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ABSTRACT

Pseudomonas aeruginosa can grow efficiently on spermine and other biogenic
polyamines via the y-glutamylpolyamine synthetase (GPS) pathway. Not only subjected to
growth inhibition by spermine, the pauA2 mutant without a functional y-glutamylpolyamine
synthetase PauA2 became more sensitive to B-lactam antibiotics in human serum. To explore
PauA2 as a potential target of drug development, the native form of PauA2 protein
overexpressed in E. coli was purified to homogeneity for biochemical characterization. The
specific activity of PauA2 was monitored by spectrophotometric measurements (660 nm) of the
releasing phosphate from ATP in the presence of ammonium molybdate and malachite green.

PauAz2 displayed a sigmoid curve on Velocity-Concentration plot, indicating an allosteric



modulation in the catalytic reaction. The apparent Km values were 0.2mM, 2.1mM, 6.1mM, and
1.1mM for ATP, L-glutamate, spermidine, and spermine, respectively. The obtained values of
Hill coefficient were 3.4 and 5.4 for spermidine and spermine, respectively.

Although P. aeruginosa can degrade the spermine by PauAz2, it seems likely that other
mechanisms may alleviate the spermine toxicity in the absence of pauA2. All the pauA2
suppressors were isolated from spermine selection plates and shared common changes in various
pathways including delayed growth rate, retarded swarming motility, and pyocyanin
overproduction. Genome resequencing of a representative suppressor revealed a unique CsggT
mutation at the phoU gene that results in SeraooLeu substitution and a constitutive expression of
the Pho regulon as evidenced by measurements of promotor activities and transcriptome
analysis. All of the observed phenotypes could be complemented by a recombinant plasmid
carrying the wild-type phoU gene. Also, accumulation of polyphosphate granules and spermine
resistance in the suppressor mutant were reversed concomitantly when exopolyphosphatase PPX
was overexpressed from a recombinant plasmid. Identical phenotypes were also observed in a
ApauA2AphoU double knockout mutant.

In conclusion, we characterized the y-glutamylspermine synthetase PauA2 as the
essential enzyme and provide the foundations for PauA2 inhibitors screening as a potential
antibacterial. Furthermore, we identified polyphosphate accumulation as a potential protection

mechanism against spermine toxicity in P. aeruginosa.
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1 GENERAL INTRODUCTION

Polyamines are a group of organic compounds with a long-chain carbon backbone and
multiple amine groups and are widely distributed in all three domains of life. Due to the
positively charged amine groups, polyamines can interact with polyanionic macromolecules, e.g.
DNA and RNA. Spermine, one of the polyamines, has been studied for its functional and
regulatory roles in the DNA/RNA binding (Bryson & Greenall, 2000), the activation of Ca?* -
sensing receptor (Rocha et al., 2015), and the ROS production (Gobert & Wilson, 2016;
Setyawan et al., 2016). In human, spermine is essential for cell proliferation, and is overproduced
in cancer cells (Amendola et al., 2009) and cells infected by RNA viruses (Mounce, Cesaro, et
al., 2016; Mounce, Poirier, et al., 2016). Also, spermine released from the damaged cell can
inhibit the activation of macrophage at the site of inflammation (Zhang, Wang, & Tracey, 2000).
On the contrary, most bacteria, in general, do not synthesize spermine. When in excess, spermine
exerts a strong adverse effect on cell growth (Rosenthal, Fisher, & Stohlman, 1952). Thus, it is
essential for the cell to maintain the homeostasis of spermine through a tight control of
catabolism and biosynthesis. In P. aeruginosa, spermine toxicity is reduced by the y-
glutamylation pathway (Yao, He, & Lu, 2011). Therefore, my dissertation focused on the
spermine metabolism and the responses to spermine stress in the model pathogen P. aeruginosa.
In chapter one, | characterized two of y-glutamylpolyamine synthetases, PauAl and PauA2, in P.
aeruginosa. These results can provide the foundation of knowledge for the inhibitor development
of a potential antimicrobial target PauA2. In chapter two, we elucidated how P. aeruginosa
responds the spermine stress by an alternative defensive mechanism in the absence of the y-

glutamylspermine synthetase PauA2.



1.1 Physiology functions of polyamines

Polyamines are a group of aliphatic compounds with multiple amine groups. Although
putrescine, spermidine, and spermine are the most common biogenic polyamines found in all
three domains of life (Fig. 1.1.1), the distribution of polyamines varies between prokaryotes and
eukaryotes. In general, putrescine and spermidine are the most dominant polyamines in bacteria,
while spermidine and spermine exist in eukaryotes, e.g. humans. Because of the positively
charged amine groups, polyamines can serve as the ubiquitous structural components with

polyanionic macromolecules, DNA & RNA, by the charge interaction (Cohen, 1997).

Many studies reported that the intracellular level of polyamines is significantly elevated
in the cancer cells (Woolridge, Martinez, Stringer, & Gerner, 1999). Thus, polyamine
metabolism is considered as a therapeutic target for the cancer therapy (Gupta, Pachauri, Ghosh,
& Rajam, 2016; Nakanishi & Cleveland, 2016). Many compounds are designed to target the
polyamine uptake and biosynthesis for the disruption of the cellular polyamine homeostasis.
Also, it was reported that polyamines can facilitate the infection by RNA viruses, including
chikungunya virus, Zika virus, and Ebola virus (Mounce, Cesaro, et al., 2016). Several studies
demonstrated that the inhibition of polyamine biosynthesis can restrict the viral translation and
replication (Mounce, Poirier, et al., 2016; Olsen et al., 2016). Furthermore, spermine plays a
regulatory role in the innate immunity. Spermine inhibits the pro-inflammatory gene expression
to prevent the activation of macrophage at the infection site during the pre-inflammation (Zhang

et al., 2000).



In bacteria, the polyamine depletion caused by the defective polyamine biosynthesis
results in a growth retardation phenotype (Lu, Itoh, Nakada, & Jiang, 2002; Nakada & Itoh,
2003). Also, polyamines play a regulatory role in the bacterial physiology, including swarming
motility (Dela Vega & Delcour, 1996), biofilm formation (Karatan, Duncan, & Watnick, 2005),
resistance to nitrosative stress (Bower & Mulvey, 2006) and reactive oxygen species (Gobert &
Wilson, 2016), response to DNA damage (Kim & Oh, 2000), and bacterial virulence (Leuzzi et
al., 2015). In E. coli, a concept of polyamines modulon was proposed suggesting polyamines can
increase a group of genes at the level of translation by enhancing the translational initiation
(lgarashi & Kashiwagi, 2006, 2011). However, more molecular mechanisms of the polyamine

effects on bacterial physiology remain to be elucidated.
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Figure 1.1.1 The chemical structures of common polyamines



1.2 Polyamines Metabolism

Although polyamine are required for cell growth, they also exerts a strong adverse effect
on cell growth when in excess (Rosenthal et al., 1952). To avoid a potentially adverse effect of
spermine, the cells maintain the spermine homeostasis through a tight control of uptake,

biosynthesis, and catabolism.

1.2.1 Polyamines transport system

Most bacteria possess a polyamine transport system to uptake polyamines into cells. The
polyamine transport system in general consists of a polyamine-binding protein and an ABC
transporter (two channel-forming proteins and a membrane-associated ATPase). In E. coli,
PotABCD and PotGHIF have been reported to form a spermidine-preferential and a putrescine-
specific of ABC transporter systems, respectively (Igarashi & Kashiwagi, 1999). In P.
aeruginosa, the spermine/spermidine transporter system is comprised of SpuDEFGH (Lu et al.,
2002). Also, our group reported a putative spermine/spermidine transporter PotABCD in gram-

positive bacteria S. aureus (Yao & Lu, 2014b).

1.2.2 Polyamine biosynthesis

Polyamines are essential for cell growth, and the biosynthesis of polyamines is controlled
by multiple enzymes and feedback regulation (Fig. 1.2.1). Diamine putrescine, cadaverine,
triamine spermidine, and tetraamine spermine are the most common polyamines in the
prokaryotes and eukaryotes (Cohen, 1997). In the polyamine biosynthesis, putrescine is
decarboxylated from the precursor of amino acid via either ODC or ADC pathways: (1) In ODC

pathway, L-ornithine is decarboxylated to putrescine by SpeC (ornithine decarboxylase). (2) In



ADC pathway, L-arginine is first decarboxylated to agmatine by SpeA (arginine decarboxylase),
and agmatine is hydrolyzed to putrescine and urea by SpeB (arginine ureohydrolase) (Tabor &
Tabor, 1985). In P. aeruginosa, an additional pathway has been reported that agmatine is
converted to putrescine via N-carbamoyl putrescine by AguAB, which are encoded the agmatine
deiminase and N-carbamoy! putrescine aminotransferase, respectively (Nakada & Itoh, 2003).
On the other hand, another diamine cadaverine is only synthesized from L-lysine by lysine

decarboxylase CadA during putrescine deficiency (Cohen, 1997).

In E. coli, spermidine synthesis requires decarboxylated S-adenosylmethionine (ASAM)
as a cofactor. Methionine adenosyltransferase MetK converts L-methionine to SAM, which is
decarboxylated to decarboxylated SAM by SpeD. The decarboxylated SAM allows the
conversion of putrescine to spermidine by spermidine synthetase SpeE (Tabor, Tabor, & Xie,
1986). E. coli and most of the bacteria do not synthesize spermine. In general, spermine only

exists in the cell when the medium is supplemented with exogenous spermine.
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Figure 1.2.1 A schematic diagram depicting the polyamines biosynthesis in E. coli



1.2.3 Polyamine catabolism

Due to the lethal effect of polyamines, cells can quickly reduce the polyamine toxicity by
enzyme modification. As Fig. 1.2.2 shown, spermine/spermidine acetyltransferase (SSAT)
converts spermine/spermidine to acetyl-spermine/spermidine (Fukuchi, Kashiwagi, Takio, &
Igarashi, 1994). AcSpm and AcSpd can be either excreted or converted into spermidine or
putrescine, respectively, by the FAD-dependent polyamine oxidase (PAO) (Casero & Pegg,
2009; lgarashi, 2006). SSAT is highly conserved in human and many bacteria, including gram-
negative E. coli (speG), V. paraheamolyticus (bltD), gram-positive S. pneumoniae (bltD), B.
cereus (bItD) and a lineage of S. aureus (speG). However, no SSAT orthologue has been
reported in P. aeruginosa or pseudomonads. Instead of acetylation pathway, polyamines can be
y-glutamylated by y-glutamylpolyamine synthetase (GPS) for degradation and utilization. Also,
our data indicated that a redundant and complex glutamylation pathway exists for the polyamine

catabolism in P. aeruginosa (Yao et al., 2011).
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1.3 The y-glutamylation pathway

The first y-glutamylation pathway for putrescine has been reported in E. coli (Kurihara et
al., 2005). In Fig. 1.3.1, the putrescine utilization pathway is depicted. Cell acquires putrescine
by the putrescine importer PuuP, and putrescine was catabolized by the PuuABCDE, which are
regulated by a regulator PuuR. In the first step of y-glutamylation, PuuA can catalyze the
glutamyl linkage between L-glutamate and putrescine, resulting in a product of y-
glutamylputrescine. This compounds further oxidized by PuuBC, hydrolyzed by PuuD, and
deaminated by PuuE to a final product of y-aminobutyrate (GABA) (Kurihara et al., 2005). The
product of putrescine y-glutamylation pathway becomes a precursor of TCA cycle. Therefore,
cells can utilize putrescine as the sole carbon and nitrogen sources.

By the sequence annotation of puu genes in E. coli, our group reported that there are six
pauA genes (pauAl-pauA6), four pauB genes (pauBl-pauB4), one pauC, and two pauD genes
(pauD1-pauD?2) in the polyamine utilization pathway of P. aeruginosa (Yao et al., 2011) (Fig.
1.3.2). This result indicated that a redundant and complex polyamine y-glutamylation pathway
exists in P. aeruginosa. By the mutation analysis of pauA genes, a single mutant of pauA2 gene
was found sufficient to block the spermine catabolism, resulting in extreme sensitivity to
exogenous spermine (Yao, Li, Zhang, & Lu, 2012). Therefore, we proposed that the y-
glutamylation pathway is a major pathway for spermine catabolism via the y-glutamylspermine

synthetase PauA2 in P. aeruginosa.
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Figure 1.3.1 The glutamylation pathway for putrescine in E.coli
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Figure 1.3.2 The putative glutamylation pathway in P. aeruginosa
By the sequence annotation of puu genes in E. coli, we proposed that the putative pau genes
involved in polyamine utilization pathway in P. aeruginosa.
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1.4 Polyamine/spermine effects on p-lactam antibiotics

Our group has reported that polyamines, particularly spermine, can influence the
antibiotics efficacy in the different ways (Kwon & Lu, 2007). In the presence of spermine, the
MICs of cationic peptides, aminoglycosides, and quinolone antibiotics are increased while the
MICs of B-lactams and chloramphenicol were decreased (Kwon & Lu, 2007). Although the
molecular mechanism of spermine effects on antibiotics remains unknown, this strong
synergistic effect with -lactams may relieve the demand for new antibiotics by increasing the
efficacy of existing antibiotics. This synergistic effect on B-lactams was tested and observed in
many bacteria, including Gram-negative P. aeruginosa, E. coli, S. typhimurium, A. baumannii
and Gram-positive methicillin-resistant Staphylococcus aureus (MRSA) (Kwon & Lu, 2007;
Malone & Kwon, 2013).

Bacteria possess several potential mechanisms to confer f-lactams resistance, including
decreasing permeability of the outer membrane, the efflux pumps, the B-lactamase, or the
penicillin-binding proteins with lower affinity to p-lactams. Studies from our group have ruled
out the sensitization effect by spermine through B-lactamase, outer membrane permeability, and
efflux pumps in P. aeruginosa (Kwon & Lu, 2006). Also, a pbpB mutant was reported to exhibit
the reduced B-lactam susceptibility with exogenous spermine in MRSA (Yao & Lu, 2012), and
the transcriptome analysis indicated that the iron acquisition and SigB regulons may has a

connection with the spermine susceptibility (Yao & Lu, 2014a).
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1.5 Research overview

My dissertation research is focused on (1) characterizing the y-glutamylpolyamine PauA
proteins in the primary polyamine utilization pathways in P. aeruginosa, and (2) elucidating the
molecular mechanism of an alternative defense against spermine stress in P. aeruginosa. In
Chapter one, I characterized y-glutamylspermine synthetases PauA2 in the polyamine utilization
pathways and screened the spermine analogs as the potential PauAz2 inhibitors. These results
provided the foundational knowledge for antimicrobial agent development. In Chapter two, |
conducted experiments directed to identify the genetic nature of ApauA?2 suppressors that grew
on agar plates with spermine and concluded that spermine toxicity could be attenuated by
increasing the intracellular concentration of polyphosphate. The results of these projects help us
gain a better understanding of how spermine influences the bacterial physiology and how genetic

and phenotypic changes respond to spermine stress in P. aeruginosa.
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2 CHAPTER ONE: FUNCTIONAL CHARACTERIZATIONS OF I'-
GLUTAMYLPOLYAMINE SYNTHETASES PAUA1 AND PAUAZ2 IN POLYAMINE
UTILIZATION PATHWAY OF PSEUDMONOAS AERUGINOSA

Introduction
Polyamines are a group of organic compounds with a long-chain carbon backbone and
multiple amine groups and are widely distributed in the prokaryotic and eukaryotic system
(Casero & Pegg, 2009; Seiler, 2004). Due to their property of positive charge at
physiological pH, polyamines can interact with the polyanionic macromolecules, e.g. DNA
and RNA (Bryson & Greenall, 2000). When in excess, polyamines are lethal for cell
(Chattopadhyay, Tabor, & Tabor, 2003; Nakada & Itoh, 2003). Therefore, it is essential for
the cell to maintain the homeostasis of polyamines by polyamine biosynthesis and
degradation. A y-glutamylation pathway for putrescine catabolism was first reported in E.
coli, and the first enzyme of y-glutamyl putrescine synthetase PuuA in this pathway can
catalyze the y-glutamylation linkage between L-glutamate and putrescine (Kurihara et al.,
2008). According to sequence annotation in Pseudomonas Genome Database

(www.pseudomonas.com), we reported that there are six homologs of y-glutamyl polyamine

synthetase (pauAl-pauA6) in P. aeruginosa, and the 4pauA2 mutant cannot grow on
spermine/spermidine as the sole carbon and nitrogen source (Yao et al., 2011). Furthermore,
the amino acid sequences of PauAl and PauA4 share over 44% identity to the y-glutamyl
putrescine synthetase PuuA of E. coli, and the growth rate of ApauAd2 ApauAd4 double
mutant was severely reduced in the presence of putrescine (Yao et al., 2011). Thus, we
proposed that PauAl/PauA4 (97% sequence identity) may utilize putrescine as a substrate,

and PauA?2 is a y-glutamyl spermine/spermidine synthetase.
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In this study, we cloned and expressed the pauAl and pauA2 genes into the His-tag removed
expression vectors, pET20b and pBAD-HisD, respectively, and purified the native form of
PauAl and PauAz2 protein by ammonium sulfate precipitation, ion-exchange column, and
gel filtration column. Malachite green ATPase assay was used to determine the kinetic
parameters of PauAl and PauA2. PauAl and PauA2 exhibited sigmoid curves on Michaelis-
Menten plot by automatic curve fitting using GraphPad Prism 7, and the obtained values of
Hill coefficient (n) were significantly greater than one, indicating positively cooperative
substrate binding for polyamines. Also, our results indicated that PauAl can catalyze the y-
glutamylation reaction between L-Glu and diamines, including putrescine, cadaverine, and
diaminopropane. PauA2, by contrary, only exhibited specific activities with triamine
(spermidine) and tetra-amine (spermine) as substrate. This study supported the previous
mutation analysis of pauA genes, and also provided a completed enzymological
characterization of PauAl and PauA2 that can be used for future inhibitor screening as

potential antimicrobial agents.
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2.2 Experiments

2.2.1 Bacterial, plasmid strain, and growth condition
Bacterial strains and plasmid used in this study are listed in Table S2 LB (Luria-Bertani)
medium (1% tryptone; 0.5% yeast extract; 0.5% NaCl) was used for E. coli transformation and

overexpression. When required, LB medium was supplemented with 100p1 mI™ of ampicillin.

2.2.2 Construction of PauAl and PauAz2 expression plasmid

The pauAl (PA0296) gene encoded by 1377 nucleotides was amplified from PAO1
chromosome by a specific pair of oligonucleotide primers. Forward primer: 5’-ATC ATATGT
CGG TAC CCC AGC GTG C-3’; Reverse primer: 5’-CGC AAG CTT TCA GAC AGG TAT
GCA GGT ACC-3’. The amplified DNA fragments were digested with Ndel and HindlIl, and
cloned into pET-20b expression vector digested with the same restriction enzymes to get pPauAl
protein. This plasmid was introduced into E. coli Rosetta (DE3)/pLysS strain for overexpression
of PauAl protein. This recombinant strain of E. coli was grown in LB medium supplemented
with ampicillin (100pg/ml) at 37°C until the optical density at 600nm reached 0.6 and the PauAl
protein overexpression was induced by the addition of 0.5mM IPTG (Isopropyl p-D-1-

thiogalactopyranoside). After 4 hours of induction, the cells were harvested by centrifugation.

The DNA fragments carrying the full-length (1359bp) pauA2 (PA0298) gene was
amplified from PAO1 chromosome with a specific pair of oligonucleotide primers that carry
Ncol and Hindlll site in the forward (5’-CCC CCA TGG CCA TGA CTA CCA AGT TAG ACC
A-3’) and reverse (5’-CCC CAA GCT TAT CAA ACG GAA AGC AGG AGG A-3’) primers,

respectively. The amplified PCR products were cloned into pBAD-HisD expression vector to
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obtain the pPauA2 plasmid. The pPauA2 plasmid was transformed into E. coli TOP10 strain. To
express PauA2 protein, this recombinant strain of E. coli was grown in LB medium
supplemented with ampicillin (100pg/ml) at 37°C until the optical density at 600nm reached 0.6.
Protein overexpression was induced by the addition of 0.2% arabinose (wt/vol; final

concentration). After 4 hours of induction, the cells were harvested by centrifugation.

2.2.3  Protein purification of y-glutamylpolyamine synthetase PauAl and PauA2

The cell pellet of the recombinant PauA1l was suspended in the buffer A (20 mM Tris-HCI
buffer, pH 8.0). EDTA-free protease inhibitor cocktail (cOmplete™; Sigma-Aldrich) was added,
and the cells were ruptured by an Aminco French pressure cell at 16,000 Ib/in?. Cell debris was
removed by centrifugation at 20,000xg for 30 min. The cell-free crude was precipitated by 30-
45% ammonium sulfate. The precipitated protein was collected by centrifugation and dissolved in
the buffer A. The dissolved protein mixture was desalted and concentrated by Amicon Ultra-4ml
centrifugal filters unit (100 kDa; Millipore). The concentrated product was subjected to anion-
exchange chromatography using a Hitrap Q HP column (GE Healthcare) equilibrated with buffer
A. After washing away of the unbound proteins with equilibration buffer, PauAl was eluted with
a linear gradient of 0 to 1 M NaCl in the buffer B (20 mM Tris-HCI buffer; 1M NacCl, pH 8.0) over
20 column volumes. The active fractions (0.30-0.4M of NaCl) were combined and concentrated
by Amicon Ultra-4ml centrifugal filters unit (100 kDa; Millipore). The concentrated fractions were
subjected to gel-filtration column using a Superose 12 10/300 GL (GE Healthcare) equilibrated

with buffer A. PauAl was eluted at the volume of 12.14 ml from the injection.
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The same strategy was applied for PauA2 purification, including ammonium sulfate
precipitation, ion exchange column (Hitrap Q HP), and gel filtration column (Superose 12 10/300
GL). The cell-free crude extract was precipitated by 30% ammonium sulfate. The protein pellet
was suspended in the buffer A (20mM Tris-HCI, pH 8.0), and then subjected to Hitrap Q HP
column (GE Healthcare). After washing away of the unbound protein with the equilibration buffer
A, PauA2 was eluted with a linear gradient of 0 to 1 M NaCl in the buffer B (20mM Tris-HCI, 1M
NaCl, pH 8.0) over 20 column volumes. The active fractions were collected and determined the
specific activity at the concentration of 0.3-0.4M NaCl. The fractions were concentrated by
Amicon Ultra-4ml centrifugal filters unit (100 kDa; Millipore) and were subjected to gel-filtration
column using a Superose 12 10/300 GL (GE Healthcare) equilibrated with buffer A. PauA2 was
eluted at the volume of 12.86 ml from the injection.

Aliquots of PauAl/PauA2, mixed with 50% glycerol, were stored at -80°C before use for

enzyme assays.

2.2.4 Malachite green ATPase assay for PauAl and PauA2

The specific activity of y-glutamylpolyamine synthetase PauAl and PauA2 was
determined by malachite Green ATPase assay (Chan, Delfert, & Junger, 1986). The reaction
mixture (50ul) was composed of L-glutamate, polyamines, ATP, divalent ion (MgCl2/MnCly), in
50mM imidazole-HCI buffer (pH 7.0). The reaction was initiated by adding 10ul of the enzyme
sample. After the 10-minute reaction, 800ul of Reagent A was added for color development,
which was incubated in water bath at 30°C. After 3 minutes of incubation, the color development
was terminated by 100ul of Reagent B and determined the absorbance at 660nm. The blank

samples for this assay only included 800ul of Reagent A and 100ul of Reagent B, and the
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background control samples included the reaction mixture and the enzyme but excluded a
specific substrate when determined the Kkinetic study for this substrate. One unit (U) is defined as
the amount of enzyme which produces one pmole of phosphate from ATP per min at pH7.5 and
30°C. The preparation for Reagent A: Malachite Green (MG): 0.045% Malachite Green in MQ
water; Ammonium Molybdate (AM): 4.2% ammonium molybdate in 4N HCI. Mix MG and AM
in 3:1 ratio with 0.025% Triton X-100. Reagent A was stirred overnight and then filtered.
Reagent B: 34% Citrate acid. The standard curve for this ATPase assay was equilibrated with the
phosphate buffer with a series of dilutions. The protein concentration was determined by
Bradford assay (Bradford, 1976) using Bio-Rad Protein Assay Kit, with bovine serum albumin

as the standard.

2.2.5 Optimal pH and temperature

For pH studies, 50mM imidazole buffers at pH6.0 to 9.0 was used to determine the
enzyme activity by the ATPase assay described above. Same as temperature studies, the
temperature dependence of PauAs activities was determined by incubating the reaction mixture
in the water bath for 10 minutes at 25 to 50°C. All experiments were performed in triplicate and

error bars represent standard deviation.

2.2.6 Substrate and cofactor specificity

Substrate specificity was determined by malachite green ATPase assay with the
following six polyamines, ethylene diamine(EDA), diaminopropane (DAP), putrescine Put),
cadaverine (CAD), spermidine (SPD), and spermine (SPM) as amine group donor and L-

glutamate as amine group recipient in the reaction. Same as the cofactor specificity, six divalent
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cations (manganese, magnesium, calcium, cobalt, nickel, and zinc) were used in ATPase assay.
For comparison, the values of the highest specific activity were defined as 100%. All

experiments were performed in triplicate and error bars represent standard deviation.

2.2.7 Gel filtration analysis

The low- and high-molecular- weight calibration kits (GE Healthcare) were subjected to a
Superose 12 10/300 GL column (GE Healthcare) equilibrated with 20mM Tris-HCI, 0.2M NaCl
buffer at pH 7.0. The flow rate was set at 1ml/min, and the sample volume was 200ul for each
injection. Blue dextran (2000kDa) was used to determine the void volume of the Superose 12
column. The molecular mass standard included ferritin (440kDa), aldolase (158kDa), albumin

(67kDa), ovalbumin (43kDa), chymotrypsinogen A (25kDa), and Ribonuclease A (13.7kDa).

2.2.8 PauAZ2 inhibitor screening

A total of 49 chemical compounds was synthesized and kindly provided by Dr. David W.
Boykin, Department of Chemistry at Georgia State University. The chemical structure and
molecular weight of the tested compound are listed in Table 2.3.6. Malachite green ATPase
assay was used for the PauA2 inhibitor screening. The substrates were pre-mixed with an
inhibitor, and the reaction initiated by PauA2 addition. The half maximal inhibitory
concentration (IC50) of the dose-response curve was calculated and fitted by SigmaPlot. IC50 is

defined as the concentration of the substrate that results in 50% inhibition of activity.
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2.2.9 Multiple sequences alignment of GS and GPS in E. coli and P. aeruginosa

The sequences of glutamine synthetase (GInA) and glutamylpolyamine synthetase
(PuuA/PauAl-A6) from E. coli K12 and P. aeruginosa PAO1 were used for multiple sequences
alignment by Clustal Omega (EMBL-EBI) (Sievers et al., 2011). The gap penalty was 6.0, and

the extended penalty was 1.0.

2.2.10 Computational prediction of structure and substrate binding sites

The computational protein structure of PauA2 was constructed by AMMP protein
structure prediction server, which was established by Dr. Robert Harrison, Department of
Computer Science at Georgia State University. The predicted protein structure prediction of
PauA2 was based on the glutamine synthetase (GS) of Salmonella typhimurium (2GLS) as a
template (Yamashita, Almassy, Janson, Cascio, & Eisenberg, 1989). The conserved substrate
binding sites of PauAz2, predicted by multiple sequences alignment, were highlighted with colors

on the 3D model.
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2.3 Results

2.3.1 Malachite green ATPase assay for PauAl and PauA2 activity

The GPS in E. coli, PuuA, has been reported to catalyze the y-glutamyl linkage between
glutamate and putrescine (Kurihara et al., 2008). The genetic and biochemical evidence led us to
propose that PauAl and PauA2 also possess

Polyamine + L-Glutamate + ATP

the activity of glutamylpolyamine synthetase.
-» y-Glutamylpolyamine + H,0 + ADP + Pi

The net reaction of GPS was described in

Scheme 1.

Scheme 1 (Kurihara et al., 2008).

In the reaction of y-glutamylation, L-glutamate and polyamine served as the amine group
acceptor and donor, respectively, to synthesize glutamylpolyamine driven by ATP. The reaction
was monitored by the releasing phosphate ions from ATP, which was quantitated by the
malachite green ATPase assay as described in MATERIALS and METHODS. Phosphate buffer
(KH2PO4) at pH 6.0 was used to calibrate the standard curve, and the linear relationship between
absorbance and phosphate concentration was up to 2.2 at 660nm (Fig. 2.3.1). To improve the
stability of color development, the stop reagent of sodium citrate was replaced by citrate acid. As
Fig. 2.3.2 shown, the absorbance at 660nm was increased from 0.2 to 0.9 due to the
autohydrolysis of ATP in the absence of the stop reagent. Comparing to sodium citrate as the
stop reagent, citrate acid can constantly inhibit the color development and maintain the OD
reading under 0.05 after 30 minutes of incubation. Also, the phosphate buffer (KH2PO.) at pH
6.0 cannot react with malachite green in the presence of citrate acid, indicating that citrate acid is
a better stop reagent than sodium citrate. As Fig. 2.3.3 shown, ATP autohydrolysis is

concentration-dependent in linear relationship. The potential effects of pH and temperature on
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ATP autohydrolysis were also tested as shown Fig. 2.3.4 and 2.3.5. Temperature slightly
influenced the ATP autohydrolysis, but pH did not significantly affect it at a range of 6.0 to 9.0.
These backgrounds of ATP autohydrolysis were taken into consideration with the inclusion of
proper controls for the PauAl and PauA2 kinetic studies in the later section. Taken together,
these results indicated that malachite green ATPase assay is a stable and reliable method for

PauAl and PauA2 Kkinetic studies.
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Figure 2.3.1 Standard curve of malachite green ATPase assay
The standard curve of malachite green ATPase assay was calibrated with a two-fold serial
dilution of phosphate buffer (KH2PO4) at pH 6.0 from 500uM to 1uM.
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Figure 2.3.2 Efficacy of stop agents in ATPase assay
The OD measurement was monitored every minute after the stop reagent was added.
SC: sodium citrate, CA: citrate acid.
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Figure 2.3.3 Effects of ATP concentration on ATP autohydrolysis
The ATP autohydrolysis was determined by ATPase assay at concentration 10mM to 0.0625mM.
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Figure 2.3.4 Effect of pH on ATP autohydrolysis
With 2mM ATP, the ATP autohydrolysis was determined with 50mM of imidazole buffer at
pH6.0 to 9.0 and 30°C.
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Figure 2.3.5 Effect of temperature on ATP autohydrolysis
With 2mM ATP, the ATP autohydrolysis was determined with 50mM of imidazole buffer at
pH7.5 from 10°C to 50°C.
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2.3.2 Divalent cation is required for the specific activity of PauAl and PauA2

In the absence of divalent ions, only a negligible level of free phosphate ions can be
released from the reactions catalyzed by PauAl and PauA2. Since many enzymes of ATPase
activities require the presence of divalent cations, experiments were conducted independently
with the following six cations: Ca?*, Co?*, Ni?*, Mg?*, Mn?*, and Zn?*. As Fig. 2.3.6, with 20mM
of a divalent cation, PauAl preferred manganese ion than other divalent cations by an order of
preference of manganese (100%) > magnesium (16%) > other divalent ions (less than 3%).
When the concentration is reduced to 1mM, the specific activity of PauAl can only be observed
with manganese as the cofactor. The PauAl activity was further measured with a titration of

manganese ions, and the results indicated a bell-shaped curve with the peak at 1mM (Fig. 2.3.7).

Similar experiments were also conducted with PauAz2 to determine its preference of
divalent cations. With a concentration of 20mM, PauA2 exhibited the highest activity with
magnesium among six divalent cations by an order of preference of magnesium (100%) > cobalt
(27%) > manganese (3%) > other divalent cations (0%) at 20mM concentration (Fig. 2.3.8).
However, when the concentration of divalent cation was reduced to 5mM, the specific activity of
PauA2 was relatively increased with cobalt (92%), or manganese (27%) compared to with
magnesium (100%) (Fig. 2.3.8). Therefore, we monitored the enzyme activity of PauA2 with a
two-fold serial dilution of cobalt, manganese, and magnesium ions from 20mM to 0.16mM (Fig.
2.3.9). Interestingly, the titration curves of PauA2 with these three cations display very different
patterns. With magnesium, PauA2 reached its saturated activity at 5mM concentration and
above. With cobalt, the PauA2 activity reached its peak around 10mM and decreased

significantly at 20mM. Also, PauA2 exhibited very low enzyme activity with manganese ion.
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Figure 2.3.6 Divalent cation preference of PauAl activity
The specific activities of PauAl with six divalent cations at ImM or 20mM were determined by

ATPase assay. The PauAl specific activities toward 1mM and 20mM manganese are defined as
100%.
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Figure 2.3.7 Specific activities of PauAl with a titration of manganese ions
The PauAl activities with a titration of manganese ions from 5mM to 0.16mM were determined,
and PauAl activity toward 1.25mM of manganese was defined as 100%.
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Figure 2.3.8 Divalent cation preference of PauAz2 activity

The specific activities of PauA2 with six divalent cations at 5mM or 20mM were determined by
ATPase assay. The PauA2 specific activities toward 5mM and 20mM of manganese are defined
as 100%.
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Figure 2.3.9 Specific activities of PauA2 with titrations of manganese, magnesium, and cobalt
ions

The PauAZ2 activities with the titrations of manganese, magnesium, and cobalt ions from 20mM
to 0.16mM were determined by ATPase assay.
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2.3.3 Optimal pH and temperature

PauA1l had a narrow pH tolerance in the reaction, and the optimal pH for PauAl enzyme
activity was 7.5 with 50mM imidazole buffer (Fig. 2.3.10). The optimal temperature for PauAl
enzyme activity was 30°C (Fig. 2.3.11). PauA2 exhibited a very broad range of pH tolerance, and
the optimal pH for PauA2 enzyme activity were 7.0 to 9.0 with 50mM imidazole buffer (Fig.
2.3.12). The optimal temperature for PauA2 enzyme activity was 50 "C (Fig. 2.3.13). However,
PauA2 was less stable at 50 °C, and can totally lose its enzyme activity after 1-hour incubation at

50 °C (Fig. 2.3.14).
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Figure 2.3.10 Effect of pH on PauAl activity
The specific activities of PauAl were determined at pH6.0 to 8.0 and 30°C. The reaction mixture
contained 10mM L-glutamate, 10mM putrescine, and 2mM ATP in the 50mM imidazole buffer.
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Figure 2.3.11 Effect of temperature on PauAl activity
The specific activities of PauAl were determined at 25 °C to 50°C. The reaction mixture

contained 10mM L-glutamate, 10mM spermine, 2mM ATP, and 50mM imidazole buffer at pH
7.5.
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Figure 2.3.12 Effect of pH on PauA2 activity

The specific activities of PauA2 were determined at pH6.0 to 9.0 and 30°C as described in
Materials and Methods. The reaction mixture contained 10mM L-glutamate, 5mM spermine, and
2mM ATP in the 50mM imidazole buffer.
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Figure 2.3.13 Effect of temperature on PauA2 activity

The specific activities of PauA2 were determined at 25 °C to 50°C. The reaction mixture
contained 10mM L-glutamate, 5mM spermine, 2mM ATP, and 50mM imidazole buffer at pH
1.5.
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Figure 2.3.14 Heat stability of PauA2
PauA2 was incubated in a thermocycler at 37°C and 50 °C, and the PauA2 activity was
determined every 10 minutes. The PauAz2 activity at time point 0 was defined as 100%.
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2.3.4 Substrate specificity for polyamines

To test the substrate specificities for PauAl and PauA2, the following six polyamines
were used in the reactions: ethylene diamine (EDA), diaminopropane (DAP), putrescine (PUT),
cadaverine (CAD), spermidine (SPD), and spermine (SPM). Because the specific activity of
PauAl was greatly influenced by the different divalent cations, the experiments were conducted
in two conditions — (a) LmM manganese, and (b) 1mM manganese and 10mM magnesium. As
shown in Fig. 2.3.15 and Fig. 2.3.16, PauAl is capable of taking diamines but not triamine and
tetramine as substrates. In general, PauAl exhibited the highest activity for PUT by an order of
preference of PUT> CAD> DAP> EDA.

On the contrary, PauA2 exhibited enzyme activity toward tetramine (SPM; 100%) and
triamine (SPD; 83.3%), but not with diamines (EDA, DAP, and PUT; <1%) at 10mM
concentration (Table 2.3.1). When the concentration was reduced to 1mM, a significant PauA2

activity can only be observed with SPM as substrate (other polyamines < 1%).
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Figure 2.3.15 Polyamine specificity of PauAl with ImM manganese

With ImM manganese, the PauA1l specific activities with the 5mM, 10mM, and 50mM of
polyamines were determined and compared, and the highest values of PauAl specific activity
were defined as 100%.
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Figure 2.3.16 Polyamine specificity of PauAl with 1mM manganese and 10mM magnesium
With ImM manganese and 10mM magnesium, the PauALl specific activities with 10mM, 25mM,
and 50mM of polyamines were determined and compared, and the highest values of PauAl
specific activity were defined as 100%.



Table 2.3.1 Polyamine specificity of PauA2

Relative Activity (%)
Polyamines 1mM 10mM
EDA ND ND
DAP ND ND
PUT ND ND
SPD ND 83.3 1+ 0.25%
SPM 100.0 + 2.64% 100.0 + 1.93%

The specific activities of PauA2 with ImM or 10mM of spermine were defined as 100%.
All the experiments were performed in a triplicate. ND: Not detectable.
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2.3.5 Steady-state kinetics of PauAl and PauA2

A series of substrate saturation curves were obtained to study kinetics properties of
PauAl and PauA2. For PauAl, the experiments were conducted in two sets, with either ImM
manganese alone or in combination with 10mM magnesium. Measurements for PauA2 were
done with 20mM magnesium alone. As shown in Fig. 2.3.17, PauAl exhibits curves for all
substrates tested. As expected the Lineweaver-Burk plots are non-linear, indicating cooperative
substrate binding during the reaction. The kinetics parameters and the Hill coefficient (n) of
PauAl were obtained by GraphPad Prism 7 and listed in Table 2.3.2. Comparing these
parameters from the reactions in different divalent cations conditions, the values of Vmax and Keat
were comparable while the values for catalytic efficiency (Kca/Km) and the Hill coefficient vary
significantly. The Hill coefficient (n) for ATP, PUT, and CAD, except L-Glu, was significantly
greater than 1, suggesting that PauA1l exerted a positive allosteric modulation in the y-
glutamylation reaction. Together, these results also confirmed that the divalent cations have a
great impact on the PauALl specific activity.

Similar experiments were conducted with PauA2 to determine the kinetic parameters. As
Fig. 2.3.18 shown, PauA2 also exhibits the non-linear curves on Michaelis-Menten plot for ATP,
SPD, and SPM, except L-Glu. The obtained kinetic parameters were listed in Table 2.3.3.
Although PauAz2 can exert specific activity with SPD and SPM in vitro, Knaif of SPM is 5-fold
lower than that of SPD, indicting PauA2 had a better affinity and specificity for SPM. Also, the
Hill coefficient (n) for ATP, SPD, and SPM were greater than 1, indicating that PauA2 also

exhibits a strong positively cooperative substrate binding during the reaction.
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Figure 2.3.17 Concentration-velocity curves of PauAl under two divalent cation condition
The experiments were conducted with two sets of cofactors, (1) ImM manganese, and (2) 1mM
manganese & 10mM magnesium. The curves were automatically fitted using non-linear
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regression (ATP, Glu, Put, and Cat) and the Michaelis—Menten equation (only Glu) by GraphPad

Prism 7. All experiments were performed in triplicate.

Table 2.3.2 Summary of kinetic parameters for PauAl

Cofactor Substrate Khait (MM) Vmax (Nmole/min) n
ATP 0.95 £+ 0.034 3.55+0.15 3.5+0.33
§ L-Glutamate 5.19 £ 0.205 2.75+0.08 2.8+0.29
% Putrescine 6.73 £ 0.091 3.60 £ 0.06 7.4+ 0.67
- Cadaverine 9.09 £ 0.151 3.36 £ 0.05 50+ 0.40
ATP 0.61 + 0.065 299+0.11 1.1+0.09
og g L-Glutamate 2.76 £ 0.218 3.75+0.13 1.7+0.17
é E Putrescine 21.12 + 0.224 2.57 £ 0.04 5.6 +0.30
5 3 Cadaverine 27.83 + 0.269 2.78 £ 0.03 4.7+0.19

Knaif: the concentration of substrate reached to a half-maximal enzyme velocity.
Vmax: the maximal velocity of the enzyme reaction.

n: the Hill coefficient.
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Figure 2.3.18 Concentration-velocity curves of PauA2
The curves were automatically fitted using non-linear regression (ATP, Glu, Spd, and Spm) and

the Michaelis—Menten equation (ATP, and Glu) by GraphPad Prism 7. All experiments were

performed in triplicate.

Table 2.3.3 Summary of kinetic parameters for PauA2

Substrate Khait (MM) Vmax (nmole/min) n
ATP 0.2+0.01 2.05+0.033 2.0+ 0.17
L-Glutamate 2.1+0.53 1.63 + 0.133 0.8+0.11
Spermidine 6.0 £ 0.26 1.34 + 0.047 3.4+0.29
Spermine 1.1+0.04 1.70 + 0.056 5.4+0.48

Khaif: the concentration of substrate reached to a half-maximal enzyme velocity.

Vmax: the maximal velocity of the enzyme reaction.
n: the Hill coefficient.
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2.3.6 Gel filtration analysis

A value of 51kDa for the molecular mass of PauAl and PauA2 monomer was estimated
from SDS-PAGE against the known protein ladder (ThermoFisher Spectra™), which is
consistent with the calculated molecular mass from amino acid sequences. To determine the
subunit configuration for the native PauAl and PauA2, the purified PauAl and PauA2 proteins
were subjected to a Superose 12 10/300GL (GE Healthcare) for the estimation of molecular
weight. As Fig. 2.3.19 shown, the calibration curve was established by high-molecular- weight
calibration kits (GE Healthcare), including ferritin (440kDa), aldolase (158kDa), albumin
(67kDa), and ovalbumin (43kDa). The results of gel filtration column chromatography revealed
the apparent molecular mass of 139kDa for PauAl and 99kDa for PauA2, suggesting that the

native form of PauAl is a trimer, and PauAz2 is a dimer (Table 2.3.4).



39

0.45
0.4 o

0.35 .
0.3

0.25 y = -8E-07x + 0.4238
s - R? = 0.9902

0.15
0.1

Kav (Partition coefficient)

0.05

0 100000 200000 300000 400000 500000

Molecular weight

Figure 2.3.19 Calibration curve of standard proteins on Superose 12 10/300GL column

The high molecular weight standard proteins were subjected to a Superose 12 10/300GL column,
including ferritin, aldolase, aloumin, and ovalbumin. Sample volume: 200ul, buffer: 50mM Tris-
Cl buffer at pH7.5, flow rate: 0.5ml/min, and temperature: 4°C.

Table 2.3.4 Summary of MW, Ve, and Kav of the standard proteins in gel filtration analysis

Protein M.W. Vo Ve Vc Kav
Blue Dextran | 2000000 8.25 24

Ferritin 440000 8.38 0.0812
Aldolase 158000 12.4 0.3176
Albumin 67000 13.03 0.3547
Ovalbumin 43000 13.73 0.3959
PauAl 139309 12.31 0.3124
PauA2 98868 12.86 0.3447

Vo: Void volume, Ve: Elution volume, Vc: Column volume, and Kav: partition coefficient.

Kav= (Ve-Vo)/(Vc-Vo)
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2.3.7 PauAz2 inhibitor screening

Our group has reported that PauA2 is a potential antimicrobial target against P.
aeruginosa (Yao et al., 2012). To search for potential inhibitors of PauA2, the chemical structure
of spermine analogs was considered as the competitors in the reaction. A total of 49 compounds
were synthesized and kindly provided by Dr. David Boykin, Department of Chemistry at
Georgia State University. As shown in Table 2.3.5, 10 out of 49 compounds can inhibit over
90% of the PauA2 catalytic activity at 250uM in the screening test. For these ten potential
PauA2 inhibitors, we continued to determine the half maximal inhibitory concentration (IC50).
As Fig. 2.3.20 shown, the inhibition curves of IC50 were automatically fitted by non-linear
regression (SigmaPlot), and the IC50 values of inhibitors were obtained and summarized in
Table 2.3.6. DB1812 and DB2114 are the most effective inhibitors of PauA2 activity among

these 10 compounds as 3.77uM and 3.14uM, respectively.



Table 2.3.5 PauA2 inhibitor screening

Relative Relative Relative
DB# | activity | DB# | activity | DB# | activity
(%) (%) (%)
75 91.0 877A 97.1 1750 14.8
103 78.9 921 48.1 1809 71.8
186 83.5 1044A 103.6 1812 7.3
188 12.8 1055D 86.5 1840 88.7
208 80.3 1197 80.0 1854 84.4
212 38.9 1210B 90.5 1883 8.3
242 75.5 1213A 73.3 1884 7.1
351 93.8 1237 86.4 1933 56.2
417 102.2 1246 94.4 1944 34.8
555 83.4 1247 10.7 1946 77.9
556 94.6 1255 9.7 1963 10.7
558 111.0 1282 10.0 2114 10.3
569B 100.8 1392 75.9 2243 95.2
607 101.8 1653 10.3 2272 106.4
686 99.2 1688 62.7 2291 15.5
700 81.4 1703 7.3
818A 27.2 1736 224
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The reaction mixture contains 10mM L-Glu, 2mM ATP, 40mM MgCl2, 5mM spermine, and
250uM inhibitor. The reaction was initiated with the addition of 200ng of PauA2 protein and
incubated for 10minutes at 37°C
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Figure 2.3.20 1C50 determination of PauA2 activity
Six different concentrations (from 0.94 to 60uM) were tested for inhibition of PauAz2 activity.

Each reaction was performed in triplicate. The inhibition curves were automatically fitted by
non-linear regression (SigmaPlot).
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2.3.8 Multiple sequence alignment of GS and GSP in E. coli and P. aeruginosa.

In E. coli, sequence and biochemical similarities between glutamine synthetase (GS) and
glutamyl putrescine synthetase (PuuA) have been reported (Kurihara et al., 2008). By the
sequence annotation, we have reported that there are six putative glutamylpolyamine synthetases
(PauAl1-A6), which can catalyze the y-glutamylation of polyamines, in P. aeruginosa (Yao et al.,
2011). Therefore, we proposed that the substrate binding sites of all y-glutamylpolyamine
synthetases may be highly conserved among GS and GPS of E. coli and P. aeruginosa. The
multiple sequences alignment for GS (GInA) and GPS (PuuA/PauA) in E. coli K12 and P.
aeruginosa PAO1 were performed by Clustal Omega (EMBL-EBI) (Sievers et al., 2011). The
binding sites of GS for divalent cation, glutamate, ammonium ion, and ATP has been identified
in E. coli (Eisenberg, Gill, Pfluegl, & Rotstein, 2000). As Fig. 2.3.21 shown, the amino acid
residues involved in substrate binding were highlighted by colors. For divalent cation binding
sites of N1 and N2, all six amino acid residues in GS were conserved in PauA proteins (N1:
E118, E181, and E188 for PauAl, E142, E212, and E205 for PauA2; N2: E116, H238, and E325
for PauAl, E140, H261, E349 for PauA2). In addition, an ATP-binding signature (K-P-
[LIVMFYA]-x(3,5)-[NPAT]-[GA]-[GSTAN]-[GA]-x-H-x(3)-S) is highly conserved in the ATP-
cassette protein superfamily, including GS and GPS. The two ATP binding sites (H240 & R313
for PauAl, H263 & R337 for PauA2) and the consensus ATP motif (K227-S242 for PauAl,
K250-S265 for PauA2) were highly conserved in PauA proteins. Three out of four amino acid
residues in glutamate binding site of GS were relatively conserved in PauA proteins (E118,
A233, G234, and R290 for PauAl, E142, P256, G257, and R314 for PauA2). As expected, the
amino acid residues of ammonium ion binding sites in GS were not well conserved in PauA

proteins due to differences in the chemical structure between ammonium ion and polyamines.



Only one of three amino acid residues of ammonium ion binding sites in GS was conserved in
the PauAs (E72, Y149, and E181 for PauAl, E64, F173, and E205 for PauA2); however, the
amino acid residues with similar physicochemical properties can be found in the adjacent
residues of PauA proteins. Together, the substrate binding sites in GS are well conserved in
PauA proteins except for the ammonium ion binding site. This result provided some educated

predictions of substrate binding sites in PauA proteins for future mutagenesis analysis.
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Figure 2.3.21 Alignment of GS and GPS of E. coli and P. aeruginosa

The identical and similar amino acid residues are highlighted by the following colors for
substrate binding sites, N1: blue, N2: pink, ATP: red, glutamate: gray, ammonium/polyamine:
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313
331
317
287

378
379
331
370
373
372
390
376
346

438
439
382
421
424
423
441
427
397
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yellow, and ATP motif: green. Gaps are indicated by dashes. This multiple sequences alignment
was performed by Clustal Omega (EMBL-EBI).
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2.3.9 Computational prediction of structure and substrate binding sites

The computational protein structure of PauA2 was constructed by AMMP protein
structure prediction server, which was established by Dr. Robert Harrison, Department of
Computer Science at Georgia State University. Due to lack of any current 3D model of
glutamylpolyamine synthetase in PDB, this predicted protein structure prediction of PauA2 was
based on the glutamine synthetase (GS) of Salmonella typhimurium (2GLS) as a template (Fig.
2.3.22). The predicted substrate binding sites from Clustal Omega (EMBL-EBI) were
highlighted on this model by colors (N1: blue, N2: pink, ATP: red, SPM: yellow, and Glu:
green). Although this computational 3D model of PauA2 should be confirmed by protein
crystallization, the prediction modeling may facilitate the search for PauAz2 inhibitors by the

protein-ligand docking program.

Figure 2.3.22 3D model of PauA2 protein with predicted substrate binding sites

The computational protein structure of PauA2 was constructed by AMMP protein structure
prediction server, which was established by Dr. Harrison, Department of Computer Science at
Georgia State University. The predicted substrate binding sites of PauA2 by multiple sequences
alignment were highlighted by the following colors, N1: blue, N2: pink, ATP: red, glutamate:
green, ammonium/polyamine: yellow, and ATP motif: deep blue.



49

2.4 Discussion

2.4.1 Kinetic studies of y-glutamylpolyamine synthetase PauAl and PauA2

Based on the genetic and biochemical evidence, we proposed that PauAl and PauAz2 are
y-glutamylpolyamine synthetases. The y-glutamylputrescine synthetase, PUuA, in E. coli has
been reported to catalyze the y-glutamyl linkage between glutamate and putrescine (Kurihara et
al., 2008). To test the polyamine specificities for PauAl and PauA2, the following six
polyamines were used in the reactions: ethylene diamine (EDA), diaminopropane (DAP),
putrescine (PUT), cadaverine (CAD), spermidine (SPD), and spermine (SPM). Our results
indicated PauAl can only catalyze diamines as a substrate and exhibits the highest specific
activity toward PUT. On the contrary, PauA2 exhibited specific activity toward SPM and SPD.
These results supported the physiological evidence we previously reported that ApauAd2 mutant
cannot utilize spermine as the sole carbon and nitrogen source, and its MIC of spermine reduced
from 80mM to 0.3mM (Yao et al., 2011). Also, the growth of ApauAdl ApauA4 double mutant is
significantly retarded in the presence of putrescine due to the great similarities of PauAl and

PauA4 to the y-glutamylputrescine synthetase PuuA in E. coli (Yao et al., 2011).

Glutamine synthetase (GS) and PuuA were reported to be divalent cation-dependent
enzymes (Bhatnagar, Zeikus, & Aubert, 1986; Eisenberg et al., 2000; Stadtman, Shapiro,
Kingdon, Woolfolk, & Hubbard, 1968). Our results indicated that PauAl and PauA2 also require
the divalent cations for y-glutamylation reaction. PauAl preferred manganese ion over other
divalent ions, whereas PauA2 exerts the highest activity with magnesium. The enzyme activity
of PauAl was greatly affected by divalent cations. Thus, we conducted experiments for PauAl

characterization with two sets of divalent cations: (a) the optimal condition of 1mM manganese,
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and (b) the physiological condition of ImM manganese and 10mM magnesium. By the
comparison of two conditions, the apparent Knair of PUT and CAD were significantly increased
in the presence of magnesium ion, indicating that the polyamine affinity of PauAl was
influenced by divalent cations. Many studies reported that the divalent cations can regulate the
configuration of GS at the metal binding site(s), and influence the kinetic parameters of GS

(Denton & Ginsburg, 1969; Eisenberg et al., 2000; Stadtman, 2004; Stadtman et al., 1968).

Bacterial glutamine synthetase has been reported to be octamer, decamer, or even
dodecamer, and each of the subunits contains one active sites (Bhatnagar et al., 1986; Eisenberg
et al., 2000; Krishnan, Singhal, & Dua, 1986; Yamashita et al., 1989). The multiple active sites
of GS also represents the allosteric modulation in kinetic studies (Bhatnagar et al., 1986; Denton
& Ginsburg, 1969; Eisenberg et al., 2000; Krishnan et al., 1986). Both PauAl and PauA2
exhibited the sigmoid curves on Michaelis-Menten plot with polyamine as substrates. The kinetic
parameters and Hill coefficient (n) for PauAl and PauA2 were obtained by automatically fitting
of non-linear regression, indicating a strong positively cooperative substrate binding for
polyamines. Also, the gel filtration analysis revealed that PauAl is a trimer and PauAZ2 is a

dimer. Therefore, it is possible that PauAl and PauA2 may have more than one catalytic sites.

2.4.2 PauAZ2 inhibitors screening

To search for potential inhibitors of PauA2, the chemical structure of spermine analogs
was considered as the competitors in the reaction. Two of anti-parasitic and anti-microbial
compounds, pentamidine & diminazine (Bernil), were also tested for the inhibition of PauA2

activity. Pentamidine and diminazine have been reported to competitively inhibit the enzyme
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activity of human spermine/spermidine acetyltransferase (SSAT), and the polyamine back-
conversion (Libby & Porter, 1992; Neidhart, Karouzakis, Jungel, Gay, & Gay, 2014). However,
50uM of pentamidine and diminazine only exhibited less than 10% inhibition of PauA2 activity
in the presence of 10mM spermine. This result suggested that pentamidine and diminazine may
be the competitive inhibitors for acetylspermine instead of spermine. Thus, a total of 49 spermine
analogs as the potential inhibitors were synthesized and provided by Dr. David Boykin. DB1812
and DB2114 are two most effective inhibitors of PauA2 activity among these 49 compounds, and
the obtained 1C50 were 3.77uM and 3.14uM, respectively. Although DB1812 and DB2114 can
significantly inhibit PauAz2 activity, both of compounds might have low membrane permeability

due to large molecular weight (695.8 and 718.5, respectively).

2.4.3 Multiple sequences alignment of GS and GPS

We analyzed and predicted the substrate binding sites in PauA proteins by the multiple
sequences alignment of glutamine synthetase and glutamylpolyamine synthetase. Our results
indicated that most of the substrate binding sites in GS are conserved in PauA proteins except the
ammonium group binding site. Only one out of three amino acid residues can be aligned among
the sequences of GS and GPS, and this residue was also reported and involved in the divalent ion
binding n1 site in GS (Eisenberg et al., 2000). In this study, we have demonstrated that PauAl
and PauA2 catalyzed the y-glutamylation with different polyamines. Thus, as we expected, the
binding site for amine group donor was not conserved between GS and GPS due to the

differences in chemical structure and molecule size between polyamines and ammonium.
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These predicted amino acid residues on the 3D model of PauA2 protein (Fig. 2.3.22), all
of them, except E64, were located in a groove or cleft together. This result indicated that this
groove might contain a catalytic site in a subunit of PauA2 protein. However, the residue of E64
was located on the opposite side of the PauA2 protein. This discrepancy may be explained by
two possible ways. First, all of the residues for substrate binding may be located in one catalytic
site together, but the prediction of E64 on PauA2 may be inaccurate due to the mismatch on the
sequence alignment. Thus, the real residues for polyamines might be further determined. Second,
the gel filtration analysis indicated that PauA2 is a dimer. It is possible that the dimer of PauA2
may display intersubunit interaction, and the putative residues for substrate binding formed an
intersubunit catalytic site as a pocket. For either explanation, the residues for all substrate

binding site should be analyzed and confirmed by amino acid mutagenesis.
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3 CHAPTER TWO: INDUCTION OF THE PHO REGULON AND
POLYPHOSPHATE SYNTHESIS AGAINST SPERMINE STRESS IN
PSEUDOMONAS AERUGINOSA

3.1 INTRODUCTION

Biogenic polyamines are essential cationic compounds found in all living organisms. The
composition of polyamines varies in different organisms; while putrescine, spermidine, and
spermine are the most common ones in human cells, many bacteria do not synthesize spermine
(Casero & Pegg, 2009; Seiler, 2004). When in excess, spermine is known to exert a strong
adverse effect on cell growth (Chattopadhyay et al., 2003; Nakada & Itoh, 2003). The cell
maintains polyamine homeostasis through a tight control of biosynthesis and uptake, but most
living organisms including bacteria and humans reduce spermine toxicity by acetylation (Seiler,
2004; Y. Wang & Casero, 2006). The acetylated spermine can be either excreted or recycled into
other polyamine compounds (e.g. spermidine and putrescine) of less toxicity (Seiler, 2004). The
spermidine/spermine acetyltransferase (SSAT) is a highly conserved enzyme in bacteria (Joshi,
Spontak, Klapper, & Richardson, 2011; Woolridge et al., 1999). Without a functional SSAT, the
growth of E. coli mutants is retarded in presence of exogenous spermine (Fukuchi, Kashiwagi,
Yamagishi, Ishihama, & Igarashi, 1995; Raj et al., 2001). It has been reported that most strains of
Staphylococcus aureus are sensitive to exogenous spermine due to the lack of SSAT, and only a
distinct lineage of strains carries the gene for SSAT in a genetic cassette that is significant for

pathogenicity (Joshi et al., 2011).

No SSAT orthologue was identified in P. aeruginosa or pseudomonads in general. In P.
aeruginosa, acetylpolyamine can be degraded by at least two different acetylpolyamine

amidohydrolases (AphAB) (Chou, Kwon, Hegazy, & Lu, 2008). Furthermore, this organism can
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grow on spermine and other biogenic polyamines as the sole source of carbon and nitrogen.
Degradation of these compounds is mediated by the y-glutamylation pathway, which was first
reported in E. coli for putrescine catabolism (Kurihara et al., 2008). The puuA gene of E. coli
encodes the y-glutamylpolyamine synthetase, the sole member of this enzyme family in this
organism (Kurihara et al., 2008). In comparison, there are six different glutamylpolyamine
synthetases (PauAl-PauA®b) in P. aeruginosa (Yao et al., 2011). While these enzymes may have
different substrate specificities, our group demonstrated that PauA2 plays an essential role in
spermine catabolism (Yao et al., 2012) and that exogenous spermine exerts a bactericidal effect

on the 4pauAd2 mutant of P. aeruginosa (Yao et al., 2012).

We have recently discovered that spermine exerts a strong synergistic effect with -
lactam antibiotics against many bacteria, including the Gram-positive methicillin-resistant S.
aureus (MRSA) and the Gram-negative P. aeruginosa (Yao et al., 2012; Yao & Lu, 2012). A
ApauA2 mutant of P. aeruginosa is more susceptible to B-lactams than the wild-type strain when
growing in human serum, although the mechanism remains unknown (Yao et al., 2012).
Consequently, it was proposed that enzymes for spermine modifications might consist potential

targets of drugs that are aiming to enhance the efficacy of B-lactam antibiotics (Yao et al., 2012).

Although PauA?2 of the y-glutamylation pathway provides a very efficient way to
alleviate spermine toxicity in P. aeruginosa, it seems likely that other mechanisms to fence off
the harsh effect of spermine might be triggered in the absence of pauA2. In this study, we

conducted experiments directed to identify the genetic nature of ApauA2 suppressors that grew



on agar plates with spermine, and concluded that spermine toxicity could be attenuated by

increasing the intracellular concentration of polyphosphate.
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3.2 EXPERIMENTS

3.2.1 Bacterial strain and growth media

Bacterial strains and plasmids used in this study are listed in Table S3. LB (Luria-Bertani)
medium (1% tryptone; 0.5% yeast extract; 0.5% NaCl) was used for E. coli and P. aeruginosa
growth, transformation, and conjugation. Antibiotics were added to selection media at the
following concentrations: for E. coli, 100 pg ml* of ampicillin, and for P. aeruginosa, 100 pg
ml? of carbenicillin; 100 ug ml? of tetracycline; 25 ng ml? of gentamicin; 500 ug ml? of
streptomycin. P. aeruginosa was grown in LB without sodium chloride (LBNS) for biofilm
formation. Tris-buffered LB medium (pH8.0) was applied in most experiments, including growth
rate, MIC (Minimal Inhibitory Concentration), pyocyanin quantitation assay, RNA isolation, and
promoter activity. All cultures were routinely incubated aerobically at 37°C with shaking at 300
rpm. For mobility assays, 1% and 0.3% LB agar plates were used to test twitching and
swimming ability, respectively; 0.5% minimal medium P agar plates supplemented with 0.4%
glucose and 0.1% casamino acids were used in swarming test. For rhamnolipid quantitation
assay, swarming plates were supplemented with 5 ug ml"* methylene blue and 0.05 mg mi* cetyl

trimethylammonium bromide (CTAB).

3.2.2  Construction of pauA2 and phoU mutants

For the construction of 4phoU mutant H5365, two flanking regions of phoU were PCR
amplified by PCR using primers containing BamHI & Sacl, and Sacl & Hindlll restriction sites,
respectively (Table S1). The PCR products, the conjugation vector pRTP2 (C. Li & Lu, 2009),
and a gentamicin cassette from pPS856 plasmid (Hoang, Karkhoff-Schweizer, Kutchma, &

Schweizer, 1998) were prepared with appropriate restriction endonuclease digestion before
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mixed in the ligation reaction. For gene replacement by the biparental conjugation, the E. coli
SM10 strain carrying the plasmid pPhoU as a donor was mated with a spontaneous streptomycin-
resistant mutant of H103 as a recipient for 6 hours at 37°C. The transconjugants were selected on
LB agar plates containing 500pg ml™ streptomycin and 100ug ml* gentamicin. To confirm the
correct deletion mutant, PCR and antibiotics test were applied. For pauA2 mutant H298, the gene

replacing plasmid pPauA2 was reported previously (Yao et al., 2011).

3.2.3 Spermine and acetylspermine susceptibility test

Minimal inhibition concentration (MIC) of spermine or acetylspermine were determined
by the liquid microdilution method based on the guidelines of the Clinical and Laboratory
Standards Institute. Serial two-fold dilutions of tested compounds were prepared in a 96-well
microtiter tray, and mid-log phase cultures of each bacterial strain were diluted and inoculated
with approximate 10° CFU/well. Cells were incubated without shaking at 37 <C for 18h. The
lowest concentration of an antimicrobial agent at which cells were not able to grow was defined

as its MIC.

3.2.4 Pyocyanin quantitation assay

Bacteria culture grown in 4ml of the LB medium for 24 hours was mixed with 3 ml of
chloroform (Frank & Demoss, 1959). After centrifugation at 6,000 x g for 10 min, pyocyanin
was extracted by mixing 2 ml of chloroform layer with an equal volume of 0.2 N HCI. The
absorbance of pyocyanin-containing solutions at 520 nm was measured, and pyocyanin

concentration was determined using a molar extinction coefficient of 2,460 M-tcm™.
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3.2.5 Genome resequencing

The bacterial genomes of P. aeruginosa strain H298 and H300 were subjected to
sequencing by lllumina MiSeq (ACGT Inc). The sequencing data were assembled and analyzed
by comparison of the published sequence of P. aeruginosa PAO1. The unique mutation in strain
H300 was identified in the phoU gene, which was confirmed by PCR amplification and

nucleotide sequencing by the Core Facility at Georgia State University.

3.2.6  Swimming, swarming and twitching motility assays

Single colonies of P. aeruginosa were diluted and spotted on 0.3% LB swimming plate
and 0.5% MMP swarming plate (Tremblay & Deziel, 2008). After overnight growth at 37°C, the
motility was examined by measuring the distance that bacteria spread out from the point of
inoculation. For twitching motility, single bacterial colonies were stabbed into 1% LB agar
(Semmler, Whitchurch, & Mattick, 1999). After incubation at 37°C overnight and at 25°C for
additional one to two days, twitching zone between the agar and Petri dish interface can be

observed and measured under white light.

3.2.7 Rhamnolipid production assay

Single colonies of P. aeruginosa strains were diluted and spotted on central disk of 0.5%
rhamnolipid plate (Pinzon & Ju, 2009). After incubation at 37°C for 24 to 48 hours, the plates
were stored at 4°C for at least 24 hours before visualization of the rhamnolipid zone by UV

transilluminator.
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3.2.8 Biofilm quantitation assay

For each strain, overnight cultures were 1:100 diluted with LBNS and grown up to the
mid-log phase. These freshly grown bacteria were further adjusted to ODego 0f 0.01 in LBNS,
and 100 pl of diluted cell suspensions were added to 96-well microtiter plate(O'Toole & Kolter,
1998). After overnight incubation at 37°C, non-adherent cells were discarded, and the wells were
rinsed in water and stained by 200 pl of 0.1% crystal violet solution for 30 min. The washing
step was repeated, and crystal violet that stains the attached cells was dissolved in 200 ul of 95%

ethanol. The biofilm stain was measured by reading the absorbance at 540 nm.

3.2.9 Measurements of promoter activities

For the construction of pstS::lacZ transcriptional fusion pYCP3, the DNA fragment
covering the entire 400 bp upstream intergenic region of the pstS gene was PCR amplified from
P. aeruginosa H103 strain by pstS_Fwd and pstS_Rev primers (Table S1). For the construction
of pstC::lacZ transcriptional fusion pYCP4, the DNA fragment consisted of entire 422 bp in the
upstream intergenic region of the pstC gene was PCR amplified from P. aeruginosa H103 by
pstC_Fwd and pstC_Rev primers (Table S1). These PCR products were digested by restriction
enzymes (BamHI and Hindll1l) and ligated into pQF50. The constructed plasmids were
introduced into the host strain of interests to measure the promotor activities by B-galactosidase
assays. Bacteria grown to early log phase (ODsoo = 0.2) were induced by spermine and growth
was continued for 2 hours. Cell pellets were harvested by centrifuge and resuspended in the same
volume of assay buffer (L00mM sodium phosphate at pH7.0, ImM MgSQa4, and 100mM -
mercaptoethanol). The cell suspension (0.8ml) was mixed with 1/20 volume of toluene and

vortexed for 15 seconds. Each test tube was equilibrated at 37 €C water bath for 1 minute before
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adding ONPG (4mg ml™) to initiate the reaction. When the yellow color developed, the reaction
was stopped by adding 0.5ml of 1M Na>COs. The absorbance of the yellow color solution at 420
nm and the cell density at 600 nm was measured, and [3-galactosidase activity was calculated

using the equation of 10%*[(ODa420*1.5ml)/(4860Mtcm™*0.8ml)]/AT * ODsoo (Miller, 1972).

3.2.10 Transcriptome analysis

P. aeruginosa strains were grown in Tris-buffered LB (pH8.0), and cultures in the mid-
exponential phase (ODsoo around 0.5) were harvested. RNA samples were isolated and purified
with RNeasy plus mini columns (QIAGEN). Following the protocols by the manufacturer
(Affymetrix), cDNA were synthesized, fragmented, terminal labeled, and hybridized to
GeneChip of P. aeruginosa Genome Array. Data from two independent biological experiments
were collected and analyzed by comparing gene expression among three strains (H103, H298,
and H300) in LB medium with a fold change over 2.5 and a signal intensity value of 250 as the
threshold. A heat map for schematic presentation of differential expression of these genes was

generated with a two-tone color series covering different ranges of fold changes.

3.2.11 Neisser stain

Bacteria were grown in LB broth to mid-log phase. Cells were washed and spotted on the
glass. The smear of each strain on the slide was fixed by flame. Staining reagent A was freshly
prepared with two parts of methyl blue reagent (0.1% methyl blue, 5% glacial acetic acid, 5%
ethanol, and water to 100ml) and1 part of crystal violet reagent (0.33% crystal violet, 6.7%
ethanol, and water to 100ml). Counterstain reagent B consisted of 0.33% Bismarck brown and

water. Each slide was stained by reagent A for 10-15 seconds, then reagent B for 1 minute, and



rinsed by water. The dried slides were observed with 100X bright field objective (Eikelboom,

1981).
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3.3 RESULTS

3.3.1 Isolation of spermine-resistant mutants in P. aeruginosa devoid of the

glutamylpolyamine synthetase PauA2

We have previously reported that P. aeruginosa encodes six putative glutamyl polyamine
synthetases (PauA1-A6), and proposed that they catalyze y-glutamylation of polyamine to
initiate polyamine catabolism (Yao et al., 2011). Glutamylation of spermine requires PauA2, and
a 4pauA2 mutant can no longer use spermine as the sole source of carbon and nitrogen (Yao et
al., 2012). Furthermore, the 4pauA2 mutant became very sensitive to exogenous spermine; the
minimal inhibition concentration (MIC) of spermine decreased from 50 mM for the parental
strain to 0.25 mM for the 4pauA2 mutant (Yao et al., 2012). To identify the potential secondary
defense mechanism against spermine toxicity in the absence of the spermine modification
enzyme PauA2, spermine-resistant suppressors of H298 (4pauA?2) were selected on the LB agar
plate supplemented with 10mM spermine. From the results of three independent experiments, the
average frequency of suppressor mutations was estimated to be around 1x10%/cell under this
selection condition. Over 100 suppressors were isolated by this selection scheme, and all of them
exhibited activation of the Pho regulon as we elaborated in a later section (constitutively active
pstS promoter). One colony, which was randomly picked from the selection plates to represent

this group of suppressors, was then subjected to further characterization as described below.

The representative ApauA2 suppressor strain H300 exhibited several distinct phenotypes.
Using the broth dilution method we determined that the spermine MIC of H300 was eight times
higher than that of its parental strain H298 (4pauA2) (2.5 mM versus 0.3 mM, Table 3.3.1).

Besides, H300 (4pauA2 suppressor) grew in the presence of 10 mM spermine on agar plates. In



63

comparison to the 4pauA2 mutant H298 and the wild-type H103, the ApauA2 suppressor H300
also exhibited slow growth and pyocyanin overproduction. The estimated doubling time of H300
was four times longer than that of the wild-type strain H103 or the ApauA2 mutant H298 in LB
broth (Table 3.3.1). Finally, an adamant greenish pigmentation was observed in the culture of
H300 (4pauA2 suppressor) during growth in LB broth, suggesting overproduction of pyocyanin.
A complete comparison with a more quantitative characterization of these and additional

phenotypes are presented in a later section (Phenotypic analyses).

Table 3.3.1 Spermine susceptibility and doubling time measurements of P. aeruginosa wild-
type and ApauA2 mutants

Estimated Double Time (min)
. SPM MIC
Strain Genotype (mM) LB LB + 1.5mM Spm
H103 W.T. 40 57.4 63.7
H298 ApauA2 0.3 57.8 ND
Spontaneous Spm’
H300 mutant of H298 2.5 254.1 158.4
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3.3.2 Genome resequencing revealed a single substitution at the phoU gene

To identify the genetic nature of the suppressor mutation in H300, genome resequencing
of H300 and its parental 4pauA2 mutant H298 was conducted by the lllumina MiSeq genome
sequencer. Through vigorous sequence comparison, a single nucleotide substitution was
identified in the coding sequence of phoU (Fig. 3.3.1), which is located immediately downstream
from the pstABCD genes for an ABC transporter of inorganic phosphate. PhoU of P. aeruginosa
and its homologs in other bacteria have been reported to serve as a regulatory element in the
PhoB-PhoR phosphor-relay (Nikata et al., 1996). The identified CsgoT mutation was confirmed
by PCR amplification and sequencing of the 1640-bp DNA fragment covering the affected
region in H300 (4pauA?2 suppressor) but not in H103 (WT) and H298 (4pauAd2 mutant). This
point mutation is expected to result in Serzgoleu substitution in the PhoU protein (Fig. 3.3.1), a
change that could potentially change the regulatory function of PhoU. We designated the phoU

allele in H300 (4pauA?2 suppressor) as phoU599.

Complementation tests were conducted to confirm that phoU599 is indeed conferring
spermine resistance in H300 background. Two recombinant plasmids were constructed using the
pQF50 vector, as described in Experimental Procedures. Plasmids pYCP1 and pYCP2 carry the
wild-type phoU and the phoU599 allele, respectively. When introduced into H300 (4pauA?2
phoU599), plasmid pYCP1, but not pYCP2, was able to decrease spermine MIC to a level
similar to that of parental strain H298 (4pauA?2) (Table 3.3.2). These results suggest that

phoU599 is a recessive genetic trait of spermine resistance in H300.



65

To further substantiate the effect of phoU on spermine resistance, we used the FIp-FRT
recombination system to construct a marker-less 4phoU allele in the background of the wild-type
strain H103 and the 4pauA42 mutant H298; the resulting mutants were designated as H5365
(4phoU) and H304 (4dpauA?2 AphoU). With a functional pauA2 gene, both H5365 (4phoU) and
H103 (WT) were able to tolerate over 20 mM of spermine (Table 3.3.2). Also, spermine MIC of
H304 (4dpauA2 AphoU) was comparable to that of H300 (4dpaud2 phoU599) and eight times
higher than that of parental strain H298 (4dpauA?2). (Table 3.3.2). When complemented by
pYCP1 carrying the wild-type phoU gene, the level of spermine resistance in H304 (4pauA?2
AphoU) was reversed back to the level of H298 (4pauA?2) (Table 3.3.2). These results support the

notion that phoU599 is reminiscent of a null phoU allele on spermine resistance.
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Figure 3.3.1 Schematic presentation of gene clusters in phosphate transport and its regulatory
system in P. aeruginosa

Table 3.3.2 Spermine susceptibility of P. aeruginosa wild-type and mutants.

Strain Genotype SPM
MIC (mM)
H103 W.T. 40
H5365 AphoU 40
H298 ApauA2 0.3
H300 ApauA2 phoU599 2.5
H301 H300 / pYCP1 0.3
H302 H300 / pYCP2 2.5
H318 H300/pQF50 2.5
H304 ApauA2phoU 2.5
H305 H304 / pYCP1 0.3
H306 H304 / pYCP2 2.5
H320 H304/pQF50 2.5

MICs were determined in LB broth with pH adjusted to 8.0.
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3.3.3 Phenotypic analyses

As shown in Table 3.3.3, the spermine-resistant ApauA2 mutant H300 (4pauA?2
phoU599) grew much slower than its parental strain H298 and the wild-type H103 in LB broth.
This slow-growth phenotype was also observed in H304 (4dpauA2 AphoU) and H5365 (4phoU),
suggesting a correlation between growth retardation and the phoU mutations. When
complemented with the wild-type phoU gene, H300 (4dpauAd2 phoU599) and H304 (ApauA2
AphoU) resumed to a growth rate comparable to that of H298 (4pauA2) and H103 (WT) (Table
3.3.3). These observations confirm that a phoU null mutation has an adverse effect on bacterial
growth. Furthermore, the growth of all 4phoU mutants was improved to some extent by the
addition of spermine to the medium (Table 3.3.3), suggesting that spermine eases the inhibitory

effect of phoU on bacterial growth.

Table 3.3.3 Doubling time measurements of P. aeruginosa wild-type and mutants

Estimated Double Time
(min)

Strain Genotype LB LB + 1.5mM Spm
H103 W.T. 57.4 63.7
H298 ApauA2 57.8 ND
H5365 AphoU 199.2 169.7
H300 ApauA2 phoU599 254.1 158.4
H301 H300 / pYCP1 50.4 ND
H302 H300 / pYCP2 194.7 147.0
H304 ApauA2phoU 240.1 179.5
H305 H304 / pYCP1 48.6 ND
H306 H304 / pYCP2 173.6 161.3
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The phoU null mutations also led to pyocyanin overproduction. As shown in Fig. 3.3.2A,
the spent medium of H300 (4paud2 phoU599), H304 (4Apaud2 AphoU), and H5365 (4phoU)
displayed a much stronger greenish-blue coloration than that of H103 (WT) and H298 (4pauA?2).
These observations were then confirmed by quantitative measurements of pyocyanin.
Furthermore, while the levels of pyocyanin in H300 (4pauAd2 phoU599) and H304 (ApauA2
AphoU) were comparable, H5365 (4dphoU and WT pauA2) produced about two times more of
pyocyanin (Fig. 3.3.2B). Also, complementation of H300 (4pauAd2 phoU599) and H304
(4paud2 AphoU) with the wild-type phoU clone (H301 & H305) reduced pyocyanin synthesis to
levels comparable to H103 (WT) and H298 (4pauA?2). On the contrary, the introduction of the
phoU599 allele (H302 &H306) enhanced pyocyanin synthesis (Fig. 3.3.2B). These results
establish a strong link between pyocyanin overproduction and the mutations in phoU, suggesting

a possible modulation of pyocyanin synthesis by spermine via PauA2.
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Figure 3.3.2 Pyocyanin quantitation assays for P. aeruginosa H103 and its derivatives

A) Upper: Cell cultures with 300 rpm shaking at 37°C for 25 hours incubation. Middle: Blue
pigment was extracted from cell cultures by chloroform. Bottom: Pyocyanin (pink color) was
isolated by 0.2M HCI. (B) The absorbance of extracted pyocyanin solution at 520 nm was
measured and pyocyanin concentration was calculated using molar extinction coefficient of
2,460 Mtcm™. The calculated averages of three measurements were compared to H5365
(4phoU) as 100% and represented by relative percentage with standard deviation.
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Since pyocyanin overproduction might indicate a disturbed quorum-sensing network, we
examined the 4phoU mutants for several aspects of social behaviors, including biofilm
formation, mobility (swimming, swarming, and twitching), and rhamnolipid synthesis. Biofilm
formation was measured in H103 (WT), H298 (4pauA2), H300 (dpauA2 phoU599), H5365
(4pholU), and H304 (4dpauA2 AphoU) grown in the LB broth in the absence and presence of
different polyamines. In LB broth without polyamine, the level of biofilm formation was
comparable among the different strains (Fig. 3.3.3). Spermine, however, exerted an inhibitory
effect in H298 (dpauA?), while spermidine and spermine enhanced biofilm formation in H300
(dpaud2 phoU599) and H304 (4dpauA2 AphoU) to levels that were about two times higher than

that in H103 (Fig. 3.3.3).
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Figure 3.3.3 Biofilm quantitation assay of P. aeruginosa H103 and its derivatives

All strains were tested in LBNS broth supplemented with 5mM Put, 5mM Spd, or ImM Spm.
The biofilm synthesis induced by polyamines was stained by crystal violet and determined by the
absorbance at 540nm. The quantitation of biofilm was represented as averages of three
measurements with standard deviations. LBNS alone as the positive control. LBNS, LB broth
without sodium chloride; Put, putrescine; Spd, spermidine; Spm, spermine.

As for motility behaviors, no apparent difference was observed between H103 (WT) and

H298 (4dpauA?2) (Fig. 3.3.4). In comparison, H300 (4pauAd2 phoU599) and H304 (4pauA?2
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AphoU) exhibited no sign of swarming, reduced swimming capability, and normal twitching
behavior, while H5365 (4phoU) showed reduced level of swarming and swimming and a
comparable level of (Fig. 3.3.4). Rhamnolipid and flagella are considered as two important
factors in swarming motility (Caiazza, Shanks, & O'Toole, 2005; Kohler, Curty, Barja, van
Delden, & Pechere, 2000). Thus, we tested the rhamnolipid production in phoU mutants. As Fig.
3.3.4D showed, rhamnolipid production was comparable among all strains tested except H5365
(4phoU), which showed a reduced level of rhamnolipid production. These results indicated that
other factor(s) might be involved in the retardation of swarming motility in H300 (4pauA?2

phoU599) and H304 (4paud2 AphoU).
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Figure 3.3.4 Motility phenotype analysis of P. aeruginosa H103 and its derivatives

The single colonies of bacterial strains were spotted on or stabbed into 0.5% MMP plate, 0.3%
LB and 1% LB plates for (A) swarming, (B) swimming, and (C) twitching motility, respectively.
Swimming and twitching motility are represented as averages of three measurements with
standard deviations. (D) Rhamnolipid quantitation assay. The cell suspensions were spotted on
the disk at center of swarming plate supplemented with CTAB and methylene blue. Rhamnolipid
zone was visualized by UV transilluminator and indicated by the arrows.
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3.3.4 Measurements of pstS and pstC promoter activities

In P. aeruginosa, the phoU gene is located immediately downstream of the pstSCAB
genes, which encode an ABC transporter of inorganic phosphate (Nikata et al., 1996). While the
precise biochemical function of PhoU remains unclear, this protein that is highly conserved
among different bacterial species has been reported to participate in the control of the Pho
regulon (Ghorbel, Kormanec, Artus, & Virolle, 2006; Kato, Sakai, Nikata, & Ohtake, 1994;
Surin, Dixon, & Rosenberg, 1986; C. Wang et al., 2013). In many cases, mutations in phoU
result in constitutive activation of the PhoR/PhoB two-component system. This system regulates
the Pho regulon including the pstSCAB genes in P. aeruginosa (Kato et al., 1994). To test the
potential effect of phoU599 on the Pho regulon, we constructed the pstS::lacZ (pYCP3) and
pstC::lacZ (pYCP4) transcriptional fusions and measured the promoter activities of these
reporter plasmids in H103 (WT) and its derivative mutants (Fig. 3.3.1). Comparing to H103
(WT) and H298 (4pauA?2), the promotor activities of pstS and pstC in all phoU mutants (H300,
H5365, and H304) were strongly induced. These findings confirm that PhoU affects the
expression of the Pho regulon in P. aeruginosa. It is noteworthy that the induction of all phoU
mutants in LB with 5mM spermine was lower than that in LB medium alone (Fig. 3.3.5).
Therefore, spermine may decrease the induction of the Pho regulon by an unknown mechanism

and thus mitigate the effects of the phoU mutation, such as the improved growth rate.
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Figure 3.3.5 Analysis of the pstS and pstC promoter activities in P. aeruginosa H103 and its
derivatives

The bacterial strains carrying pYCP3 (pstS) or pYCP4 (pstC) were grown in LB broth in the
absence (gray) or the presence (black) of 5mM spermine. The B-galactosidase activities were
measured by the absorbance of 420nm and represented as averages of three measurements with
standard deviations. Strain name (Genotype) left to right: H308 (WT/ pYCP3), H310 (4pauA2 /
pYCP3), H312 (4pauA2 phoU599 / pYCP3), H314 (4phoU / pYCP3), H316 (4pauA2 AphoU /
pYCP3); H309 (WT / pYCP4), H311 (dpauA2 / pYCP4), H313 (4pauA2 phoU599 / pYCP4),
H315 (4phoU / pYCP4), H317 (4pauA2 AphoU / pYCP4).
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3.3.5 Constitutively active pstS promoter as a common trait in spermine-resistant

suppressors

We were surprised to find that all spermine-resistant ApauA2 suppressors from the
selection plates share two apparent phenotypes — slow growth and pyocyanin overproduction. To
test if suppression of pauA2 always turns on the Pho regulon, the pstS::lacZ fusion plasmid was
introduced into H298 (4pauA?2), before suppressor selection on the LB plates with spermine. A
total of 108 colonies were randomly picked from the selection plates and spotted on the LB
plates with X-Gal. We found that 105 colonies displayed intense blue coloration, indicating an
active pstS promoter, most likely due to a constitutive expression of the Pho regulon. The
additional analysis confirmed that remaining three white colonies lost the reporter plasmid
(carbenicillin was not included in the selection plates); these suppressors colonies developed blue

color after repeated transformation with the reporter plasmid.

Based on these observations, we hypothesized that the new suppressor mutations might
also be in the phoU gene. To test this hypothesis, three suppressors were randomly selected, and
the phoU genes of these mutants were determined by PCR and DNA sequencing. The results
showed that one suppressor had a 12-bp deletion (n.t 108-119), and the other two had the C190T

nonsense mutation.
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3.3.6 Detection of polyphosphate overproduction in phoU mutants

PhoU inactivation was reported to lead to high-level accumulation of polyphosphate
(polyP) (de Almeida, Ortiz, Schneider, & Spira, 2015; Morohoshi et al., 2002). To follow the
polyphosphate production in the cells, the Neisser stain was applied, and the polyphosphate
granules were visualized under 100X bright field objective. As can be seen in Fig. 3.3.6, H103
(WT) and H298 (4pauAd?2) were Neisser stain negative, whereas H300 (dpauAd2 phoU599), H304
(4pauAd24phoU) and H5365 (4phoU), all of which carry a phoU null mutation, presented distinct
polyP granules in the cells. When complemented with the wild-type phoU clone, H300 (4pauA?2
phoU599) and H304 (4paud24phoU) became Neisser stain negative, but remained stain positive
in the presence of the phoU599 allele. Based on these results, we hypothesized that polyP can
neutralize spermine toxicity via charge interactions in suppressors of H298 (4pauA2) conferring

spermine resistance.



Figure 3.3.6 Bright-field micrographs of Neisser-stained P. aeruginosa H103 and its

derivatives

PolyP granule in cells was stained as dark purple-blue color by the mixture reagent of methyl
blue and crystal violet as described in Materials and Methods. The bars in all panels are S5pum.
Strain samples used in staining were labeled accordingly.
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3.3.7 Hydrolysis of polyphosphate by PPX reverses the spermine-resistant phenotype
Highly negatively charged polyP could potentially bind with positively charged spermine
to attenuate toxicity. To test this hypothesis, we designed experiments to manipulate the
intracellular polyP level and checked its consequence on spermine susceptibility. It has been
reported that exopolyphosphatase (PPX) encoded by the ppx gene can hydrolyze polyP
(Akiyama, Crooke, & Kornberg, 1993; Zago, Chugani, & Chakrabarty, 1999). The ppx gene of
P. aeruginosa H103 was PCR amplified and cloned in pUCP18, termed pYCP5. When
introduced into H300 (dpauA2 phoU599) and H304 (4paud2AphoU), which exhibited a high
level of polyP, these recombinant strains presented an increased level of spermine susceptibility
as evidenced by a reduced MIC from 2.5 mM to 0.6 mM (Table 3.3.4). These results indicated
that manipulating the cellular polyP level indeed affected spermine resistance. Also, the polyP
granules were much less noticeable (under the Neisser stain) in H300 (4pauAd2 phoU599) and
H304 (4pauA2AphoU) carrying pY CP5 than with the pUCP18 vector (Fig. 3.3.7). These
recombinant strains did not restore any other phenotypes, including swarming motility (Fig.
3.3.8), and pyocyanin overproduction (Fig. 3.3.9). We concluded that the cellular polyP level is

directly connected to spermine resistance.

In addition, we constructed a recombinant clone of ppk encoding the polyphosphate
kinase and introduced it into H298 (dpauA?). If PPK were expressed to synthesize more polyP,
one would expect an increased level of spermine resistance in H298 (4pauA?2) harboring this
clone. However, no change on spermine MIC was detected on H298 (4pauA?2) carrying the ppk
clone (Table 3.3.4). These observations suggest that PPK alone may not be sufficient to increase

polyP accumulation.
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Table 3.3.4 Spermine susceptibility of P. aeruginosa wild-type and mutants

. SPM
Strain Genotype MIC (mM)
H103 W.T. 40
H298 ApauA2 0.3
H299 ApauA2 [ pYCP6 0.3
H300 ApauA2 phoU599 2.5
H303 H300 / pYCP5 0.6
H319 H300 / pUCP18 2.5
H304 ApauA2phoU 2.5
H307 H304 / pYCP5 0.6
H321 H304 / pUCP18 2.5

MICs were determined in LB broth with pH adjusted to 8.0.
ApauA2 phoU599 / pUCP18 ApauA2 phoU599 / pYCP5 (ppx)

ApauA2 AphoU / pYCP5 (ppx)

ApauA2 AphoU [/ pUCP18

Figure 3.3.7 Bright-field micrographs of Neisser-stained P. aeruginosa H303 and H307
PolyP granule in cells was stained as dark purple-blue color by the mixture reagent of methyl
blue and crystal violet as described in Materials and Methods. The bars in all panels are 10um.
Strain samples used in staining were labeled accordingly.
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Figure 3.3.8 Swarming motility of P. aeruginosa H300 and H304
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Figure 3.3.9 Pyocyanin quantitation assays for P. aeruginosa H300 and H304
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3.3.8 Transcriptome analysis of H103, H298, and H300

To gain insights into the genetic changes associated with the phenotypic behaviors
described above, we conducted transcriptome analysis in H103 (WT), H298 (4pauA?2), and H300
(dpauAd2 phoU599), grown exponentially in LB broth. As shown in Fig. 3.3.10A, genes that
were affected by pauA2 (H298 v.s. H103), phoU599 (H300 v.s. H298), and pauA2 phoU599
combination (H300 v.s. H103) were selected according to the criteria described in Experiments
(Table S4). A total of 322 genes in the list of pauA2 phoU599 combination overlaps strongly
with the list of either pauA2 or phoU599 by 111 and 100 genes, respectively. Significant changes
observed in H300 (4pauA2 phoU599) included the Pho regulon, denitrification, and QS-induced
genes (Fig. 3.3.10B). In addition, 47 genes that showed significant changes by either pauA2 or
phoU599 were, in fact, reversed back to the level as in wild-type strain H103 by the pauA2
phoU599 combination. The presence of this group of genes strongly indicated the
complementary effects by pauA2 and phoU 599 alleles. When less stringent criteria were applied
(fold change >1.5), the results of transcriptome analyses clearly identified all genes in three lists

as being changed by either pauA2 or phoU599 or both (Fig. 3.3.10B).

As shown in Fig. 3.3.10B, forty genes that belong to the reported Pho regulon of P.
aeruginosa (Bielecki et al., 2015) were found significantly induced by the phoU599 mutation.
These genes include the PhoBR two-component regulatory system, the PstSCAB phosphate
transport system, the PhoU regulator, the VreAlIR cell-surface signaling system, and the
PhnCDEFGHIJKLMNP the phosphonate transport system (Table S5). These results clearly

demonstrated the presence of a constitutively active Pho regulon in ApauAd?2 suppressor H300 due
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to the phoU599 allele. Consistent with the previous reports, expression of ppk and ppx genes for

polyphosphate metabolism was not affected in H300 (4pauA2 phoU599).

From the observation of phenotype analysis, we were aware of the pyocyanin
overproduction in H300 (dpauA2 phoU599). A total of 16 genes was reported for the pyocyanin
synthesis in P. aeruginosa, including two 7-gene operons (phzA1B1C1D1E1F1G1 and
phzA2B2C2D2E2F2G2) for phenazine biosynthesis, and two subsequent phenazine-modifying
enzymes PhzM and PhzS for conversion of phenazine to pyocyanin (Mavrodi et al., 2001).
Because of the sequence similarity of two sets of phz genes, GeneChip (Affymetrix) includes
only nine out 16 pyocyanin synthesis related genes (phzC2D2E2F2G2 and phzMA1B1S). As the
transcriptome analysis was conducted with the cell cultures in the mid-log phase of growth, we
only observed a moderate level of induction of these nine genes (Table S5). Although significant
changes in pyocyanin synthesis were observed in H300, the pyocyanin quantitation assays were
conducted with the cells from the stationary phase. Therefore it was very likely that the
discrepancy between transcriptome analysis and pyocyanin quantitation was due to the growth
phase. However, this result still indicated that PhoU might play a regulatory role in the

pyocyanin synthesis.

A group of 33 genes involved in the denitrification overlapped strongly between the lists
of pauA2 and pauA2 phoU599 (Fig. 3.3.10B). In the denitrification pathway of P. aeruginosa,
nitrate (NO3") was reduced to nitrite (NO2), nitric oxide (NO), nitrous oxide (N20), and finally
nitrogen (N2) by nitrate reductase (NAR), nitrite reductase (NIR), nitric oxide reductase (NOR),

and nitrous oxide reductase (N2OR), respectively (Arai, 2011). The structural genes
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(nosRZDFYL, nirSMCFDLGHJEN, nirQOP-norCBD, and narK1K2GHKI) in the denitrification
pathway, but not the regulatory genes (anr, dnr, and narXL), were induced in the absence of
pauA2 (Table S6). However, this intriguing question of how pauA2 was involved in the

denitrification in P. aeruginosa remains to be answered.

As shown in Fig. 3.3.10B, a significant number of the quorum sensing-related genes were
induced in the lists of pauA2 and pauA2 phoU599. However, only the pgsABCDE genes for
secondary metabolite 2, 4-dihydroxyquinoline (DHQ) biosynthesis were highly induced by either
pauA2 or phoU599, while the autoinducer genes lasIR and rhlIR remained unchanged (Table
S5). The potential role of pauA2 and phoU599 in the quorum sensing network remains to be

elucidated.

On the contrary, transcriptome analysis did not provide any supporting evidence to
explain the retarded motility in H300. Swarming motility is controlled by two major components
— flagella and rhamnolipid (Caiazza et al., 2005; Kohler et al., 2000). These swarming —
associated genes, including flagella genes (flgBCDEFGHIJKL) and rhamnolipid biosynthesis
genes (rhIRBA), showed no sign of repression in H300. Whether this discrepancy was due to the

different growth media in transcriptome analysis and swarming motility tests cannot be ruled out.
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Figure 3.3.10 Heat map representation of differential expression profiling in P. aeruginosa
HI103 (WT), H298 (AdpauA2), and H300 (ApauA2 phoU599)

(A) Genes that displayed significant changes in expression levels were selected by the defined
criteria in the section of EXPERIMENTS, and were shown in a more detailed hierarchical
clustering heat map (middle panel) or a two-color heat map (left panel). Blue color series,
increased expression; brown color series, decreased expression; white color, no significant
change. Genes that have been reported to participate in quorum sensing (QS), Pho regulon, and
denitrification pathways were also indicated with different color bars on the right panel. (B)
Gene clustering sorted by quorum-sensing (red), Pho regulon (green), and denitrification (pink)
and shown in a two-color heat map. The color keys referring to log2 values of fold change (CF)
from each comparison were depicted on the right.
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3.3.9 AphA and AphB converted acetylspermine to spermine

AphA (PA1409) and AphB (PA0321) are acetylpolyamine amidohydrolases (Chou et al.,
2008) and can hydrolyze acetylpolyamine to polyamine in vitro (Kramer, Herzer, Overhage, &
Meyer-Almes, 2016). To test the roles of AphA and AphB in the spermine metabolism, we
constructed a series of aphA, aphB, and pauA2 mutants by the unmarked gene knockout
approach. H103 (WT) and its derivative mutants were grown in the minimal medium P (MMP)
supplemented with 10mM acetylspermine (AcSpm) as the sole carbon and nitrogen sources. As
Fig. 3.3.10 shown, all the pauA2 mutants, including H298 (ApauA2), H1412 (ApauA2AaphA),
H1413 (ApauA2AaphB), and H1414 (ApauA2AaphAB) cannot grow in MMP with AcSpm. This
result indicated that either AphA or AphB could convert AcSpm to Spm and the reaction product
of spermine can inhibit the cell growth in the absence of pauA2. Also, the growth inhibition was
observed in H1411 (AaphAB) and H1414 (ApauA2AaphAB) strains, suggesting that AphA and
AphB are the only two enzymes can deacetylate AcSpm to Spm. However, H103 (WT) and all
the mutants were able to tolerate over 10mM acetylspermine in LB broth. This result indicated
that AphA and AphB exhibited very low enzyme activities with AcSpm, which is consistent with

enzyme assay in vitro (Kramer et al., 2016).
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Figure 3.3.11 MIC and utilization of AcSpm in H103 and its derivatives
The MIC of AcSpm was determined with a two-fold series dilution in LB broth adjusted pH at
8.0. The AcSpm utilization was determined in MMP broth supplemented with 10mM AcSpm.

MMP with 10mM L-Glu was indicated as positive control.



88

3.4 DISCUSSION

3.4.1 Selection against spermine toxicity results predominantly in loss-of-function phoU
mutations

The glutamylspermine synthetase PauA2 is essential for spermine utilization in P.
aeruginosa, and a pauA2 mutant became very sensitive to exogenous spermine (Yao et al.,
2012). In this study, we explored the potential mechanisms bacteria may use to fence off
spermine toxicity in the absence of PauA2. To our surprise, analysis of over 100 pauA2
suppressor mutants, which we isolated from multiple independent experiments, revealed that all
of them exhibited the same phenotype consisting of slow growth rate, pyocyanin overproduction,
and the absence of swarming motility. Genetic studies conducted with a representative
suppressor led to the identification of a phoU mutation that led to activation of the Pho regulon.
Using pstS::lacZ fusion as a reporter system, we further demonstrated that the Pho regulon was
activated in all of the tested suppressor mutants. Furthermore, analysis of additional three
suppressors that were randomly picked from a separate experiment revealed they also carry
mutated phoU gene. These results led us to conclude that suppression of spermine toxicity
exhibited by the pauA2 mutant requires activation of the Pho regulon, and that the phoU gene

consists a hot spot for suppressor mutations by the selection scheme used in this study.

3.4.2 Polyphosphate accumulation antagonizes spermine toxicity

Since activation of the Pho regulon exerts drastic and multifaceted effects on bacterial
physiology, it was a challenge to identify the factor responsible for rescuing the cells from the
imposed selection pressure. One interesting outcome of the phoU mutations is the formation of
polyphosphate granules (de Almeida et al., 2015; Morohoshi et al., 2002). We postulated that
positively charged spermine might form complexes with negatively charged polyphosphate to
neutralize spermine toxicity. Polyphosphate can be degraded by the exopolyphosphatase PPX.
Indeed, increasing PPX level in H300 (4pauA2 phoU599) and H304 (4pauA2 AphoU) by a
recombinant plasmid resulted in a reduction in the polyphosphate granules and increased
susceptibility to spermine without affecting other phenotypes. Another line of evidence that

supports the hypothesis of charge neutralization by the polyphosphate-polyamine complexes was
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provided by the observation that the retarded growth of the phoU mutants, which overproduced

polyphosphate, was improved significantly by the addition of spermine in the growth medium.

3.4.3 Activation of the Pho regulon in the phoU mutant

According to the current model in E. coli, the regulatory system of the Pho regulon is
composed of seven components — the PhoR/PhoB sensor/response regulator, the PstSCAB
transporter, and the PhoU protein (Wanner, 1993). The seven elements of the E. coli system are
all found in P. aeruginosa, and their coding genes are organized in a manner similar to that
found in E. coli (Nikata et al., 1996). Therefore, it is likely that the regulatory mechanism of the
Pho regulon is also conserved in these two organisms. PhoU was suggested to serve as a bridge
between the Pst transporter and the PhoBR two-component systems, facilitating the modulation
of PhoBR activity according to phosphate uptake (Gardner, Johns, Tanner, & McCleary, 2014).
In the absence of a functional PhoU protein, the PhoB regulator is fully phosphorylated, a
condition that leads to constitutive activation of the Pho regulon in E. coli (Steed & Wanner,
1993). Transcriptome analysis (Table S2) provided additional support to the proposed function
of PhoU in P. aeruginosa; most of the genes that were previously reported as members of the
Pho regulon in P. aeruginosa PA14 (Bielecki et al., 2015) were induced when the phoU599

allele was introduced to the pauA2 mutant.

3.4.4 The adverse effect of polyphosphate overproduction in the phoU mutants

One significant consequence of the phoU mutation is the overproduction of
polyphosphate and the appearance of polyphosphate granules (Fig. 3.3.6). Polyphosphate
homeostasis is maintained by two enzymatic reactions — biosynthesis by polyphosphate kinase
PPK and degradation by exopolyphosphatase PPX (Rao, Gomez-Garcia, & Kornberg, 2009). In
P. aeruginosa at least two polyphosphate kinases, PPK1 and PPK2 (PA5242 and PA0141), have
been identified, with PPK1 playing the major role in polyphosphate synthesis (Ishige, Kameda,
Noguchi, & Shiba, 1998). The PA5241 gene encoding PPX is convergently transcribed from the
PPK1 gene (Akiyama et al., 1993). The ppx and ppk1 genes were not reported to be members of
the Pho regulon (Bielecki et al., 2015). In our study, the expression levels of PPK and PPX were
found comparable in the wild-type H103, pauA2 mutant H298, and the pauA2 phoU599 mutant
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H300 strain in LB broth. Although it is still not clear how polyphosphate is overproduced in the
phoU mutants, this phenomenon might be related to an increase in phosphate uptake that
potentially could gear up ATP synthesis and an off-balance between PPK and PPX activities.
Uncontrolled polyphosphate synthesis can be considered as a significant disadvantage for
bacterial growth as it tends to serve as a metabolic sink that drains ATP into polyphosphate

granules.

3.4.5 The working model

Shown in Fig. 3.4.1 is a possible working model that attempts to explain how PhoU
mutation can lead to polyP overaccumulation and counteracts spermine toxicity in P. aeruginosa.
During growth in the presence of low phosphate levels, PhoR can phosphorylate PhoB, and the
phosphorylated PhoB in turns activates the Pho regulon, including the phosphate transporter,
pstSCAB. When phosphate is in excess, PhoU may prevent the phosphorylation of PhoB by
PhoR, and thereby the induction of the Pho regulon. The PhoU599 mutant might have lost its
regulatory ability due to the CsgoT substitution, therefore leading to constitutive expression of
Pho regulon. Under the spermine stress conditions tested in this study, the phoU gene serves as a
hotspot for mutations that cause constitutive induction of the Pho regulon. This observation
suggests that PhoU plays a negative regulatory role in control of the Pho regulon. An elevated
level of the PstSCAB transporter may increase the uptake of phosphate ions from the medium,
possibly leading to increased ATP synthesis. However, the presence of polyphosphate granules
in the phoU mutants suggests a significant flow of ATP into polyphosphate synthesis, which
could consequently result in ATP deficiency. The hemostasis of polyphosphate is controlled by
two enzymes, PPK for synthesis and PPX for degradation. We demonstrated that increasing PPX
expression reduces the formation of polyphosphate granules and reverses the phenotype of the
phoU mutants from the spermine-resistant to spermine-sensitive. While more work is needed to
elucidate the molecular mechanism of enhanced polyphosphate granule formation, findings of
this study support the hypothesis that spermine toxicity can be attenuated by polyphosphate

granules through charge neutralization.

In summary, without the main detoxification enzyme PauA2, P. aeruginosa seems to pay

a high metabolic price for the development of suppressors against spermine stress. Therefore, the



polyamine pathway might still be a good target for drug discovery to enhance efficacy of -

lactam antibiotics. Many reports indicate the involvement of phoU and polyphosphate on various

aspects in bacterial physiology, including persister formation, virulence, and tolerance to

multiple antibiotics and stresses (Amado & Kuzminov, 2009; Y. Li & Zhang, 2007; Proctor et

al., 2014). It has been reported that endogenous polyamines can affect polyphosphate
accumulation in E. coli (Kei Motomura, 2006). The results of our study further support the

physiological significance of interactions between polyamine and polyphosphate.
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Figure 3.4.1 Schematic representations of a working model for polyphosphate accumulation

against spermine toxicity.

PstS, phosphate binding protein; PstABC: the phosphate ABC transporter; PhoBR, the phosphate

two-component regulator and sensor proteins; Spuk, spermine/spermidine binding protein;
SpuFGH, the spermine/spermidine ABC transporter; PPK, polyphosphate kinase; PPX,
exopolyphosphate phosphatase. PolyP, polyphosphate
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4 APPEDEX

41 SUPPLEMENTAL DATA

Table S1 Primers used in this study

Name 5' to 3' Sequence Cutting site
phoU_Fwd ATAGAGCTCTCGTTACCCACAACATGCAG Sacl
phoU_Rev ATAGGATCCTCACTCGCCGCGGTTGTTCT BamHI
pho_LA_Fwd [ATAGGATCCTGCGCTGTGGGAGGAGGTGAAG BamHI
pho_LA_Rev ATAGAGCTCTTGAACTGCTGGGAGATGTGAT Sacl
pho_RA_Fwd [ATAGAGCTCACGTTCGCCACATCGGCCTGA Sacl
pho RA _Rev |ATAAAGCTTTGGAGAATGGCTTGCCGATGTA Hindlll
pstS_Fwd ATAGGATCCTATCCCAAAACCCCTGGTCA BamHI
pstS_Rev ATAAAGCTTGCCTTGCTCCTTGGACAGGA Hindlll
pstCAB_Fwd ATAGGATCCTCCAGTGACTTGAGCGGATG BamHI
pstCAB_Rev ATAAAGCTTCCAGGCCGGAGTCAGCGCTT Hindlll
ppx_Fwd ATAGAGCTCGGCCGTCGGCCTTCAGCACG Sacl
ppx_Rev ATAGGATCCTTACCGCACGTTGAGGCTGT BamHI
ppk_Fwd ATATCTAGAGACATGGTGATGGTCAAGC Kpnl
ppk_Rev ATAGGTACCTCAACGTGCGGTAAGCACC Xbal
aphA_LA_Fwd |ATAGGATCCCGGCCTGACGCTGGACTTG BamHI
aphA_LA Rev [ATAGAGCTCTAGGCGGCGTCGTGGAGGC Sacl
aphA_RA_Fwd |ATAGAGCTCCGCCCCGGATGCCCTGGTGAT Sacl
aphA_RA_Rev [ATAAAGCTTGCCGGCGAGCACCTTGAGCAG Hindlll
aphB_LA_Fwd |ATAGGATCCGCGCGTGTTCGGCAGCCTCTC BamHI
aphB_LA_Rev |ATAGAGCTCGGCGCGGCTGGGTTTTTC Sacl
aphB_RA_Fwd |ATAGAGCTCCGCGGTGGAGGAAATCGGGATCA Sacl
aphB_RA_Rev [ATAAAGCTTTGCCCCTCATCGCTGCCATC Hindlll
pauAl_Fwd ATCATATGTCGGTACCCCAGCGTGC Ndel
pauAl_Rev CGCAAGCTTTCAGACAGGTATGCAGGTACC Hindlll
pauA2_Fwd CCCCCATGGCCATGACTACCAAGTTAGACC Ncol
pauA2_Rev CCCCAAGCTTATCAAACGGAAAGCAGGAGGA Hindlll

99



Table S2 The strains and plasmids used in the chapter one

Strains or plasmids

Genotype or description

Source or reference

E. coli
TOP10

Rosetta
(DE3)/pLysS

P. aeruginosa

PAO1

Plasmids
pBAD/HisD

pET-20b

pPauAl
pPauA2

AlacX74 recAlaraD139 A(ara leu) 7697
galU galK rpslL (StrR) endA1 nupG

F- ompT hsdSB(rB- mB-) gal dcm (DE3)
pLysSRARE2 (CamR)

Wild type

Expression vector modified from
pBAD-HisA, AmpR

Expression vector for producing

C terminal His tag fusion, AmpR
pET-20b expressing native PauAl
pBAD/HisD expressing native PauA2

Invitrogen

EMD Bioscience

Gallegos, Schleif et al.

1997

Li, Yao et al. 2010

EMD Bioscience

This study
This study
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Table S3 The strains and plasmids used in the chapter two

Strains or plasmids  Genotype or description Source or reference

E. coli strains

SM10 thi-1 thr leu tonA lacY supE recA::RP4-2-Tc::Mu (Kmr) Chou, Hegazy et al. 2010

DH5a F-p80dlac AM15 A\(lacZYA-argF)U169 deoR recAl Bethesda Research Laboratories

endAl hsdR17 (rK- mK-) supE44 A- thi-1 gyrA96 relA

P. aeruginosa strains

H103 Wild type Hancock, Carey et al. 1979
H298 mutant with pauA2 deletion This study
H299 H298 carrying pYCP6 This study
H5365 mutant with phoU deletion This study
H300 Spontaneous Spm" mutant strain of H298 This study
H301 H300 carrying pPhoU This study
H302 H300 carrying pYCP2 This study
H303 H300 carrying pYCP5 This study
H304 mutant with pauA2 & phoU deletion This study
H305 H304 carrying pYCP1 This study
H306 H304 carrying pYCP2 This study
H307 H304 carrying pYCP5 This study
H308 H103 carrying pYCP3 This study
H309 H103 carrying pYCP4 This study
H310 H298 carrying pYCP3 This study
H311 H298 carrying pYCP4 This study
H312 H300 carrying pYCP3 This study
H313 H300 carrying pYCP4 This study
H314 H304 carrying pYCP3 This study
H315 H304 carrying pYCP4 This study
H316 H5365 carrying pYCP3 This study
H317 H5365 carrying pYCP4 This study
H318 H300 carrying pQF50 This study
H319 H300 carrying pUCP18 This study
H320 H304 carrying pQF50 This study
H321 H304 carrying pUCP18 This study
H1409 mutant with aphA deletion This study
H1410 mutant with aphB deletion This study
H1411 mutant with aphAB deletion This study
H1412 mutant with pauA2 & aphA deletion This study
H1413 mutant with pauA2 & aphB deletion This study
H1414 mutant with pauA2 & aphAB deletion This study

Plasmids
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PRTP2 PRTP1 derivative; EcoRl site deleted Li and Lu 2009
Hoang, Karkhoff-Schweizer et al.

pPS856 pPS856 ApR, GmF, plasmid with FRT-GmR-FRT cassette 1998

pQF50 bla lacZ transcriptional fusion vector Li and Lu 2009

pUCP18 E. coli-P. aeruginosa shuttle vector Yang and Lu 2007

PRTP2-pauA2 pRTP2 derivative for pauA2 knockout Yao and Lu 2011

PRTP2-phoU pRTP2 derivative for phoU knockout This study

pYCP1 WT phoU : : lacZ translational fusion of pQF50 This study

pYCP2 H300 phoU : : lacZ translational fusion of pQF50 This study

pYCP3 pstS : : lacZ transcriptional fusion of pQF50 This study

pYCP4 pstCAB : : lacZ transcriptional fusion of pQF50 This study

pYCP5 ppx and promoter fusion of pUCP18 This study

pYCP6 ppk and promoter fusion ofpUCP18 This study




Table S4 Transcriptome analysis: H103 (WT) vs H298 (dpauA2) vs H300 (ApauA2 phoU599)

g ~
2| %
§ 3 'g Locus Gene
§ Ui %‘ Tag Name
é%. S 5
PA3877 narkl
PA3874 narH
PA3875 narG
PA3876 nark2
PA0997 pqgsB
PA0027
PA3915 moaBl
PA0996 pagsA
PA2193 hcnA
PA2194 hcnB
PA0999 pqgsD
PA2247  bkdAl
PA0998 pqgsC
PA3614
PA3919
PA0494
PA0495
PA2248  bkdA2
PA2382 IIdA
] PA2009  hmgA
PA2015 liuA
] PA3376
PA2805
PA3378
PA2882

Average of Signal Intensity

122
52
48
49

129
63

100

126

271

285

294

304

213

415

140
98

117

188

318

277

618

4
13
28
27

1165
370
429
316
784
284
482
597
911
796
827
939
648

1120
422
363
403
499
955
909

1736

9
30
44
54

3162
641
706
674
1596
642
884
954
2509
2415
2267
2373
1626
2058
898
616
722
1134
1903
1538
3337
773
814
1632
996

3.3
2.8
3.2
2.7
2.6
2.2
2.3
2.2
1.7
1.5
1.5
1.6
1.6
14
1.6
1.9
1.8
1.4
1.6
1.7
1.5
1.2
1.2
0.7
1.0

Log2 Fold Change

1.4
0.8
0.7
11
1.0
1.2
0.9
0.7
1.5
1.6
1.5
1.3
1.3
0.9
11
0.8
0.8
1.2
1.0
0.8
0.9
6.4
4.7
5.2
4.2

4.7
3.6
3.9
3.8
3.6
33
3.1
2.9
3.2
3.1
2.9
3.0
2.9
2.3
2.7
2.6
2.6
2.6
2.6
2.5
2.4
7.6
5.9
5.9
5.2
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PA3909
PA5367
PA2111
PA4351
PA5366
PA2113
PA2112
PA2204
PA1000
PA2195
PA2249
PA3931
PA2014
PA1002
PA2013
PA5427
PA5112
PA2001
PA2551
PA0O084
PA4502
PA5452
PA2008
PA0100
PA1429
PA0872
PAO09S5
PA4328
PAO169
PA3379
PA3381
PA3333
PA0697
PA2883

eddB
pstA

olsA
pstB
opdO

pgsE
henC

bkdB
liuB
phnB
liuC
adhA
estA
atoB
tssC1
wbpW
fahA
phhA

siaD

fabH2

31
195
103
42
374
104
228
175
126
257
185
195
199
90
114
680
561
90
97
1392
171
79
324
210
309
2632
223
891
270
25
116
41
38
99

59
344
239

94
661
227
429
395
290
478
297
447
445
210
189

1511
895
162
207

2561
279
162
655
418
509

4152
406

1457

96

15

68

16

23

58

882
2540
1272

477
4131
1104
1790
1229

762
1239

846

931

784

354

427
2409
1558

309

334
4719

572

263
1068

678

982
7104

665
2602

464

685
2164

358

362

539

0.9
0.8
1.2
1.2
0.8
11
0.9
1.2
1.2
0.9
0.7
1.2
1.2
1.2
0.7
1.2
0.7
0.9
11
0.9
0.7
1.0
1.0
1.0
0.7
0.7
0.9
0.7
-1.5
-0.7
-0.8
-1.3
-0.7
-0.8

3.9
2.9
2.4
2.3
2.6
2.3
2.1
1.6
14
14
1.5
11
0.8
0.8
1.2
0.7
0.8
0.9
0.7
0.9
1.0
0.7
0.7
0.7
0.9
0.8
0.7
0.8
2.3
5.5
5.0
4.5
4.0
3.2

4.8
3.7
3.6
3.5
3.5
3.4
3.0
2.8
2.6
2.3
2.2
2.3
2.0
2.0
1.9
1.8
1.5
1.8
1.8
1.8
1.7
1.7
1.7
1.7
1.7
1.4
1.6
1.5
0.8
4.8
4.2
3.1
3.3
2.4
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PA0979
PA3332
PA0694
PA0170
PA4217
PA3327
PA1159
PA3329
PA3383
PA3280
PA3382
PA3296
PA3330
PA3384
PA2804
PA3380
PA5369
PA1606
PA3377
PA2636
PA0696
PA0698
PA3910
PA3279
PA3375
PAO674
PA0347
PA3374
PA4131
PA3328
PA3331
PA4211
PA3319
PA4844

exbD2

phzS

oprO
phnE
phoA

phnC

pstS

eddA
oprP

vreA
glpQ

phzB1
plcN

87
171
119
419
141
228
1686
4
32
117
22
78
8
65
29
25
445
50
52
84
29
33
40
31
51
27
105
67
69
31
90
53
53
103

50
102
73
165
88
113
1031
10
50
109
7
64
9
66
20
26
687
44
62
67
5
34
41
36
44
23
69
52
246
41
95
48
45
94

289
553
334
871
298
412
2665
430
3756
8841
1644
4027
369
2412
813
642
10783
1191
1188
1857
546
534
501
463
627
270
767
635
1918
399
865
449
450
791

-0.8
-0.7
-0.7
-1.3
-0.7
-1.0
-0.7
1.5
0.6
-0.1
-1.7
-0.3
0.3
0.0
-0.5
0.1
0.6
-0.2
0.3
-0.3
-2.4
0.0
0.0
0.2
-0.2
-0.2
-0.6
-0.4
1.8
0.4
0.1
-0.1
-0.2
-0.1

2.5
2.4
2.2
2.4
1.8
1.9
14
5.4
6.2
6.3
7.9
6.0
53
5.2
53
4.6
4.0
4.8
4.2
4.8
6.7
4.0
3.9
3.7
3.8
3.5
3.5
3.6
3.0
3.3
3.2
3.2
3.3
3.1

1.7
1.7
1.5
1.1
1.1
0.9
0.7
6.9
6.9
6.2
6.2
5.7
5.6
5.2
4.8
4.7
4.6
4.6
4.5
4.5
4.2
4.0
3.9
3.9
3.6
3.3
2.9
3.2
4.8
3.7
3.3
3.1
3.1
2.9
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PA1340
PA2429
PA2109
PA2114
PA3368
PA4350
PA3326
PA3334
PA3250
PA1341
PA4133
PA5361
PA4130
PA1202
PA0699
PA1904
PA1571
PA0693
PA2110
PA3479
PA5368
PA0675
PA3369
PA4129
PA2116
PA1001
PA0028
PA3371
PA4132
PA1337
PA2250
PA5365
PA1901
PA1338

olsB
clpP2

phoR

phzF2
exbB2

rhlA
pstC
vrel

phnA

ansB

lpdV

phoU
phzC2

gset

297
78
13
53
53
58

224
36
96

219
85
92

120
93
61
43

169
52

124
62

218
77

236
74
24
82

121

158

119

499
98

308

152

308

198
60
54

189
62
78

326
44

137

277

100

101

132

128
59
45

173
42

124
46

178
61

228
56

140

214

161

189

157

660

135

396

158

353

1631
417
277
933
407
432

1667
264
687

1515
540
584
743
568
359
252
943
268
604
293

1030
334
969
281
397
596
593
728
498

2073
520

1600
577

1167

-0.6
-0.4
2.1
1.8
0.2
0.4
0.5
0.3
0.5
0.3
0.2
0.1
0.1
0.5
-0.1
0.1
0.0
-0.3
0.0
-0.4
-0.3
-0.3
-0.1
-0.4
2.6
14
0.4
0.3
0.4
0.4
0.5
0.4
0.1
0.2

3.0
2.8
2.3
2.3
2.7
2.5
2.4
2.6
2.3
2.5
2.4
2.5
2.5
2.2
2.6
2.5
2.4
2.7
2.3
2.7
2.5
2.5
2.1
2.3
1.5
1.5
1.9
1.9
1.7
1.7
1.9
2.0
1.9
1.7

2.5
2.4
4.4
4.1
2.9
2.9
2.9
2.9
2.8
2.8
2.7
2.7
2.6
2.6
2.6
2.6
2.5
2.4
2.3
2.3
2.2
2.1
2.0
1.9
4.1
2.9
2.3
2.2
2.1
2.1
2.4
2.4
1.9
1.9
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PA1342
PA1327
PA1903
PA3370
PA2433
PA1869
PA1984
PA1339
PA1905
PA2000
PA4625
PA3254
PAO795
PA0122
PA3914
PA2012
PA0049
PA1666
PA1663
PA1667
PA5220
PA2007
PA3373
PA3337
PA0O091
PA5027
PA2119
PA3837
PA3106
PA5510
PA1999
PA0524
PA0523
PA0521

phzE2

exaC

phzG2
dhcB
cdrA

prpC

rahU
moeAl

liubD

lip2
sfa2
hsiJ2

maiA

rfaD
vgrG1l

dhcA
norB
norC
nirO

2010
76
94
108
83
136
394
877
117
155
166
106
644
172
10
17
56
49
61
69
108
159
195
774
249
472
558
221
463
129
147
25
78
54

1919
80
120
103
81
151
433
653
104
126
146
71
588
118
154
142
179
138
192
220
127
245
224
1066
382
637
767
336
680
179
202
2490
5404
469

7350
266
328
374
281
410
1112
2439
313
414
420
259
1527
338
282
316
356
284
309
375
311
453
554
2158
781
1300
1640
587
1220
338
510
434
1248
101

-0.1
0.1
0.3
-0.1
0.0
0.2
0.1
-0.4
-0.2
-0.3
-0.2
-0.6
-0.1
-0.5
4.0
3.0
1.7
1.5
1.7
1.7
0.2
0.6
0.2
0.5
0.6
0.4
0.5
0.6
0.6
0.5
0.5
6.6
6.1
3.1

1.9
1.7
15
1.9
1.8
14
14
1.9
1.6
1.7
1.5
1.9
14
1.5
0.9
11
1.0
1.0
0.7
0.8
13
0.9
13
1.0
1.0
1.0
11
0.8
0.8
0.9
1.3
-2.5
-2.1
-2.2

1.9
1.8
1.8
1.8
1.8
1.6
1.5
1.5
1.4
1.4
1.3
1.3
1.2
1.0
4.9
4.2
2.7
2.5
2.3
2.4
1.5
1.5
1.5
1.5
1.7
1.5
1.6
1.4
1.4
1.4
1.8
4.1
4.0
0.9
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PA3391
PA3392
PA1137
PA3393
PA5496
PA0520
PA0293
PAO510
PAO516
PAO518
PA0513
PAO514
PA0515
PAO511
PA0512
PAO164
PA5173
PAO509
PA1123
PA4683
PA3890
PA2665
PA0526
PA1551
PA1135
PA3889
PA1920
PA3888
PA4659
PA3120
PA2789
PA4921
PA0493
PAO519

nosR
nosZ

nosD
nrdJb
nirQ
aguB

nirF
nirM

nirL

nirJ

arcC
nirN

fhpR

nrdD

leuD
choE

nirS

21
62
105
97
245
116
363
35
303
816
132
232
503
215
136
132
1125
189
116
239
58
119
317
454
95
133
100
121
102
127
117
150
62
1014

1470
2946
1794
1014
1180
689
1887
840
3875
8804
1493
2749
4982
1910
1105
977
7179
1087
626
1320
254
493
1386
1684
326
492
300
391
271
370
310
479
606
10040

496
999
676
258
450
212
658
530
2284
5523
818
1389
2627
954
597
528
4441
563
288
586
139
279
589
1060
200
271
190
228
168
205
186
236
877
8550

6.1
5.6
4.1
3.4
2.3
2.6
2.4
4.6
3.7
34
3.5
3.6
3.3
3.2
3.0
2.9
2.7
2.5
2.4
2.5
2.1
2.1
2.1
1.9
1.8
1.9
1.6
1.7
14
1.5
14
1.7
3.3
3.3

-1.6
-1.6
-1.4
-2.0
-1.4
-1.7
-15
-0.7
-0.8
-0.7
-0.9
-1.0
-0.9
-1.0
-0.9
-0.9
-0.7
-0.9
-1.1
-1.2
-0.9
-0.8
-1.2
-0.7
-0.7
-0.9
-0.7
-0.8
-0.7
-0.9
-0.7
-1.0
0.5
-0.2

4.6
4.0
2.7
1.4
0.9
0.9
0.9
3.9
2.9
2.8
2.6
2.6
2.4
2.1
2.1
2.0
2.0
1.6
1.3
1.3
1.3
1.2
0.9
1.2
11
1.0
0.9
0.9
0.7
0.7
0.7
0.7
3.8
3.1
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PAO517
PA1657
PA1658
PA1659
PA1197
PA2664
PA2568
PA1656
PA3912
PA4587
PAO141
PA3070
PA2016
PA4500
PA3872
PA3873
PA5454
PA2127
PAO779
PA4599
PA5053
PA3933
PAO865
PA1946
PA4475
PA3081
PA4501
PA3945
PA1555
PA2026
PA5231
PA3692
PA3911
PA1556

nirC
hsiB2
hsiC2
hsiF2

fhp
hsiA2

ccpR

liuR

narl
nar)
rmd
cgrA
asrA
mexC
hslV

hpd
rbsB
opdD

ccoP2

IptF

cco02

724
141
104
95
81
70
196
177
110
544
812
93
621
348
141
93
174
617
424
153
722
77
426
165
145
124
107
152
2455
202
489
231
197
3186

6282
804
484
477
472
453
852
742
722

2424

3869
431

1886

1087
389
280
589

1962

1138
470

2359
303

1304
458
480
361
300
499

7733
741

1250
892
702

8319

4091
1192
701
625
513
410
1087
920
486
2234
3165
301
2675
1425
568
370
686
2257
1516
545
2576
272
1484
563
489
411
355
497
7968
635
1429
671
562
9055

3.1
2.5
2.2
2.3
2.5
2.7
2.1
2.1
2.7
2.2
2.3
2.2
1.6
1.6
1.5
1.6
1.8
1.7
14
1.6
1.7
2.0
1.6
1.5
1.7
1.5
1.5
1.7
1.7
1.9
14
2.0
1.8
14

-0.6
0.6
0.5
0.4
0.1
-0.1
0.4
0.3
-0.6
-0.1
-0.3
-0.5
0.5
0.4
0.5
0.4
0.2
0.2
0.4
0.2
0.1
-0.2
0.2
0.3
0.0
0.2
0.2
0.0
0.0
-0.2
0.2
-0.4
-0.3
0.1

2.5
3.1
2.7
2.7
2.7
2.5
2.5
2.4
2.1
2.0
2.0
1.7
2.1
2.0
2.0
2.0
2.0
1.9
1.8
1.8
1.8
1.8
1.8
1.8
1.8
1.7
1.7
1.7
1.7
1.6
1.5
1.5
1.5
1.5
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PA1942
PA3043
PA1562
PA4115
PA5172
PA4916
PA1808
PA0297
PA4236
PA3691
PA3042
PA3122
PA0920
PA5373
PA3913
PAO713
PAO835
PA4526
PA3283
PA2728
PA5435
PA3195
PA4063
PA4920
PA0459
PA5154
PA2324
PA3615
PA4571
PAO730
PA4352
PA1829
PAO131
PA5453

acnA

arcB

SPUA

katA

betB

pta
pilB

gapA

nadE

bauB
gmd

104
148
134
663
5010
226
234
116
1068
889
351
195
161
959
285
118
711
663
118
168
580
1403
306
2029
120
74
318
323
1237
1018
826
288
144
279

324
484
452
2228
13708
711
721
396
2745
3110
1166
547
521
2456
841
304
2304
2149
310
457
1585
3957
893
5373
302
175
776
802
2954
2324
1759
727
297
569

288
407
366
1784
13327
592
610
295
2685
2235
879
453
368
2190
648
267
1544
1431
243
342
1137
2721
582
3808
447
257
1049
1059
3931
3191
2494
862
432
829

1.6
1.7
1.8
1.7
15
1.7
1.6
1.8
14
1.8
1.7
1.5
1.7
14
1.6
14
1.7
1.7
14
1.4
1.5
1.5
1.5
1.4
13
1.2
1.3
1.3
1.3
1.2
11
1.3
1.0
1.0

-0.2
-0.3
-0.3
-0.3
0.0
-0.3
-0.2
-0.4
0.0
-0.5
-0.4
-0.3
-0.5
-0.2
-0.4
-0.2
-0.6
-0.6
-0.4
-0.4
-0.5
-0.5
-0.6
-0.5
0.6
0.6
0.4
0.4
0.4
0.5
0.5
0.2
0.5
0.5

1.5
1.5
1.5
1.4
1.4
1.4
1.4
1.3
1.3
1.3
1.3
1.2
1.2
1.2
1.2
1.2
1.1
1.1
1.0
1.0
1.0
1.0
0.9
0.9
1.9
1.8
1.7
1.7
1.7
1.6
1.6
1.6
1.6
1.6
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PA1203
PA5060
PA1939
PA1759
PA4347
PA0836
PA5054
PA5153
PA3839
PA4199
PA3582
PA1323
PA5026
PA5167
PA5374
PA1940
PA4503
PA5475
PA2825
PA0839
PA1662
PA5457
PA4387
PA0492
PA3235
PA1660
PAO171
PA4139
PA0277
PA0634
PA0614
PA0617
PA0612
PA0627

phaF

ackA
hslU

glpK
dctP

betl

ospR

clpV2

hsiG2

ptrB

177
573
141
143
184
1401
2006
645
252
146
872
226
102
221
1568
117
136
638
106
556
99
204
278
111
57
72
706
211
753
287
355
305
530
334

354
1378
280
278
387
2556
4644
1182
539
303
1746
500
228
395
3474
235
288
1215
192
1226
170
443
639
1436
202
226
185
116
322
100
122
97
180
111

519
1684
412
414
522
3973
5669
1819
701
402
2391
608
273
589
4182
310
360
1680
278
1450
254
525
715
1482
260
289
1097
331
934
353
329
251
394
247

1.0
13
1.0
1.0
11
0.9
1.2
0.9
11
11
1.0
11
1.2
0.8
11
1.0
11
0.9
0.9
11
0.8
11
1.2
3.7
1.8
1.7
-1.9
-0.9
-1.2
-1.5
-1.5
-1.7
-1.6
-1.6

0.6
0.3
0.6
0.6
04
0.6
0.3
0.6
0.4
0.4
0.5
0.3
0.3
0.6
0.3
0.4
0.3
0.5
0.5
0.2
0.6
0.2
0.2
0.0
0.4
0.4
2.6
1.5
1.5
1.8
14
14
11
1.2

1.6
1.6
1.6
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.5
1.4
1.4
1.4
1.4
1.4
1.4
1.4
1.4
14
14
14
14
3.7
2.2
2.0
0.6
0.6
0.3
0.3
-0.1
-0.3
-0.4
-0.4
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PA2502
PA5208
PA1183
PA2663
PA3436
PA4826
PA0O446
PA0O447
PA1419
PA0525
PA3395
PA3394
PA4675
PA2252
PA3817
PA1421
PA1420
PA1115
PA2841
PA1601
PA4817
PA4307
PA4292
PA3979
PA4233
PA3741
PA4438
PA3641
PA5139
PA2630
PA3818
PA2877
PA5118
PA4390

dctA
ppyR

gcdH

norD
nosY
nosF

gbuA

pctC

thil

2432
2130
59
87
167
123
308
787
127
25
63
33
1183
1315
612
1133
611
380
2107
311
274
853
1429
329
634
445
971
2021
574
2684
1960
661
2465
310

859
692
283
407
566
327
735
1625
277
569
457
584
330
358
1031
1974
1071
444
1812
255
187
587
1025
202
389
259
589
1112
334
1475
1189
330
1532
139

1774
1386
201
245
169
106
268
631
83
87
71
86
695
694
381
584
282
170
603
120
104
322
505
125
233
152
328
677
174
808
569
184
677
84

-1.5
-1.6
2.3
2.2
1.8
14
1.3
1.0
11
4.5
2.9
4.1
-1.8
-1.9
0.8
0.8
0.8
0.2
-0.2
-0.3
-0.6
-0.5
-0.5
-0.7
-0.7
-0.8
-0.7
-0.9
-0.8
-0.9
-0.7
-1.0
-0.7
-1.2

1.0
1.0
-0.5
-0.7
-1.7
-1.6
-15
-1.4
-1.7
-2.7
-2.7
-2.8
11
1.0
-1.4
-1.8
-1.9
-14
-1.6
-11
-0.8
-0.9
-1.0
-0.7
-0.7
-0.8
-0.8
-0.7
-0.9
-0.9
-1.1
-0.8
-1.2
-0.7

-0.5
-0.6
1.8
1.5
0.0
-0.2
-0.2
-0.3
-0.6
1.8
0.2
14
-0.8
-0.9
-0.7
-1.0
-1.1
-1.2
-1.8
-1.4
-1.4
-1.4
-1.5
-1.4
-1.4
-1.6
-1.6
-1.6
-1.7
-1.7
-1.8
-1.8
-1.9
-1.9
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PA4719
PA4928
PA4574
PA5202
PA4747
PA4709
PA5407
PA0915
PA5285
PA4373
PA3452
PA2770
PA2389
PAO578
PA5030
PA1004
PA0975
PA4325
PA1713
PA1602
PA4768
PA3403
PA5425
PA0102
PA5531
PA3020
PA4873
PA5426
PA1407
PA2958
PA3490
PA3130
PA1701
PAO775

secG
phuS

mqoA

pvdR

nadA

exsA
smpB
purK

tonB1

purE

pcr3

956
547
363
933
2078
324
627
1019
5557
638
1734
347
1066
4114
385
1846
685
871
707
659
1180
406
1037
1153
1084
450
332
2734
322
1265
497
299
585
590

480
277
208
422
920
129
218
186
2039
246
554
159
506
2464
192
1016
398
435
360
357
596
168
565
584
491
207
152
1324
137
546
231
136
251
256

259
147
97
245
512
79
124
111
2848
281
706
136
414
1572
147
699
258
318
254
234
419
143
366
403
371
154
112
902
106
414
158
94
182
173

-1.0
-1.0
-0.8
-1.1
-1.2
-1.3
-15
-2.5
-1.4
-1.4
-1.6
-1.1
-1.1
-0.7
-1.0
-0.9
-0.8
-1.0
-1.0
-0.9
-1.0
-1.3
-0.9
-1.0
-11
-1.1
-1.1
-1.0
-1.2
-1.2
-1.1
-1.1
-1.2
-1.2

-0.9
-0.9
-11
-0.8
-0.8
-0.7
-0.8
-0.7
0.5
0.2
0.3
-0.2
-0.3
-0.6
-0.4
-0.5
-0.6
-0.5
-0.5
-0.6
-0.5
-0.2
-0.6
-0.5
-0.4
-0.4
-0.4
-0.6
-0.4
-0.4
-0.5
-0.5
-0.5
-0.6

-1.9
-1.9
-1.9
-1.9
-2.0
-2.0
-2.3
-3.2
-1.0
-1.2
-1.3
-1.4
-1.4
-1.4
-1.4
-1.4
-1.4
-1.5
-1.5
-1.5
-1.5
-1.5
-1.5
-1.5
-1.5
-1.5
-1.6
-1.6
-1.6
-1.6
-1.7
-1.7
-1.7
-1.8
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PA0O801
PA1317
PA1365
PA1687
PA3610
PA4687
PA3308
PA5286
PA5315
PA4516
PAO774
PA4371
PA1700
PA4515
PA3268
PA1228
PA3609
PA1591
PA2654
PA4645
PA3607
PA1318
PA3608
PA0352
PA4644
PA3180
PA4514
PA0916
PA0298

CyoA
spekE
potD
hitA
hepA

romG

pcr2

potC

potA
cyoB
potB

spuB

370
505
490
730
729
2536
1440
884
2831
708
351
588
502
1379
545
2364
562
335
324
2358
676
418
366
830
494
1724
728
1914
454

152
199
150
268
276
979
562
264
1103
218
105
208
181
464
120
774
161
109
94
683
206
100
61
199
101
330
113
299
13

100
133
187
267
250
849
478
283
903
225
111
183
127
335
133
529
122
70
67
485
133
99
83
165
95
273
114
194
11

-1.3
-1.3
-1.7
-1.4
-1.4
-1.4
-1.4
-1.7
-1.4
-1.7
-1.7
-15
-15
-1.6
-2.2
-1.6
-1.8
-1.6
-1.8
-1.8
-1.7
-2.1
-2.6
-2.1
-2.3
-2.4
-2.7
-2.7
-5.1

-0.6
-0.6
0.3
0.0
-0.1
-0.2
-0.2
0.1
-0.3
0.0
0.1
-0.2
-0.5
-0.5
0.2
-0.5
-0.4
-0.6
-0.5
-0.5
-0.6
0.0
0.4
-0.3
-0.1
-0.3
0.0
-0.6
-0.3

-1.9
-1.9
-1.4
-1.5
-1.5
-1.6
-1.6
-1.6
-1.6
-1.7
-1.7
-1.7
-2.0
-2.0
-2.0
-2.2
-2.2
-2.3
-2.3
-2.3
-2.3
-2.1
-2.1
-2.3
-2.4
-2.7
-2.7
-3.3
-5.4
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Table S5 Transcriptome analysis: sorted against gene function

Average of Signal Intensity Log2 Fold Change

(@)}

5 5 | &
5 | Locus Gene % % 2
§ Tag Name 3 < %
g

PA0347 glpQ 105 69 767 -0.6 3.5 2.9
PA0674 vreA 27 23 270 -0.2 3.5 3.3
PA0675 vrel 77 61 334 -0.3 2.5 2.1
PA0693 exbB2 52 42 268 -0.3 2.7 2.4
PA0694 exbD2 119 73 334 -0.7 2.2 1.5
PA0696 29 5 546 -2.4 6.7 4.2
PA0697 38 23 362 -0.7 4.0 3.3
PA0698 33 34 534 0.0 4.0 4.0
PA0699 61 59 359 -0.1 2.6 2.6
PA1606 50 44 1191 -0.2 4.8 4.6
PA2804 29 20 813 -0.5 5.3 4.8
PA2882 27 54 996 1.0 4.2 5.2

=l PA3250 96 137 687 0.5 2.3 2.8
> PA3279 oprP 31 36 463 0.2 3.7 3.9
&J PA3280 oprO 117 109 8841 -0.1 6.3 6.2
o PA3296 phoA 78 64 4027 -0.3 6.0 5.7
| PA3319 plcN 53 45 450 -0.2 3.3 3.1
PA3368 53 62 407 0.2 2.7 2.9
PA3374 phnM 67 52 635 -0.4 3.6 3.2
PA3375 phnlL 51 44 627 -0.2 3.8 3.6
PA3376 phnK 4 9 773 1.2 6.4 7.6
PA3377 phn) 52 62 1188 0.3 4.2 4.5
PA3378 phnl 28 44 1632 0.7 5.2 5.9
PA3379 phnH 25 15 685 -0.7 5.5 4.8
PA3380 phnG 25 26 642 0.1 4.6 4.7
PA3381 phnF 116 68 2164 -0.8 5.0 4.2
PA3382 phnE 22 7 1644 -1.7 7.9 6.2
PA3383 phnD 32 50 3756 0.6 6.2 6.9
PA3384 phnC 65 66 2412 0.0 5.2 5.2
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PA3909 eddB 31 59 882 0.9 3.9 4.8
PA3910 eddA 40 41 591 0.0 3.9 3.9
PA4350 olsB 58 78 432 0.4 2.5 2.9
PA4351 olsA 42 94 477 1.2 2.3 3.5
PA4844 103 94 791 -0.1 3.1 2.9
PA5361 phoR 92 101 584 0.1 2.5 2.7
PA5365 phoU 308 396 1600 0.4 2.0 24
PA5366 pstB 374 661 4131 0.8 2.6 3.5
PA5367 pstA 195 344 2540 0.8 2.9 3.7
PA5368 pstC 218 178 1030 -0.3 2.5 2.2
PA5369 pstS 445 687 10783 0.6 4.0 4.6
PA0509 nirN 189 1087 563 2.5 -0.9 1.6
PAO510 nirE 35 840 530 4.6 -0.7 3.9
PAO511 nirJ 215 1910 954 3.2 -1.0 2.1
PAO512 nirH 136 1105 597 3.0 -0.9 2.1
PAO513 nirG 132 1493 818 3.5 -0.9 2.6
PAO514 nirL 232 2749 1389 3.6 -1.0 2.6
PAO515 nirD 503 4982 2627 3.3 -0.9 2.4
PAO516 nirF 303 3875 2284 3.7 -0.8 2.9
PAO517 nirC 724 6282 4091 3.1 -0.6 2.5
PAO518 nirM 816 8804 5523 3.4 -0.7 2.8
PAO519 nirS 1014 10040 8550 3.3 -0.2 3.1
PA0520 nirQ 116 689 212 2.6 -1.7 0.9
PAO521 nirO 54 469 101 3.1 -2.2 0.9
PA0522 nirP 447 1000 438 1.2 -1.2 0.0
PAO523 norC 78 5404 1248 6.1 -2.1 4.0
PA0524 norB 25 2490 434 6.6 -2.5 4.1
PA0525 norD 25 569 87 4.5 -2.7 1.8
PA0527 dnr 1341 1353 2284 0.0 0.8 0.8
PA1544 anr 1533 1880 1969 0.3 0.1 0.4
PA3391 nosR 21 1470 496 6.1 -1.6 4.6
PA3392 nosZ 62 2946 999 5.6 -1.6 4.0
PA3393 nosD 97 1014 258 3.4 -2.0 1.4
PA3394 nosk 33 584 86 4.1 -2.8 1.4
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PA3395 nosY 63 457 71 2.9 2.7 0.2
PA3396 nosL 11 88 12 3.0 2.8 0.1
PA3872 narl 141 389 568 1.5 0.5 2.0
PA3873 nar) 93 280 370 1.6 0.4 2.0
PA3874 narH 52 370 641 2.8 0.8 3.6
PA3875 narG 48 429 706 3.2 0.7 3.9
PA3876  nark2 49 316 674 2.7 1.1 3.8
PA3877  narkl 122 1165 3162 3.3 1.4 4.7
PA3878 narX | 1041 1009 621 0.0 -0.7 -0.7
PA3879 narl 1391 1394 1615 0.0 0.2 0.2
PA1901  phzC2 | 152 158 577 0.1 1.9 1.9
PA1902  phzD2 10 26 149 1.4 2.5 3.9
PA1903  phzE2 94 120 328 0.3 1.5 1.8
PA1904  phzF2 43 45 252 0.1 2.5 2.6
PA1905  phzG2 | 117 104 313 -0.2 1.6 1.4
PA4209  phzM 23 40 85 0.8 1.1 1.9
PA4210  phzAl 4 9 54 1.0 2.6 3.6
PA4211  phzB1 53 48 449 -0.1 3.2 3.1
PA4217 phzS 141 88 298 -0.7 1.8 1.1
PA1430 lasR 308 370 419 03 0.2 0.4
PA1432 las| 3148 2445 3028 -0.4 0.3 -0.1
PA3476 rhil 425 527 937 0.3 0.8 1.1
PA3477 rhIR 309 467 611 0.6 0.4 1.0
PA0996 pgsA 126 597 954 2.2 0.7 2.9
PA0997 pqsB 129 784 1596 2.6 1.0 3.6
PA0998 pasC 213 648 1626 16 1.3 2.9
PA0999 pgsD 294 827 2267 1.5 1.5 2.9
PA1000 pasE 126 290 762 1.2 1.4 2.6




