chronic infection adaptations to
the CF lung environment. This study provides th& filirect quantization and comparison of the
metabolic phenotypes & aeruginosa under CF lung-like conditions and the metaboliarades
seen under oxygen and nitrate respiration.

This study was based on the work of Palmer atratlefining the likely carbon and salt
environment seen in the CF lung [77]. While thisdradacks a source of lipids, especially those
seen in the CF lung, the findings in this study lddae compatible with possible uptake of a
lipid for catabolism as the TCA cycle is the pripali catabolic pathway utilized by these strains
[59]. This study also demonstrates an uptake peeteEr of amino acids and lactate similar to that
reported by Palmer et al., with the notable exoeptf ornithine uptake preference in the strains
of this study [77]. Due to cost and availabilityncerns*C L-lactate was not used in this study.
Simulated FBA results of L-lactate uptake undeobiergrowth, using MFA flux rates as
internal flux constraints with SCFM L-lactate uptatates, did show ready uptake and increase
in biomass synthesis rates in all strains (see IBomntal 3.3). These results showed a
significant utilization of the enzyme L-Lactate gdlhogenase ubiquinone, which converted L-
lactate to pyruvate with reduced ubiquinone avéalédx cellular respiration. Additionally,
leucine was a major carbon source in anoxic grdwthwas not used in these experiments to
allow direct comparison to aerobic and anoxic glov@imulated FBA results of SCFM
measured leucine uptake rates with constrained BiEAlemonstrate uptake in some strains and
allowed for additional reductant production in liéne catabolism (see Supplemental 3.3).
Finally, aromatic amino acids, which have been shawincrease virulence factor production in

CF isolates oP. aeruginosa, were not included in this study [139]. While thiqy affect central
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carbon metabolism due to increased productionrafamce factors, the current MFA shows that
production fluxes of these aromatic amino acidshairemal and thus likely to have a minimal

direct effect on aromatic amino acid anabolism.

The*C MFA and FBA results demonstrate notable phenotgpiperties oP.
aeruginosa under CF lung-like growth conditions. With oxidegibursts a common anti-bacterial
strategy of many species [140-143], the high ratesductant production seen in thése
aeruginosa strains are notable. Comparisons of ‘i@ MFA constrained FBA to optimized
growth also demonstrates both significant increas®AD(P)H production over that in biomass
optimized growth and the reduction in biomass potida rates. FBA constrained BiC MFA
results and nitrate uptake rates intriguingly shiweomplete reduction of nitrate in some
strains, being excreted as nitrite (see supplerh&rgg pointing to the possibility of incomplete

respiration of nitrate under anoxic conditions.

The inability to demonstrate similarity of anoXi€ labeled proteogenic amino acids
PCA results td°C MFA HCA results is again noted. The efforts to Hul high throughput
system for analysis of metabolic similarities aiffedences using®C label patterns of
metabolites while avoiding the time intensive wofk°C MFA is desirable [101,144]. While
previous results showed that PCAYE labeled proteogenic amino acids may differentiatain
similarity but not true metabolic phenotypes [13BE results shown in this study demonstrate
that**C MFA determined fluxes can demonstrate strain ptyges even in PCA determined

strains with amino acid label similarities.

Previous work on CF isolates’ metabolism in midim&adia demonstrates some

similarities to the findings in this work. The HGA M9 aerobic growth and S-SCFM aerobic
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growth reproduces the close flux relationships leetwstrains AA44 and PAO1 and between
strains AA2 and AA43 [132]. During aerobic growth$-SCFM, strains PA0O1 and LES 400 and
strains AA44 and AA2 demonstrate greater differertb@an were shown in aerobic minimal
media growth [132]. While not surprising resultistdoes demonstrate that different metabolic
phenotypes can be expressed by each strain thadreqaredicted under more simplified media
conditions. These results do represent importaniofa in the consideration of the role of
metabolism in pathogenicity, as under both medritmns the utilization of the glyoxylate
cycle is higher than would be predicted under mé&euohbiomass growth demonstrated in FBA
[132]. These studies’ results also indicate thatiaic phenotypes of multiple strains may fall
in a few generalized categories, such as two plgpastdemonstrated in the previous study and
those demonstrated in this study [132]. These fefienotypes resolved BSC MFA stand in
contrast to the range and number of genotypesiseganomic based methods, but analysis of
more strains would be needed to fully understaedrktabolic flexibility ofP. aeruginosa in

chronic CF infection [48,52,53,56,60].

The glyoxylate cycle is important to consider bagha metabolic target for
pharmaceutical development and as a potential gatho factor irnP. aeruginosa infection. A
study conducted on the reduction of pathogenidity.@eruginosa infection of alfalfa seeds
seen with the removal of the glyoxylate cycle eneygsocitrate lyase also demonstrated
reduction in rates of lung infection [145]. The Wwan this study as well as that in previous
studies that utilized M9 minimal media demonstraiteshigh utilization of this pathway even in
growth without lipids, as the catabolism of lipidsind in the lung has been proposed as a
possible explanation of glyoxylate cycle utilizatim chronic infection isolates &f. aeruginosa

as well as other pathogenic organisms of the 168¢LB2,146]. Thé’C MFA results also
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demonstrate the utilization of glyoxylate to forimggphoglycerate under anoxic conditions by
using glyoxylate carboligase, 2-hydroxy-3-oxoprayte reductase NAD(P), and glycerate

kinase, but not utilizing the common second enzgirtbe glyoxylate cycle, malate synthase.

This study also helps to shed light on publishe=iilts of the various Omic techniques
used to understand chronic infection adaptatioR. @gruginosa. The®*C MFA results
contextualize the transcriptomic work on chronieation isolates from CF lungs by Hoboth et
al., with both showing the utilization of glutamated ornithine metabolism [58]. Importantly,
13C MFA demonstrated that the carbon flow was thers of that theorized by Hoboth et al.
[58]. Other published transcriptomic studies shesuits similar to this study*3C MFA, with
upregulation of ornithine and arginine catabolithpaays and downregulation of glutamate
dehyrdogenase and EDP related enzymes [147]. TimeEDoudoroff and Oxidative Pentose
Phosphate Pathways may not be particularly impbmaplanktonic growth in the CF lung, as
MFA results demonstrate little carbon flux throubbse pathways, especially after biosynthesis
of biomass components are taken into account. Tiesséts may be different in the CF lung,
due to the presence of carbohydrates and diredatixe stress, as well as measured
transcriptomic changes &f aeruginosa CF isolate strains demonstrating increased EDP and

OPPP gene expression [51,148].

Putrescine and other polyamines are common moleéoland in many organisms with
multiple described functions.fe antioxidant, nucleic acid stabilization, acid stance,
sidephores, etc.) [149]. Pathogenesis in severaébal species (e.gSaphylococcus sp.,
Yersinia pestis, Bacillus anthracis, andVibrio cholerae) has been linked to the expression of
various polyamines [150]. The importance of polyaeproduction in biofilm formation of

several bacteria species (e\ghrio cholerae, Yersinia pestis, Bacillus subtilis, and
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Saphylococcus aureus) has been more recently demonstrated, with defe@&szymes necessary
for polyamine metabolism, or exposure to certailygrmines, reducing biofilm formation but
not affecting growth [151-157]. The metabolisnmPogeruginosa heavily utilizing putrescine
metabolism during catabolism of amino acids, as asmultiple biofilm forming species failing
to form biofilms without intact polyamine metabopathways, may demonstrate a shared

metabolism in biofilm forming pathogenic bacterrala possible shared pharmaceutical target.

Direct production and utilization of polyamines Byaeruginosa has also been
described. Polyamine localization to the outer m@amé ofP. aeruginosa have been described
and shown to be protective against extracellulaADdkidative damage, and antibiotic action
[158]. A high amount of putrescine production hastoreported iR. aeruginosa strain PA01
grown under rich media conditions and showing desed production when supplemented with
addition of glucose or fructose to the media [1584ports of samples of CF sputum during
exacerbation have shown an increase in putresomeeatration and may be explained by the
metabolism oP. aeruginosa demonstrated in this work [160]. These possihleations of
putrescine rely on the accumulation of the metabadind kinetic data for these enzymes would

be beneficial in determining the possibility ofgldccumulation.

Putrescine or agmatine being utilized as a formigrialing inP. aeruginosa may be
another possible explanation of € MFA results described in this work. Genetic and
transcriptomic work by Chou et al. during growthPoferuginosa mutants to characterize
metabolism of agmatine and putrescine demonstrateattion of enzymes responsible for
catabolism when exposed to agmatine and acetyégeitre [161]. Chou et al. also report the
induction of theoprH-phoP-phoQ operon inP. aeruginosa exposed to exogenous agmatine and

putrescine, allowing for the expression of knowtilzacterial resistance genes [161]. A gene

140



that functions to enhance biofilm growth and whpssmoter binds to agmatinagu2ABCA',

has been described and found in sénaeruginosa CF isolates [162]. Other findings of various
polyamine exposures at millimolar concentrationssaag an increased susceptibility to
penicillin-class antibiotics and polymyxin B butadeasing susceptibility towards other classes
(aminoglycosides, quinolones, etc.)Rnaeruginosa add to evidence of the role of polyamines as
a possible regulatory agent in this species, ealgan the reactivation of persister cell growth
[163—-165]. Other organisms have also demonstratee ®f these adaptations, with work in
Escherichia coli showing the role of putrescine metabolism in pégsisell development [166].

A study of modulation of biofilm formation thouglk@genous exposure of various polyamines
in pathogenic bacteria also demonstrate a possitdeof polyamines in biofilm formation
signaling or as a metabolic factor, but this relaship remains to be fully elucidated [156,157].
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APPENDIX A - Electronic Supplemental Descriptions
Descriptions of the supplemental material uploaaiedn electronic supplement of this

dissertation.

Supplemental 3.1C labeling data of amino acids used in Principah@onent Analysis and

Metabolic Flux Analysis models of this study.

Supplemental 3.2: Complete list of reactions in &belic Flux Analysis model with complete

flux table results and list of biomass values eeehch strain.

Supplemental 3.3: Complete flux results for FluxaBae Analysis of biomass optimized growth
of strains PAOL, AA2, AA43, AA44, LES 400, AMT 003, and AMT 0023-34 in aerobic and
anoxic growth conditions. Flux Variability Analysissults for 99% and maximally optimized
biomass flux rate are also shown. Additional matte(e.g. lactate and leucine uptake) can also
be found here. Alterations to the biomass equatimhadditional reactions added to Opperman

et al. FBA model are also described.

Supplemental 3.4: Current version of formatted Bakance Analysis model used in this study

(.xIs format).
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APPENDIX B - Additional Tables and Figures
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Figure S3.1. Correlation ofPseudomonas aeruginosa grain intrinsic growth rates under
media and oxygen condition¢ Intrinsic growth rates dP. aeruginosa strains under aerob
(squares) and anoxic (triangles) conditions plo8&d-M intrinsic growth rates agair
Simplified-SCFM intrinsic growth rates. (rrelation coefficients for both conditions showosig
correlations, demonstrating the similar biomasswnaates and thus metabolic condition:
both media conditions.
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Figure S3.2. Carbon conversation efficiency (CCE)atculation of Pseudomonas aeruginosa
strains under aerobic growth conditions in Simplifed-SCFM with 90% CI. Empty bars
show values calculated from amino acid uptake aoihéiss production; Filled bars show values
calculated from C@efflux and biomass production. 2-sided studenté&st of CCE demonstrate
no significant difference (P >0.05) for each str&cE% calculation based on amino acid
uptake for PAO1 and AA43 n=6; AA2 n=5; AA44, LES4@hd AMT 0023-30 n=3; AMT 0023-
34 n=3. CCE% calculation based on G#iflux for PA01, AA44, AA43, and AMT 0023-34
n=6; all rest are n=3.
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Figure S3.3. Nitrogen conversation (NC) percentagealculation of Pseudomonas

aeruginosa strains under aerobic and anoxic growth conditionsAerobic (filled) and anoxic
growth (empty) conditions in Simplified-SCFM wittasdard deviation as error bars. NC%
calculation based on aerobic growth for PAO1 andiBA=6; AA2 n=5; AA44, LES400, and
AMT 0023-30 n=3; AMT 0023-34 n=3. N=3 for all NCE&hoxic calculations. NCE% greater
than 100% imply uptake of nitrogen from sourcesnothan amino acids. NCE% less than 100%
imply secretion of nitrogenous waste due to amicid eatabolism.
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Als Arg Asp Cys | GhGin| Gly His 13 Val Thr Crn_ §Glucose | Lactate
Average | 46% 8% -1% 103% T 42% 0% Ba% Bi% BB -1% TE% 4%
Falt | Stdev 1% 4% 0% 4% 1% 9% 4% % 43 0% 03 B 1T
Average | 15% 18% -1% B [ 46 Bl % T3% BER 1% 0% M
AAZ | Stdev 5% 1% [ 6% 0% T% 1% 2% % 12% 0% TR 2%
Average | TO% I 3% 102% 3% B2% B2 B4% BE% bR 3% B1%
AA43 | Stdev B 5% B 1 5% 13% 4% 1% % 15% b 26%
Average | 1T% o 10% 20% 8% B 8% Bi% si% 3 41%
AAd4 | Stdev 2% 0% 10% T3 2% 5% 4% 3% T 10 3 34%
Average | 9% 18% 1% 7% B 3% T8% 45% ET% 4% -1% 1T
LEG400 | Stdev 3% 1% 4% 0% B 2% 2% % 1% 5%
Average | 1% 2% -1% 5% T I B0 B B7% Bi% -1% 43%
AMT3D | Stdev 14% 5% 0 1% 2% BB% T% 4% 4% 4% 0% 2%
Average | 55% 1T% -1% 5a% B 5% 5% 4% 4% 0% ok 0%
AMT34 | Stdev 11% 0% 0 4% 0% 13 0% 0% 3 L 0% A

Table S3.1. Average and standard deviation of remaing carbon compounds during growth in Synthetic Cgtic Fibrosis
Media (SCFM) under aerobic conditions Amino Acids measured by LCMS and remaining Glucarse Lactate measured by NMR.

Ala Arg Asp Cys 1GIu+GEIn Gly His lle Leu Lys Met Phe Pro Ser Trp Tyr Val Thr Orn_ GlucosdLactate

pveragd 40% | 44% | 14% | 98% | 19% | o | 92% [ 9i% | 11% | 79% | 77% | 13% | 32% | 92% | - no L70% | 8% 8% | 123% | 59%

Pa01 | Stdev | 4% 5% 0% 8% 0% 6% 7% 3% 4% 3% 0% 8% 8% 26% | 0% 0% | 101% | 22%
pwveragd 75% | 58% | 36% | 78% | B6% | .o | 81% [ 83% | 3% | 85% | 78% | 54% | 60% | 77% | - nop 15%% | 40% | 40% | 58% |264%

As2 | stdev )] 8% | 2% | 11w | 2am | 7% 2% 3% 2% 3% 3% 6% | 16% | 1% 42% | 1% | 1% | 33% | 127%
pwveragd 80% | 65% | 60% | 90% | 69% | .o | 87% [ 86% | 2% | 88% | 85% | 76% | 64% | 87% | - np L81% | 68% | 68% J 61% | 156%

A843 | stdev | 7% 1% 1% 5% 5% 7% 8% 2% 5% 7% 7% 5% 7% 0% | 7% 7% | 29% | 33%
pveragd 72% | 60% | 57% | 78% | 68% | o | 85% | 84% | 5% | a7% | 80% | 53% | 70% | 79% | ,p no 162% | 57% | 657% | 93% | 158%

Asdd | Stdev ] 7% | 2% 7% | 38% | 5% 5% 5% 2% 5% 8% 4% 7% 8% 36% | 12% | 129% | 7T% | 28%
iveraad 77% | 50% | 13% | 81% | 24% | o, | 85% | 865% | 5% | av% | 78% | 19% | 1% | 79% | o no L112% | 8% 8% | 73% | 137%
LES400| Stdev | 18% | 2% | 10% | 14% | 15% 9% 9% 3% | 10% | 8% | 10% | 13% | &% 0% | 7% 7% | T4% | 24%
Averaqd 70% | 66% | 45% | 94% | 59% | . | 81% | 81% | 4% | 83% | 76% | 62% | 51% | 7% | ,p no L78% | 47% | 47% J115% | 163%
AMT30 | Stdev | 3% | 2% 4% 8% 3% 4% 5% 2% 5% 2% 3% | 29% | 5% 0% | 2% 20 | 99% | 3%
pwveragd 54% | 41% | 27% | 93% | 31% | o | 94% [90% | 12% | 79% | 30% | 13% | 56% | 96% | - no 155% | 20% | 20% | se% | 74%
AMT34 | Stdev | 22% | 4% 8% 1% | 11% g% g% a9 ) 11% | 3% 0% | 12% | 9% ag% | 3% gup | 268% | 21%

Table S3.2. Average and standard deviation of remaing carbon compounds during growth in Synthetic Cgtic Fibrosis
Media (SCFM) under Anoxic conditions.Amino Acids measured by LCMS and remaining Glucarse Lactate measured by NMR.
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The work described in this thesis was concernéd the metabolic changes during
adaptation to the cystic fibrosis lung environmamdl pathogenesis by the bacterium
Pseudomonas aeruginosa in chronic infection. The research used MetabadlixAnalysis and
Flux Balance Analysis to quantify central carbortabelism in CF isolates &. aeruginosa to
add to the understanding of the bacterium's mehand the changes induced by exposure to
and growth in the cystic fibrosis lung environmebiie to the significance &f. aeruginosa as a
cause of morbidity and mortality in cystic fibrog$3F) and its intrinsic and acquired resistance
against antibiotic therapy, the additional goathi$ study was to propose possible metabolic

targets for potential future pharmaceutical devedept.
Comparison of Metabolism

A central question of this thesis is whether melialdifferences can be determined in the
role of adaptation towards chronic infection ofduwith the comparison ¢1. aeruginosa CF
lung isolates to a wound isolate as well as torglielished studies. The results show the
extensive metabolic range Bf aeruginosa, both in the range of flux patterns though carbon
metabolism under different conditions as well athmcarbon metabolic phenotypes present in
genetically similar and diverse strains. Both @& studies in this dissertation also help to
contextualize the metabolism Bf aeruginosa in comparison to othéfC MFA organisms under
aerobic conditions with glucose as the carbon soand under conditions mimicking the CF
lung.

The minimal medid®C MFA study describes a standardized growth comlifiat can be
used to identify and quantify differences in thewgth physiology and metabolism between
bacterial species. The results in this study atsdridbute to a comparison of metabolism based

on metabolism of glucose through the Embden-Meyedaonas Pathway (EMP) versus the
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Entner-Doudoroff Pathway (EDP). While theorieseduced protein production cost and energy
yield as explanations of the loss of EMP with conggon and utilization of EDP in some
organisms have been demonstrated mathematicakggtdiemonstration in organisms have not
been shown [1]. The measured utilization rate©i@fEDP in several of tH& aeruginosa strains
(especially AA44) andt. coli utilization of EMP during aerobic growth in minitmaedia
demonstrate similar rates of flux ratios througkst pathways with increased growth rateR.in
aeruginosa [2]. The study of aerobic metabolism during growthglucose also allowed the
direct comparison of a related spedtedluorescens to P. aeruginosa. The findings

demonstrated not only the shared metabolic phepstiypthese species, but also provide
evidence that one of the minimal media growth phges in this study may be demonstrating a

proto-biofilm synthesis metabolism [3].

The S-SCFM?C MFA study allowed a detailed elucidation of tlaebmon fluxes through
central metabolism iR. aeruginosa under more CF lung-like conditions. The metabfitidings
of the study can be compared and contrasted tpridteomic work by Hoboth et al. (2009). That
group's findings of increased levels of Tricarbaxycid (TCA) cycle enzymes and of proteins
responsible for the interconversion of ornithingjine, and glutamate and TCA cycle
intermediates in late CF isolates in comparisoeaity CF isolates are consistent with the large
carbon fluxes in the S-SCFMC MFA flux maps obtained here [4]. BGIC MFA
guantification of carbon fluxes here demonstrated the utilization of amino acids by these
strains under both aerobic and anoxic conditiongedrcarbon flux from glutamate to ornithine
to succinate, which is opposite to the conclusairthie prior Omic study [4]. The additional
analysis of the anoxic growth condition to bettederstand differences in aerobic and anoxic

growth in the presence of substrates present iCEhing also provided insight into the
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utilization of amino acids and the role of the glylate cycle enzyme isocitrate lyase under
anoxic growth. The analyses in lung-like media uringh aerobic and anoxic conditions
highlight the value of studying metabolic phenotyp@ader experimental conditions that mimic
relevant environmental circumstances. Indeed tisezgidence that the CF lung includes a range

of microenvironments from aerobic to anoxic [5-7].
Metabolic Fingerprinting and Metabolic Flux Analysis

Metabolic Fingerprinting using stable isotopicdabg is a method that has been
proposed to increase the speed and throughputtabole phenotyping by identifying
metabolic fluxes without full flux analysis [8,9}letabolic flux fingerprinting involves using
LC-MS, GC-MS, and/or NMR to produce a set of labgldata on the system of interest and
applying statistical methods (Analysis of Variana®OVA, Principal Component Analysis,
PCA; or Independent Component Analysis, ICA) taiifg differences and/or degrees of
difference between treatments or genotypes. Featavealed may either describe the system's
metabolic features or identify specific measured tould be used for identification of a specific
organism [10]. A proposed refinement of this metiwthe use of stable isotopic labeling to
produce labeled metabolites that capture the uyidgrimetabolic network that produced the
measured metabolites [11]. This process is meadetuify metabolic similarities and
differences more efficiently (days of analysis)rthsing*C MFA (months of modeling).

We investigated the power of this approach to drsoate between metabolic flux
phenotypes exhibited by different strains and wietlegrees of similarity among strains
identified by fingerprinting agreed with the resudif full flux analysis. The results of these
studies cast doubt on the ability’8€ metabolic fingerprinting to differentiate relighdetween

strains of the same species. Thus we found that H&#g fluxes obtained bYC MFA was able
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to clearly distinguish amorf@. aeruginosa strains grown anoxically in S-SCFM; whereasfi@
labeling data used in the MFA was insufficient istidguish the strains using PCA. Under
aerobic growth (either in minimal or S-SCFM medi%) metabolic fingerprinting was able to
identify that each strain was different from thbess, but the overall degree of difference
between one strain and another, did not accordtwéldegrees of difference/relatedness shown

by HCA of **C MFA flux analyses.

Because of the time-consuming nature of rigor8GsMFA and the value of increasing
throughput, further investigation should be condddb determine which if any statistical tools
can be used to determine metabolic differences gmatrains of the same species. It may be that
specific labeling information (e.g. increased measients of labeling in particular metabolites),
and/or different statistical methods (e.g. IndegadComponent Analysis) may increase the
predictability of these analyses. It seems likaBtfprogress in this direction will be easier on a
case-by-case basis for specific metabolic proces#est is using a particular labeled substrate to
discriminate particular fluxes, and that developpngfiling methods for system-wide untargeted

differences will be harder, especially where migtipubstrates are utilized simultaneously.
Virulence and Metabolism

A central question motivating the work of thissileewas “Can metabolism and its
changes be meaningfully related to an organismeptdion towards greater virulence?” By
guantifying metabolic changes in strains that hed@pted to a pathogenic environment, these
changes could be general to organism adaptatioertain body environments. Such differences
could provide a basis for the production of testddtermine the course of chronic infections,

and investigated as potential targets to reduaiminate infections. Presented below is a
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summary of the metabolic findings of this thesibkjal could be potential targets for
pharmaceutical intervention.

The glyoxylate cycle has been shown to be an impoftux in both minimal media and
CF lung-like growth of. aeruginosa. With the use of FBA in these studies, it has b&@wn
that optimized biomass production (growthPinaeruginosa does not explain these fluxes. The
observation of a correlation between growth ratd glgoxylate cycle flux observed here, is
consistent with the results of a previous study dleenonstrated reduced virulence in both alfalfa
seeds and mouse lung Byaeruginosa in a strain with defective isocitrate lyase [1Phe
finding of a functional glyoxylate cycle as beingianportant metabolic pathway for persistence
in the body in pathogenic organisms (especisiljgobacterium tuberculosis) has been noted in
the scientific literature and in the context of@uneogenesis during lipid metabolism [13]. This
utilization of the glyoxylate cycle b. aeruginosa during non-lipid metabolism and especially
anoxic amino acid metabolism is intriguing, asgleeerally accepted role of this cycle is for
anabolism from two carbon acetyl-CoA units derifr@an lipid catabolism. The utilization of
this cycle byP. aeruginosa strains under the conditions used here could piatBnbe an
inherent signaling response that may be expregdadteer levels under anoxic conditions, but
more direct measures (such as transcriptomics atdbolic analyses of mutant and transgenic
strains) would need to be conducted to furtherighte the interplay between environment and
glyoxylate cycle expression. The results of thiglgtalso demonstrate that isocitrate lyase and 2-
hydroxy-3-oxopropionate reductase, operating witltocomplete glyoxylate cycle, is heavily
utilized during anoxic S-SCFM growth B aeruginosa and could possibly be pharmaceutical

targets to reduce or eliminate this organism froem@F lung environment.
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The catabolism of the amino acids glutamate, loimét, and arginine via putrescine into
the TCA cycle and not via-ketoglutarate is a novel finding. As shown by FBiywth
optimization, putrescine production is less effitigor growth, likely due to the increased ATP
consumption by this pathway. A possible explanatibthis pathway, though kinetic data for
these enzymes would be beneficial in determiniegpibssibility of accumulation, in is the
utilization of polyamines, such as putrescineRiaeruginosa as a general cellular and plasma
membrane anti-oxidant [14]. The expression of polyes, especially putrescine, in the cell
membrane surface & aeruginosa has been demonstrated in the context of antimiakstress
(e.g. extracellular DNA) [15]. A polyamine metatlielderived from arginine decarboxylation,
agmatine, has also been demonstrated as a signadilegule in biofilm formation that develops
in someP. aeruginosa isolates, providing additional evidence of an ddtpn of metabolism
towards signaling of immune stress in this orgar|isé). The discovery in this study of
substantial fluxes via putrescine also provide ssfiide explanation for the observed correlation

between CF exacerbations and increases in puteesoircentration from sputum samples [17].

These studies also provide evidence of metabolfsi @eruginosa towards production
of reductant at the expense of biomass synth€€isVIFA of strains growing in Minimal media
demonstrated a metabolic phenotype that differech the one predicted by FBA for optimized
biomass production. A key difference is towardsdterproduction of reductant that is seen in
the increased OPPP flux through relative to flukesugh the ED pathway and TCA cycle. This
overproduction of reductant in comparison to optedi biomass production was further
accentuated in S-SCFM growth as seen in the caionlaf reductant produced iC MFA

constrained fluxes of FBA optimized growth compa@d@BA optimized growth. A possible
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explanation for this finding is th& aeruginosa uses high rates of NADPH production to

survive in the oxidative environment of the CF lworgn other hostile environments.
Future Directions

To better understand the metabolic adaptatid? aéruginosa to the CF lung
environment, a more life-like replication of the @Rg environment would be usefiiC-label
experiments would ideally be conducted in an animmadlel infected withP. aeruginosa,
providing the most accuraie vivo study of metabolism and infection. Unfortunatelych an
experiment would be both expensive i@ substrates), and difficult to interpret, since
measuring uptake rates and accounting for metabalsformations outside th aeruginosa
cells would be invasive and extremely challengidditionally, while the genetic cause of CF
has been well established, the underlying pathotagynot been well replicated in organ
systems of any model animal used [18]. Under tegsamstances, it is more reasonable to
propose the use of biofilm cultivation techniquesler lung-like conditions as the next step in
experimental techniques [19]. Using such a systepraduce biofilm under more lung-like
conditions would complicate the ability to perfosteady state MFA due to the timescales
necessary for complete isotopic labeling of analgtibstrate as well as the heterogeneous
environment of the biofilm [20]. While isotopicalhyon-stationary MFA techniques have been
established that would allow for such a biofilmdstio be feasible [21], technical obstacles
remain. These include designing and verifying sasle biofilm growth chamber;
methodological development of consistent growtR.aderuginosa biofilm cultures;
identification, harvesting and isolation of biofillayer(s) of phenotypic difference; and
measurement of uptake and secretion rates of maeshbdlowever, such an investigation should

be feasible and represents a logical next stepisnmésearch.
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Besides discussion of the natural progressioxpéements conducted in this thesis,
other experiments could be conducted to verify exulore the conclusions reported. Growth of
the strains in these experiments to measure anditybiofilm differences in the media used in
these experiments could be completed. These expetincould be used to confirm whether pro-
biofilm growth phenotypes are expressed under piarié growth. Measurement of biofilm
production rates and type of biofilm for each streduld then be compared to the identified
biofilm and non-biofilm metabolic phenotypes dentosted under M9 growth to identify if
MFA determined phenotypes under planktonic grovaltarrelate with alginate biofilm
producers. Biofilm production difference by stragiewn in S-SCFM may provide additional
insight into the metabolic differences seen as.vialtitionally, all the metabolic results found
could be further augmented with measurement of knawlence factors, quorum signaling
molecules, and transcriptomic measurements. Thessumrements may provide finer
guantification of pathogenicity or virulence undeese growth conditions that may provide a
contrastable difference of virulence that may expilae underlying metabolic phenotypes

reveled in these studies.

Additional *C MFA experiments could also be conducted usirigid $ource instead of
amino acid sources of carbon. These result codfdtbeshed light on the differences in lipid and
amino acid metabolism of these CF isolates andmed§yin determining possible metabolic
utilization differences that may occur is someiggaMeasurement of secondary metabolites
(known virulence factors, quorum signaling molesuketc.) could also be used to further
constrain metabolic measurements in FBA constraliE4 that may lead to additional

discoveries aboWR. aeruginosa metabolism.
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Additional strains oP. aeruginosa could be analyzed usitgC MFA to further validate
and identify additional metabolic phenotypes. Asmdastrated in this work, the reference strain
PAO1 did not show significant difference from thE iSolates used in this study. The use of
environmental strains, as opposed to pathogeramstlike PAOL, as the metabolic reference
may help in the understanding of pathogenic adiaptaeen in this organism. Other CF isolates
could also be included to further encompass idedtiphenotypes beyond the genetically

sequential isolates chosen for this study.

Finally, identification and utilization of inhibite of key enzymatic pathways, orf
aeruginosa mutants defective in these pathways, could be tesedlidate the results and
proposed mechanisms of this thesis. Inhibitiorhefénzyme of the Entner-Doudoroff pathway
would validate the ability oP. aeruginosa to continue to grow under minimal and complex
media. Use of an inhibitor or known mutants in pohne metabolism would be of additional
interest, and would help in the illumination of yaimine metabolism and biofilm formation [22].
These experiments would also need to be pairedhiatiim growth experiments to fully

validate the relationship between polyamines anéllv formation.
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