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i 

 

Abstract 

 

Acinetobacter baumannii and Klebsiella pneumoniae currently rank amongst the most 

antibiotic-resistant pathogens, responsible for numerous infections each year. In the wake of this 

continuing crisis, anti-virulence therapeutics targeting bacterial polyphosphate (polyP) 

homeostasis have been posited as an attractive alternative to traditional antibiotics. In this work, 

we show that the small molecule gallein, recently proven to have dual-specificity polyphosphate 

kinase (PPK) inhibition in Pseudomonas aeruginosa, also exhibits broad-spectrum PPK 

inhibition in other priority pathogens. Gallein treatment successfully attenuated virulence factors 

of K. pneumoniae and A. baumannii including biofilm formation, surface associated motility, and 

offered protection against A. baumannii challenge in a Caenorhabditis elegans model of 

infection. This was highlighted most importantly in the critically understudied A. baumannii, 

where gallein treatment mimicked a ppk1 knockout strain phenotype of a previously 

uncharacterized PPK1. Subsequent analysis revealed a rare instance of two functionally and 

phenotypically distinct PPK1 isoforms encoded by a single bacterium. Finally, gallein was 

administered to a defined microbial community comprising over 30 commensal species of the 

human gut microbiome, where microbial biodiversity was not adversely influenced. Together, 

these results further emphasize gallein as a promising avenue for the development of broad-

spectrum anti-virulence therapeutics.   

 

 

 



ii 

 

Acknowledgements 

 

Firstly, I would like to thank Queen’s University for their generous sources of funding, 

specifically for the following: Arthur B. MacDonald Prize for Academic Excellence, Queen’s 

Graduate Award, and the Dr. Jeremy Nesheim Memorial Award in Biochemistry. I would also 

like to thank the Natural Sciences and Engineering Research Council, as this work was supported 

in part through an Alexander Graham Bell CGS-M scholarship.  

I thank Francisco P. Chávez (Universidad de Chile) for his gift of the E. coli PPK1 gene. 

I thank Toshikazu Shiba (RegeneTiss, Japan) for providing the polyP standards. I also thank Drs. 

Chang Yuan and Hongwei Tan from Beijing Normal University for their help with protein 

structure modelling and molecular dynamic simulations. In addition, I also thank Emily Metzler 

of the Queen's Genomics Lab at Ongwanada (Q-GLO), Ongwanada Resource Center, for 

chemostat culture DNA extraction and preparation of samples for sequencing.  

I also thank our gracious collaborators from the Sheth and Sjaarda labs as well as Curtis 

Noordhof, without whom the chemostat and sequencing work would not have been possible. 

Another very special thanks to Christie Gilmour and the rest of the Poole lab whose knowledge 

and expertise of bacteria got me through more than one extremely frustrating experiment! 

Can’t forget about my former undergraduate students who not only contributed their time 

and skill towards facilitating my project research, but also pushed me to be a better researcher. 

With that, special thanks to Reva Qiu, Ruben Warkenten, and Rachael Haunton.  

Very special thanks to the members of the Jia lab both past and present for their 

continued support, I wouldn’t have made it without them! A big thanks to Eryn Young, Sabrina 

Lee, Kirsten Lehotsky, Simon Walker, Natalie Roy, Kody Klupt, Wendy (Zhiyun) Yang, Dr. 



iii 

 

Laura van Staalduinen, Dr. Jin Jin, Dr. Preyesh Stephen and of course my supervisor Dr. 

Zongchao Jia who’s mentorship, guidance, and encouragement was more than instrumental for 

getting me here today. I’ll never forget you taking me on as a summer student those many years 

ago. I was then, and am still now, grateful for that opportunity which I attribute in no small part 

to my continued pursuit of academics.     

Where would I be without (respected) Nolan Neville? Man, what a ride. I can’t believe 

how quickly it’s all flown by since the Pseudomolads first set out to figure out just what was the 

deal with 1306 and this weird enzyme called PPK? Honestly, I don’t think I would’ve made it 

this far without all your help and passion to get me through it. That is to say nothing about the 

patience of listening to me rant on and on about random issues. To my friend and very first 

supervisor, thanks man, it’s been a time, here’s to at least a few more!     

 

To my parents, my biggest supporters, thanks for all your support and confidence. I wouldn’t 

have made it without it.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Statement of Co-Authorship 
 

 
 This thesis in its entirety describes work done in collaboration with Dr. Zongchao Jia, 

who acquired funding, reagents, and instruments necessary for experimental design. Sections of 

the work presented here were accomplished with the collaborative assistance of the following 

individuals or parties. Consent was provided from each party prior to the inclusion of any 

materials herein.  

 

Nolan Neville, Department of Biomedical and Molecular Sciences, Queen’s University, 

Kingston, ON, Canada. Adaptation of original Figure 6.  

 

Katya Douchant, Department of Pathology and Molecular Medicine, Queen's University, 

Kingston, ON, Canada; Gastrointestinal Disease Research Unit (GIDRU), Department of 

Medicine, Queen’s University, Kingston, ON, Canada. Adaptation of written text sections 2.14 

and 4.8. 

 

Dr. Calvin Sjaarda1,2 and Nadejda Boev1, (1) Queen's Genomics Lab at Ongwanada (Q-

GLO), Ongwanada Resource Center, Kingston, ON, Canada; (2) Department of Psychiatry, 

Queen’s University, Kingston, ON, Canada. Adaptation of written text sections 2.15 and 2.16. 

Figure 26, and Figure 27 panels C, and D.    

  

Drs. Chang Yuan and Hongwei Tan, Department of Chemistry, Beijing Normal 

University, Beijing, China. Adaptation of written text sections 2.17 and 3.9, Figures 28 – 31.  

 

 

 

A manuscript is in preparation for the work outlined in this study: Broad-spectrum 

inhibitor of bacterial polyphosphate homeostasis attenuates virulence factors and helps 

reveal novel physiology of K. pneumoniae and A. baumannii. All authors are aware of and 

consent to their contributions being discussed in this thesis.  

  

Nathan Roberge, Nolan Neville, Katya Douchant, Curtis Noordhof, Nadejda Boev, Calvin 

Sjaarda, Prameet M. Sheth, and Zongchao Jia   

 

 

 

 

 

 

 

 

 



v 

 

Table of Contents 

 

 
Abstract ............................................................................................................................... i 

 

Acknowledgements ........................................................................................................... ii 

Statement of Co-Authorship ........................................................................................... iv 

List of Figures and Tables ............................................................................................. viii 

List of Abbreviations ....................................................................................................... xi 

 

Chapter 1 General Introduction .......................................................................................1 

 

1.1 History and properties of polyphosphate ...........................................................1 

1.2 The polyphosphate kinase family ......................................................................2 

1.3 PPK2 specific properties ....................................................................................6 

1.4 The anti-virulence therapeutic approach ............................................................7 

1.5 PolyP homeostasis as a novel drug target ..........................................................9 

1.6 The current state of PPK drug targeting ..........................................................10 

1.7 The small molecule gallein and advancements made in our lab ......................11 

1.8 PPKs in other priority pathogens .....................................................................12 

1.9 A. baumannii cellular phase variation ..............................................................13 

1.10 Hypothesis......................................................................................................15 

1.11 Specific Aims .................................................................................................16 

1.12 Summary ........................................................................................................16 

 

Chapter 2 Materials and Methods..................................................................................18 

 

2.1 Strains and growth conditions ..........................................................................18 

2.2 A. baumannii phase-variant selection and growth conditions .........................18 

2.3 Cloning, heterologous expression, and purification of proteins ......................19 

2.4 IC50 and kinetic assays .....................................................................................21 

2.5 Intracellular polyP accumulation assay ...........................................................23 

2.6 PolyP electrophoresis .......................................................................................24 



vi 

 

2.7 Growth kinetic assay ........................................................................................25 

2.8 Biofilm assay ...................................................................................................25 

2.9 A. baumannii RNA isolation  ...........................................................................26 

2.10 Quantitative real-time PCR ............................................................................26 

2.11 A. baumannii surface associated motility assay .............................................27 

2.12 C. elegans fertility assay ................................................................................28 

2.13 C. elegans solid phase killing assay ...............................................................27 

2.14 Growth and treatment of bacterial cultures in chemostat model ...................29 

2.15 16S microbiome sequencing ..........................................................................30 

2.16 Chemostat data processing and statistics .......................................................30 

2.17 Molecular dynamics modelling......................................................................31 

 

Chapter 3 Results .............................................................................................................34 

 

3.1 Gallein inhibits Enterobacteriaceae PPK1s ....................................................34 

3.2 Gallein reduces intracellular polyP and attenuates virulence factors of K. 

pneumoniae ............................................................................................................35 

3.3 Gallein inhibits PPK1s and reduces intracellular polyP: accumulation in A. 

baumannii ..............................................................................................................36 

3.4 PPK1B His6-tag placement ..............................................................................40 

3.5 A. baumannii polyP accumulation and PPK1 transcription display phase-

variant specific regulation ......................................................................................41 

3.6 Gallein treatment reduces virulence in A. baumannii ......................................43 

3.7 Gallein treatment does not influence gastrointestinal microbiota populations 

................................................................................................................................47 

3.8 Molecular dynamics simulations of PPK1A and PPK1B reveal differences in 

oligomeric interactions...........................................................................................51 

 

Chapter 4 General Discussion.........................................................................................55 

 

4.1 Premise of this work ........................................................................................55 

4.2 Gallein inhibits Enterobacteriaceae PPK1s and attenuates biofilm formation 

................................................................................................................................56 



vii 

 

4.3 Gallein inhibits A. baumannii PPKs with subsequent reductions in 

intracellular polyP accumulation ...........................................................................57 

4.4 A. baumannii phase-variant specific polyP accumulation and PPK1 

transcription are different  ......................................................................................58 

4.5 Gallein treatment and PPK1a knockouts attenuate virulence factors of A. 

baumannii  .............................................................................................................60 

4.6 Gallein treatment and PPK1 knockouts reduce virulence in C. elegans models 

of infection .............................................................................................................61 

4.7 Why two PPK1s in A. baumannii? ..................................................................63 

4.8 Gallein treatment does not harm human gastrointestinal microbiota ..............64 

 

Chapter 5 Conclusion and Future Directions ...............................................................66 

 

References .........................................................................................................................68 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 

 

 



viii 

 

List of Figures and Tables 

 

Figures  

 

Figure 1: Sequence alignment of Gram negative bacteria PPK1 enzymes.........................4 

 

Figure 2: Crystal structure of E. coli PPK1 monomer ........................................................5 

 
Figure 3: Common bacterial virulence factors ...................................................................8 

 
Figure 4: PPK catalyzed polyP biosynthesis from ATP reaction scheme ..........................9 

 

Figure 5: Chemical structure of the small molecule gallein .............................................11 

 
Figure 6: Gallein and related compounds cytotoxicity towards HEK 293T cells ............12 

 
Figure 7: Relative normalized A. baumannii phase-variant subpopulation phenotypes 

............................................................................................................................................14 

 
Figure 8: Representative normalized CFU/mL analysis of phase-variant subpopulations 

grown overnight in LB media with no NaCl .....................................................................19 

 
Figure 9: Toluidine blue colorimetric shift assay .............................................................22 

 

Figure 10: Enzymatic properties of recombinantly expressed and purified PPK1 enzymes 

............................................................................................................................................23 

 

Figure 11: A. baumannii qRT-PCR target gene cDNA standard curves ..........................28 

 

Figure 12: Gallein inhibits Enterobacteriaceae PPK1s and reduces intracellular polyP 

accumulation ......................................................................................................................34 

 



ix 

 

Figure 13: Dose-dependent inhibition of purified PPK2 catalyzed ADP (A. baumannii) 

and ATP (K. pneumoniae-MBP fusion) synthesis from polyP degradation  .....................35 

 
Figure 14: Gallein inhibits biofilm formation in K. pneumoniae but not growth kinetics 

............................................................................................................................................36 

 

Figure 15: A. baumannii transposon mutant confirmation ...............................................37 

 

Figure 16: Gallein inhibits A. baumannii polyP accumulation .........................................38 

 

Figure 17: Gallein inhibits A. baumannii PPK1s in vitro and does not attenuate growth 

kinetics ...............................................................................................................................39 

 

Figure 18: Substrate inhibition and nucleotide specificity of A. baumannii PPK1 

enzymes..............................................................................................................................40 

 

Figure 19: C-terminal His6-tag PPK1B purification, activity, and validation of secondary 

structural elements .............................................................................................................41 

 
Figure 20: A. baumannii polyP accumulation displays phase-variant specific 

discrepancies ......................................................................................................................42 

 

Figure 21: A. baumannii transcription displays phase-variant specific transcriptional 

abundance ..........................................................................................................................43 

 

Figure 22: Gallein phenocopies PPK1 knockouts to attenuate A. baumannii motility  ....44 

 

Figure 23: Gallein phenocopies PPK1 knockouts to attenuate A. baumannii biofilm 

formation ............................................................................................................................45 

 

Figure 24: Gallein and PPK1 knockout increase C. elegans progeny following A. 

baumannii challenge ..........................................................................................................46 

 

Figure 25: Gallein attenuates A. baumannii and K. pneumoniae virulence in C. elegans 

infection models .................................................................................................................47 



x 

 

 

Figure 26: Gallein does not reduce microbial viability in a chemostat model .................49 

 

Figure 27: Gallein treatment reduced polyP and Enterobacteriaceae exopolymer 

adhesion .............................................................................................................................50 

 

Figure 28: The structural superimposition of monimeric and dimeric forms of PPK1A 

and PPK1B noting predicted dimer contacts .....................................................................52 

 

Figure 29: The structural superimposition of PPK1A and PPK1B dimers derived from 

homology models ...............................................................................................................53 

 

Figure 30: The fluctuations of residues in the PPK1A dimer and PPK1B dimer .............53 

 

Figure 31: The structural superimposition of certain residues demonstrating 

conformational differences in PPK1A and PPK1B dimer models ....................................54 

 

Tables  

 

Table 1: PPK2 enzymatic reaction specificity and properties based on classification 
..............................................................................................................................................7 

 

Table 2: MOPS minimal media recipe ..............................................................................25 

 

Table 3: Strains, plasmids, and oligos used in this study ..................................................33 

 

 

 

 

 

 

 

 



xi 

 

List of Abbreviations 

 
 

A. baumannii 

 

Acinetobacter baumannii 

AB5075 A. baumannii model strain used 

 

ADP Adenosine Diphosphate 

 

AMP Adenosine Monophosphate 

 

Amp Ampicillin – antibiotic 

 

AMPPNP Adenylyl-imidodiphosphate 

ATP Adenosine Triphopshate 

AV-T A. baumannii translucent phase variant 

(Avirulent – T) 

  

BL21 E. coli (DE3) derivative – expression cell line 

C. elegans Caenorhabditis elegans 

CFU Colony Forming Unit 

ClpX ATP-dependent specificity component of the 

Clp protease complex. Hydrolyzes ATP 

 

DMSO Dimethyl Sulfoxide 

DNA Deoxyribonucleic Acid 

E. coli Escherichia coli 

 

GIM Gastrointestinal microbiota 

 

His6 Poly Histidine (6 amino acids) tag  

 

Km Kanamycin – antibiotic  

 

K. pneumoniae Klebsiella pneumoniae 

 

KPNIH1 K. pneumoniae model strain used 

 



xii 

 

LB Lysogeny Broth 

 

MBP Maltose Binding Protein 

  

MCS Multiple Cloning Site 

MD Molecular Dynamics 

MOPS 3-(N-morpholino) propanesulfonic acid 

NGM Nematode Growth Media  

OP50 E. coli strain – Nematode food source   

OTU Operational taxonomic unit 

P. aeruginosa Pseudomonas aeruginosa 

 

PCR Polymerase Chain Reaction 

 

polyP Polyphosphate 

 

PPK1 

 

Polyphosphate kinase 1 

PPK1A A. baumannii polyphosphate kinase 1A 

 

PPK1B A. baumannii polyphosphate kinase 1B 

 

∆PPK1A A. baumannii polyphosphate kinase 1A null-

allele strain  

 

∆PPK1B A. baumannii polyphosphate kinase 1B null-

allele strain  

  

PPK2 Polyphosphate kinase 2 

  

PPX Exopolyphosphatase  

qRT-PCR Quantitative Real-Time Polymerase Chain 

Reaction  

 

RNA Ribonucleic Acid 

ROS Reactive Oxygen Species 



xiii 

 

rpoS Sigma 38 – DNA binding domain of bacterial 

RNA polymerase holoenzyme 

 

S. marcescens Serratia marcescens  

TEV Tobacco Etch Virus 

VIR-O A. baumannii opaque phase variant (Virulent 

– O) 

 



 
1 

 

Chapter 1  

General Introduction 

 

1.1 History and properties of polyphosphate 

 

Polyphosphate (polyP) is a ubiquitous biopolymer consisting of linearly arranged 

inorganic phosphate residues connected through phosphoanhydride bonds (1). First characterized 

over a century ago as metachromatic granules in the cytoplasm of the bacteria Spirillum 

volutans, it was originally named “volutin” (2). Eventually it was discovered that phosphate 

polymers were the main component of these granules and so volutin was renamed polyP (3). 

Since then, polyP has been identified in organisms from all kingdoms of life. PolyP is believed to 

have originally been formed prebiotically through the dehydration of phosphate rock at high 

temperature, such as in volcanoes or oceanic steam vents (4). These molecules provided an easily 

accessible source of energy for early microorganisms and are also thought to be the evolutionary 

precursors to other phosphate-based energy sources such as ATP (5). In addition to being 

abundant stores of cellular energy, polyP has been shown to help microorganisms adapt to 

extreme environmental conditions, such as high salinity, temperature, UV radiation, or reactive 

oxygen species (ROS) (2, 6–8). ROS, for example, damage cells through oxidation of amino 

acids thereby causing proteins to aggregate (6, 8). E. coli cells treated with HOCl form 

abnormally long chains of polyP, which in turn act as chaperones shielding damaged proteins 

and preventing them from aggregating. PolyP-associated protein is therefore kept soluble for 

cellular refolding machinery (8). 
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1.2 The polyphosphate kinase family  

 

In bacteria, the enzymes of the polyphosphate kinase (PPK) family are responsible for 

overseeing cellular polyP homeostasis (9), with polyphosphate kinase 1 (PPK1) serving as the 

principal regulator of biosynthesis, along with polyphosphate kinase 2 (PPK2) (10). The enzyme 

PPK1 was first identified over 60 years ago in E. coli by Nobel laureate Dr. Arthur Kornberg 

(11), who devoted much of his career to understanding its function. At the time, PPK1 was the 

sole polyP biosynthesis mediator and as such was known simply as PPK prior to the 

identification of PPK2.  In addition to PPK1, this family includes exo-polyphosphatase (PPX), 

which is typically found within the same regulatory operon in many bacteria (12). PPK1 

catalyzes the polymerization of phosphate residues using ATP as the substrate, taking the γ-

phosphate from ATP and releasing ADP. It is the main enzyme responsible for accumulation of 

polyP within the cell, though it can also perform the reverse reaction to reform ATP from polyP 

and ADP. The rate of polyP synthesis however is favoured 4-fold over the reverse reaction. 

PPK1 enzymes are highly conserved on a sequence identity level across a variety of Gram 

positive and Gram negative species (Fig 1) (9).  

PPX is solely capable of catalyzing the degradation of polyP by cleaving the terminal 

phosphate and does not re-synthesize ATP (12). In certain bacteria, PPK1 works in tandem with 

another member of the PPK family, polyphosphate kinase 2 (PPK2). While functionally similar 

to PPK1, PPK2 differs by preferentially catalyzing polyP degradation to regenerate ATP from 

available ADP (10, 13). In addition, in the species Pseudomonas aeruginosa, PPK2 will use both 

ATP and GTP as a substrate for polyP synthesis but favours GDP in the reverse reaction. PPK1 

however, can only use ATP to synthesize polyP, and favours ADP in reverse. PPK2 will also 
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preferentially catalyzes the reverse reaction, forming GTP at a rate 75-fold greater than that of 

polyP synthesis (13).  

The structure of E. coli PPK1 has been determined, which has elucidated several 

important features of the enzyme. PPK1 is a membrane associated protein comprising subunits of 

~80 kDa (9) and is thought to be able to alter its oligomeric state based on the concentration of 

ATP available (15). Each monomer has 4 domains (C1, C2, N, and H) with the feature of a 

tunnel formed between the intersection of the C1, C2, and N domains (Fig 2) (9). This tunnel is 

perpendicular to the PPK1 dimer plane and is the location of the active site. The active site can 

accommodate one ATP at a time (9) coordinated to two Mg2+
 ions. It is believed that ATP enters 

from one side of the tunnel while polyP exits the other, with the newly synthesized end of the 

chain remaining in the active site to accept the gamma-phosphate of the next ATP (9).  
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Fig 1: Sequence alignment of Gram negative bacteria PPK1 enzymes. Sequence alignment of 

all PPK1s assessed in this study; Acinetobacter baumannii PPK1A (AB1A), Acinetobacter 

baumannii PPK1B (AB1B), and Pseudomonas aeruginosa PPK1 (PA), Escherichia coli (EC), 

Serratia marcescens (SM), and Klebsiella pneumoniae (KP). A. baumannii PPK1A and PPK1B 

sequence identity: 67.44%. Red shading indicates identical residues, and blue borders indicate 

partially conserved residues. Sequence alignment generated using ESpript 3.0 (14).  
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Fig 2: Crystal structure of Escherichia coli PPK1. E. coli PPK1 dimer (A) and monomer (B). 

Structures are bound to AMPPNP, a non-hydrolysable γ-phosphate derivative of ATP, and 

coordinated to two Mg2+ ions (green spheres). N domain (blue; residues 2-106), H domain (red; 

107-321), C1 domain (green; 322-502), and C2 domain (yellow; 503-687) are indicated. 

Residues N313-H321 are not shown. PDB code: 1XDP (9).    

A 

B 
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1.3 PPK2 specific properties  

 

PPK2 enzymes while performing similar functions are not conserved on a sequence 

identity level with PPK1 enzymes (13), and also present distinct structural folds (9, 16, 17). 

PPK2 enzymes are however conserved. Furthermore, PPK2 enzymes can be further subdivided 

into distinct classes based on phospho-nucleotide specificity, though each class maintains 

catalytic preference for polyP utilization (13, 16–18). Class 1 PPK2s catalyze the biosynthesis of 

triphosphate-nucleotides from polyP and diphosphate-nucleotides (13), while class 2 PPK2s 

synthesize diphosphate-nucleotides from polyP and monophosphate-nucleotides. Interestingly, 

class 2 PPK2s adopt a fused-domain structural topology, with each monomer comprising 

essentially two class 1 PPK2 monomers covalently attached (17). Only one of these domains are 

catalytically active however, with the other serving an unknown function (17). Class 3 PPK2s do 

not have any phosphate nucleotide restrictions. These enzymes are capable of both triphosphate 

and diphosphate nucleotide synthesis from monophosphate or diphosphate nucleotide substrates 

(18). The PPK2 classes and reaction specificities are summarized in Table 1. Another distinction 

between PPK1 and PPK2 is seen in the number of functionally encoded isoforms. While it is 

generally accepted that, with the exception of a single known occurrence in the species Ralstonia 

eutropha (19), only one PPK1 isoform will be encoded by a species. Despite this, there seem to 

be few restrictions upon the number of PPK2s harboured by a single bacterium, with one species 

reporting up to 5 individual PPK2 enzymes (19). P. aeruginosa encodes a single PPK1 enzyme, 

but three functionally distinct PPK2 isoforms (PPK2A, B, and C) (20). Niche-specific PPK2 

activity seems plausible given the functional intricacies of each enzyme. PPK2C is a class 2 

PPK2, and while both PPK2A and PPK2B are class 1 PPK2s (Table 1), remarkably, PPK2B 
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synthesizes greater amounts of polyP than P. aeruginosa PPK1 (20). Far more puzzlingly 

however, is that this trend is only observed in vitro (20), which of course begs the question as to 

the intracellular role of this protein. Such biochemical functional discrepancies are enticing as 

this could implicate unique functional properties of PPK1s as well in species which encode 

multiple isoforms.        

 

Table 1: PPK2 enzymatic reaction specificity and properties based on classification 

Classification 
Reaction specificity and 

properties 
Example proteins 

Class 1 
-Phosphorylates di-nucleotides 

using polyP as a phosphor-donor 

substrate 

-Pseudomonas aeruginosa PPK2A and  PPK2B 

 

-Klebsiella pneumoniae PPK2  

-Francisella tularensis PPK2 

Class 2 

-Phosphorylates mono-nucleotides 

using polyP  

 

-Adopts “fused-domain” tertiary 

structure 

-Pseudomonas aeruginosa PPK2C 

-Acinetobacter baumannii PPK2 

Class 3 -Can phosphorylate both di and 

mono-nucleotides using polyP  

-Meiothermus ruber PPK2 

 

1.4 The anti-virulence therapeutic approach  

 

Encountering multi-drug resistant bacterial pathogens has become a common occurrence 

in modern medicine, and the frequency of identification is on the rise. As antibiotic development 

has stagnated over the past several decades (21, 22), many species have developed effective 

resistance strategies to circumvent conventional therapeutics (23, 24). To address this mounting 

threat, novel classes of drugs targeting an organism’s ability to infect, disseminate, and persist 

within a host, termed virulence factors, have been proposed as an alternative to antibiotics (25). 

Bacteria employ a wide variety of virulence mechanisms to facilitate host colonization (Fig 3).  

Anti-virulence approaches aim to attenuate virulence but avoid bactericidal activity, thereby 
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reducing the selective pressures which are an inevitable consequence of traditional antibiotic use 

(26, 27). Furthermore, many antibiotics are not pathogen specific and will thus devastate 

commensal microbial communities. This can lead to re-infection, or increased susceptibility to 

other infectious agents including Clostridiodes difficile (28), whereas anti-virulence therapeutics 

should avoid these disastrous consequences (29). Examples of anti-virulence methodologies are 

numerous and include techniques such as quorum sensing inhibition (30), secretion system 

disruption (31), or interference of cellular adhesion and colonization (32, 33). The most effective 

anti-virulence candidates are antibody-based inhibitory approaches, targeting protruding 

elements unique to bacteria such as the type 3 secretion system, an important virulence factor for 

many enteric pathogens (23).  While these therapies have seen clinical success, they in turn often 

suffer from poor pharmacokinetics or tissue penetration (34, 35), thus restricting their 

effectiveness. With the numerous limitations facing the current standards of anti-virulence 

therapeutics, alternative opportunities and target systems must be explored.  

 

 

 

 

 

 

 

 

 

Fig 3: Common bacterial virulence factors. Figure generated in BioRender. 
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1.5 PolyP homeostasis as a novel drug target 

 

PolyP research has re-emerged at the forefront of the anti-virulence discussion, as to 

exploit a novel strategy to combat antibiotic resistant pathogens. PPK1 catalyses polyP extension 

through the addition of the ATP γ-phosphate to the terminus of the orthophosphate biopolymer 

(9) (Fig 4). More recently, polyphosphate kinase 2 (PPK2) has been thrust to the forefront of the 

anti-virulence discussion following its own link to pathogenic regulatory pathways (36–39). In 

clinically relevant species such as Mycobacterium tuberculosis or Campylobacter jejuni, PPK2 

has been independently associated with pathogenic responses and has been observed to be a 

requirement for virulence in cellular- based models (36–38).  

 

Fig 4: PPK catalyzed polyP biosynthesis from ATP reaction scheme. PolyP biosynthesis is 

mediated through PPK1 (pictured (9)) or PPK2 activity.     

 

 In addition to being highly conserved across bacterial species (Fig 1) (9, 10, 40), in many 

pathogenic bacteria, polyP modulation and upstream PPK regulatory networks have been 

intimately linked with virulence factor mechanisms and antibiotic susceptibility (16, 20, 41–44). 

As the enzymes of the PPK family have no known homolog in higher eukaryotes (45), it is not 

surprising that they have been lauded as attractive targets for the design of anti-virulence 

therapeutics. While it is clear that polyP homeostasis is a crucial regulatory checkpoint in many 

ATP 

ADP 
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bacteria, the intricacies of its involvement are poorly understood. Early physiological studies in 

Escherichia coli implicated elevated intracellular levels of polyP induced through the (p)ppGpp 

stress-inducible signalling cascade as a requisite for stationary phase rpoS expression and 

promoter selectivity (46). RpoS is a critical sigma factor required for up-regulation of stress-

responsive or quorum sensing dependent genes (47), yet the mechanistic link between these 

seemingly unrelated pathways remains unclear.  

 

1.6 The current state of PPK drug targeting 

 

There have been several attempts in recent years to devise small molecule inhibitors 

which target the PPK family (48–51). Unfortunately, remarkably few compounds have been 

identified despite large-scale in silico (49) and in vitro (48, 52) screening efforts. To date, only 

the anti-inflammatory drug mesalamine has demonstrated selective PPK1 therapeutic targeting in 

vivo. Mesalamine’s low affinity for PPK1 in vitro (Ki = 6.5 mM), is however, detrimental for 

clinical employment (48). Furthermore, rarely are these inhibitors screened for dual-specificity 

action, and with the exception of a few compounds, seldom are these inhibitors screened for 

broad-spectrum inhibition of PPK1 (53). There have been even fewer attempts to identify 

inhibitors for PPK2 enzymes (51, 54). We have demonstrated the importance of this strategy in 

the species P. aeruginosa, a species which encodes multiple functionally distinct PPK2 isoforms 

(20, 39). Isogenic knockout of PPK1 alone was insufficient to fully attenuate polyP biosynthesis, 

and the sum total of PPK2 activity served to upregulate certain virulence factors (20), 

reminiscent of PPK2 dependent pathogenesis in other species (43, 51).    
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1.7 The small molecule gallein and advancements made in our lab 

 

Our lab recently demonstrated the feasibility of PPK drug targeting, using the known 

small molecule gallein (Fig 5), provided by our collaborators Risen Pharmaceuticals. 

Repurposing existing drugs is a common strategy for the development of novel therapeutics (55). 

Consistent with this ideology, there are several instances of known drugs having been screened 

for PPK inhibitory action, mesalamine serving as the most prominent example (48–50, 56). 

Gallein had previously been independently classified as a G-protein βγ subunit modulator (57) 

and has been shown to serve as an adjuvant improving tumour killing efficacy of 

chemotherapeutics (58). Though not approved for clinical use, previous work has shown that 

gallein treatment was not associated with adverse effects upon being administered to mice and 

rats for periods of up to 8 weeks (58–60). Given these promising findings and others (20), gallein 

certainly provides a favourable toxicity profile to serve as a baseline for subsequent 

improvements.   

 

 

 

 

 

Fig 5: Chemical structure of the small molecule gallein. 

 

 Our previous work has shown that gallein acts as a dual-specificity inhibitor of PPK1 

and all three PPK2 isoforms in P. aeruginosa (20, 61). The resulting attenuation of virulence 
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factors including swimming motility, toxin secretion, and biofilm formation culminated in 

protection against bacterial challenge in a Caenorhabditis elegans model of infection (20). 

Importantly as well, gallein was shown to be non-cytotoxic to mammalian cells (Fig 6) (20), 

providing evidence that gallein treatment could be safe for human use. These findings cemented 

gallein as the first validated inhibitor of its kind capable of both PPK1 and PPK2 inhibition in a 

pathogenic species. It remains to be determined, whether gallein is specific for P. aeruginosa or 

if it exhibits broad-spectrum against other bacterial pathogens.  

 

 

 

 

 

 

 

 

 

Fig 6: Gallein and related compounds cytotoxicity towards HEK 293T cells. Gallein is 

denoted as compound 219, compounds 1306 and 224 are additional structural derivatives of 219. 

Cell viability determined through trypan blue staining. Adapted from original figure by Nolan 

Neville.  

 

 

1.8 PPKs in other priority pathogens 

 

The Gram-negative opportunistic pathogens Acinetobacter baumannii and Klebsiella 

pneumoniae rank amongst the most antibiotic-resistant bacteria, each responsible for millions of 

infections each year (62). This public health crisis led the World Health Organization (WHO) to 
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include these species in its first list of priority pathogens in urgent need of novel antimicrobials 

to manage infections (62). While the myriad of cellular responses under upstream regulation of 

the PPK family have been well characterized in E. coli and P. aeruginosa, details surrounding 

the contributions of these pathways are conspicuously lacking for A. baumannii and K. 

pneumoniae. Both these bacteria rely on several common virulence factors (63–66), yet little is 

known about the physiological involvement of the PPK enzymes. K. pneumoniae encodes a 

single PPK1 (KPNIH1_19020) and class 1 PPK2 isoform (KPNIH1_14015). A. baumannii 

however, presents a rare instance of encoding two individual PPK1 isoforms, PPK1A and 

PPK1B (ABUW_2072 and ABUW_2907 respectively) (Fig 1), and a class 2 PPK2 

(ABUW_3525). While PPK1 enzymes from Acinetobacter sp. have indeed been characterized, 

these studies focused on the PPK1B or PPK2 isoforms (56, 67–69), leaving the functional 

properties of PPK1A largely unknown. Previous studies have also noted a phenotypically distinct 

phase-variation influencing virulence factors in A. baumannii (65, 70, 71), suggesting possible 

discrepancies in PPK1 intracellular function or regulation.  

 

1.9 A. baumannii cellular phase variation  

 

A. baumannii also presents with a distinct cellular phase variation characteristic of this 

species (65). Cells can be divided into phenotypically distinct sub-populations, known as opaque 

(VIR-O) and translucent (AV-T) (Fig 7). These phases are capable of rapid interconversion and 

cells belonging to either phase differ with respect to morphology, quorum sensing, antibiotic 

resistance, and most notably, virulence factor presentation (65, 71). VIR-O cells are the motile 

sub-variety, and following phase-segregation, these cells translocate significantly further across 
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semi-solid media interfaces than the corresponding AV-T phase-variant (Fig 7) (65). Conversely, 

the AV-T cellular variant forms significantly more robust biofilm surfaces than the VIR-O (Fig 

7) (65),  reflecting the phenotypic variability of this species.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 7: Relative normalized A. baumannii phase-variant subpopulation phenotypes. (A) A. 

baumannii opaque (VIR-O) and translucent (AV-T) phase variants viewed under oblique 

microscope lighting on 0.8% agar plate. (B) Relative surface translocation distance of phase-

variant subpopulations. Each strain is normalized with respect to individual intra-strain VIR-O 

phase. (C) Relative biofilm formation of phase-variant subpopulations. Each strain is normalized 

with respect to individual intra-strain AV-T phase. (B) n = 2, and (C) n = 8. Data points are 

presented as the mean, error bars are ±SD.    
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Controlling for the phase variation is thus a crucial criterion researchers must consider 

when assessing A. baumannii virulence, to reduce the risk of confounding findings. Despite the 

importance of the phase variation however, little is known as to how phase-variability is 

mediated. It is understood to be a quorum sensing managed phenotype, as phase interconversion 

could be induced through cell-free media taken from stationary phase cultures, suggesting the 

involvement of a secreted metabolite (65). In addition, the VIR-O sub-population was found to 

synthesize significantly more of certain quorum sensing signalling molecules (65). Curiously, 

however, the introduction of synthetic forms of these molecules were insufficient to induce phase 

switching, leaving the true cause of phase interconversion unknown (65). While the authors of 

the same study did speculate that phase variability could be mediated through such actions as 

promoter inversion or epigenetic DNA modification, there exists very little evidence to 

corroborate any such hypotheses.   

 

1.10 Hypothesis 

  

 In P. aeruginosa and E. coli, the PPK regulatory network is essential for establishing 

quorum-sensing mediated virulence phenotypes. By extension, we hypothesize that the highly 

conserved members of the PPK family in A. baumannii, and K. pneumoniae will also regulate 

pathogenic mechanisms and will thus be susceptible to gallein action or null-allele mutagenesis.           
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1.11 Specific Aims  

 

(1) Carry out in vitro PPK enzymatic inhibition assays. This will continue into assessing polyP 

accumulation, motility where applicable, and biofilm formation assays to ensure gallein 

dependent virulence factor disruption. Finally, animal models of infection will be used to 

validate the total effectiveness of gallein. 

 

(2) Compare single null-allele knockout strains of known ppk isoforms in A. baumannii AB5075 

(ppk1A and ppk1B) (72), to assess functional disparity between conserved enzymes.  

 

(3) Evaluate gallein off-target bactericidal effects in a complex bacterial community mimicking 

human gastrointestinal microbiota.  

 

1.12 Summary 

 

Antibiotic-resistant bacteria continue to arise in modern healthcare settings. Particularly, 

the bacteria Acinetobacter baumannii and Klebsiella pneumoniae rank amongst the most 

antibiotic resistant species to date, so much so, that in 2017 the World Health Organization listed 

them both as critical priority in urgent need of new antimicrobials. As antibiotic development has 

stagnated over the past few decades, this has shifted the discussion towards development of new 

strategies to combat this threat. Here, we show that the molecule gallein was able to reduce 

biofilm formation, surface associated motility, and virulence in an animal model of infection by 

targeting bacterial polyphosphate kinase (PPK) enzymes. Furthermore, gallein treatment was 



 
17 

 

shown to not harm human gastrointestinal microbiota, a feat that conventional antibiotics are 

unable to perform. Finally, we demonstrate the feasibility of using gallein as a tool to study PPK 

physiology, by identifying novel features unique to A. baumannii. 
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Chapter 2  

Materials and Methods 

 

2.1 Strains and growth conditions 

 

 All strains, primers, and plasmids used in this study are listed in Table 3. K. pneumoniae 

strain KPNIH1 and A. baumannii strain AB5075 and its various PPK1 transposon knockouts 

were obtained from the Manoil lab three-allele library (University of Washington). K. 

pneumoniae was cultured aerobically at 37 ˚C in lysogeny broth (LB – Miller; Bioshop). Unless 

otherwise specified, A. baumannii was cultured aerobically in LB containing no additional NaCl 

(10 g/L tryptone, 5 g/L yeast extract). For all phenotype assessments, K. pneumoniae and A. 

baumannii were passaged at least 2-3 times prior to each assay, and plates or cultures were no 

longer used after 5 days.  

 

2.2 A. baumannii phase-variant selection and growth conditions   

 

A. baumannii phase-variant colonies were grown on solid media plates containing 10 g/L 

tryptone, 5 g/L of yeast extract, and 0.8% Agar (65). Phase-variants were confirmed using a light 

microscope viewed under oblique lighting conditions. Single colonies of opaque or translucent 

cells were cultured overnight at 37 ˚C with shaking at 150 rpm. When applicable, phase 

segregation was confirmed through CFU/mL analysis (65) (Fig 8).  
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Fig 8: Representative normalized CFU/mL analysis of phase-variant subpopulations grown 

overnight in LB media with no NaCl. VIR-O and AV-T cultures were inoculated using a single 

colony of the specific phase-variant to assess subpopulation interconversion. Data points are 

presented as the mean, error bars are ±SD.    

 

2.3 Cloning, heterologous expression, and purification of proteins  

 

Codon optimized K. pneumoniae KPNIH1 PPK1 and A. baumannii AB5075 PPK1B 

genes were obtained from Integrated DNA Technologies (IDT), and Thermo GeneArt 

respectively. E. coli PPK1 was provided in a pUC57 storage vector by Dr. F. Chavez 

(Universidad de Chile). A. baumannii PPK1A, and S. marcescens PPK1 were cloned off 

genomic templates of AB5075 and ATCC 31453 respectively. All genes were subcloned into 

pET28a with a C-terminal His6-tag for inducible expression, with the exception of PPK1B, 

which was cloned into HT7, a pET16b-derived expression vector that yields an N-terminal His6-

tag. This was done as, PPK1B activity was found to be influenced by His6-tag terminus 

placement.  
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Given primer sequence similarity between E. coli, S. marcescens, and K. pneumoniae 

PPK1s, successful transformants were identified using T7 promoter specific primers T7 chk_fwd 

and T7 chk_rev. All primer sequences and restriction enzymes used are listed in Table 3. All 

enzyme expression was induced as previously described (20).  All PPK1s were purified in the 

same manner as previously described (9, 20) with some minor deviations. In brief, PPK1 

expressing cultures of BL21 were harvested by centrifugation and resuspended in Buffer A (50 

mM Tris-HCl adjusting pH as appropriate, 10% sucrose, 5 mM 2-mercaptoethanol, and 20 mg 

lysozyme). All buffers used were adjusted to a pH of 7.5, with the exception of PPK1A and 

PPK1B purification in which pH 8.0 and 8.5 were used respectively. Cells were incubated on ice 

for 45 mins, and then heat shocked at 37 ˚C for 10 mins. Supernatant was removed by 

centrifugation (18k, 30 mins). The pellet was then resuspended in Buffer B (50 mM Tris-HCl, 

10% sucrose, 5 mM MgCl2, 5 mM 2-mercaptoethanol, and 10 µg/mL DNase1/RNaseA) and 

resuspended using a sonicator bath. To extract PPK1 from the membrane fraction, 1/10 volume 

of 1 M Na2CO3 and 1 M final concentration of solid KCl were added to the lysate, and the 

mixture was stirred for 1 hour at 4 ˚C. Cell debris was removed by centrifugation (18k, 30 mins) 

and the supernatant was diluted with an equal volume of Milli-Q water. The supernatant was 

then applied to a Ni2+-NTA column pre-equilibrated with Buffer C (50 mM Tris-HCl, 500 mM 

NaCl, and 3 mM 2-mercaptoethanol), and allowed to mix with the resin for 30-40 mins at 4 ˚C. 

Protein was eluted from the column with an imidazole gradient dissolved in Buffer C (10, 50 x2, 

75, 100, 200, and 300 mM imidazole concentration fractions). Fractions containing PPK1 were 

determined through sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). 

Protein containing fractions were pooled and dialysed overnight at 4 ˚C against Buffer D (20 

mM Tris-HCl, 0.15 M NaCl, 15% glycerol, and 5 mM DTT). The exception was PPK1A, in 
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which the buffer contained 5 % glycerol. Protein was then aliquoted, flash frozen, and stored in 

liquid nitrogen.  

A. baumannii and K. pneumoniae PPK2 genes were cloned into HT29, a pET16b 

expression vector derivative with N-terminal maltose binding protein (MBP) and His6 fusion tags 

(Table 3). All primers and restriction enzymes used are again listed in Table 3. PPK2 enzymes 

were purified as previously described (20), with the exception of K. pneumoniae PPK2, in which 

the MBP fusion was left intact.   

 

2.4 IC50 and kinetic assays  

 

 All IC50 assays contained final equimolar amounts (50 nM) of PPK to ensure valid 

comparison. PolyP synthesis activity was assayed as previously described (20). PPK reaction 

buffer was prepared containing 50 mM HEPES-NaOH pH 7.5, 40 mM (NH4)2SO4, 4 mM 

MgSO4, 60 mM creatine phosphate, 0.0062 mg/mL creatine kinase (Sigma, rabbit muscle), and 5 

mM ATP. Reactions were carried out in 100 µL volumes, supplemented with the appropriate 

volume of 10 mM gallein stock dissolved in DMSO, incubated at 37 ˚C for 30 mins, after which 

50 – 90 µL aliquots of reaction mixture were added to 1 mL of 6 mg/L toluidine blue dye 

dissolved in 40 mM acetic acid (Fig 9). Reactions were also carried out in the absence of creatine 

phosphate and creatine kinase 2 hours at 37 ºC to counter screen for off-target creatine kinase 

inhibition (Fig 10B). A630/530 ratio was then recorded, and the amount of polyP synthesized was 

calculated using a standard curve (20). For kinetic experiments, reactions were carried out in the 

same way with the exception of varying ATP concentration as indicated, as well as reducing 

reaction time were appropriate (Fig 10A). For A. baumannii PPK1s, N-terminally His6-tagged 
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PPK1B had greater activity than C-terminally tagged protein (Fig 19C). Thus, N-His6-PPK1B 

was chosen for comparison. No polyP biosynthetic activity was detected for the N-terminally 

His6-tagged PPK1A recombinantly expressed in HT7 vector backbone (data not shown). Curves 

were fit using GraphPad Prism version 9.  

 

 

 

 

Fig 9: Toluidine blue colorimetric shift assay. (A) Cartoon representation of colorimetric 

absorbance shift following addition of polyP polymers to metachromatic dye toluidine blue. (B) 

Visual representation of increasing polyP gradient.  

 

Nucleotide phosphorylation assays of PPK2 were carried out as previously described 

(20). In brief, reaction buffer was prepared containing 50 mM Tris-HCl pH 7.5, 10 mM 

(NH4)2SO4, 10 mM MgCl2, 5 mM polyP45 (Sigma; in terms of individual Pi monomers), and 

nucleotide (ADP or AMP) at 5 mM for IC50 reactions or as indicated for kinetic experiments. 100 

μL reactions were incubated at 37 ˚C for 30 minutes, then 5 µL aliquots were withdrawn and 

added to 1000 µL of 6 mg/L toluidine blue dissolved in 40 mM acetic acid to quench the reaction 

and quantify the polyP that remained. The A630/530 ratio was then recorded, and the values 

obtained were corrected by subtracting the corresponding blanks (all ingredients except enzyme). 

The amount of polyP consumed was calculated by subtracting the amount present after reaction 

from that present in the initial reaction mix, as calculated via a standard curve. Each monomer of 

A B 
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Pi consumed from polyP equates to one nucleoside phosphorylated. Curves were fit using 

GraphPad Prism version 9.  

 

Fig 10: Enzymatic properties of recombinantly expressed and purified PPK1 enzymes. (A) 

Representative linearization of in vitro polyP synthesis by purified PPK1A, PPK1B from A. 

baumannii and PPK1 from K. pneumoniae (KP PPK1) at 1 mM ATP. (B) Relative polyP 

synthesis in the presence and absence of 100 µM gallein or equivalent volume of DMSO and 

without creatine kinase catalyzed ATP regeneration. Data points are presented as the mean, error 

bars are ±SD. 

 

 

2.5 Intracellular polyP accumulation assay 

 

 K. pneumoniae polyP levels were quantified as previously described (20, 42) with slight 

modifications. In brief, 5 mL LB media cultures of K. pneumoniae were grown at 37 ˚C 

overnight in the presence of 100 µM of gallein or equivalent volume of DMSO. Cultures were 

centrifuged for 10 mins at 3900 rpm to pellet cells, which were then resuspended in 1 mL of 

guanidinium isothiocyanate (GITC) lysis buffer and boiled for 10 min at 95 ˚C. PolyP was 

purified and converted to ATP via silica spin columns and PPK digestion as described (42), with 

the exception of using 50 nM P. aeruginosa PPK2A as opposed to E. coli PPK1 for ATP 
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conversion (20). An Invitrogen ATP determination kit (ThermoFisher) was used per the 

manufacturer’s instructions for ATP quantification. Luminescence was recorded on a 

SpectraMax iD3 microplate reader (Molecular Devices). PolyP extraction and quantification of 

bacterial culture samples harvested from the chemostat model were carried out in an identical 

manner using 1 mL aliquots of culture. A. baumannii polyP was extracted following a similar 

procedure with the following exceptions. A. baumannii 5 mL LB or no salt LB media where 

applicable cultures were grown at 37 ˚C overnight. Cultures were then resuspended in low-Pi 

(1X) MOPS minimal medium as described (20, 42) (Table 2) with 100 µM gallein or an 

equivalent volume of DMSO. PolyP extraction and quantification were then carried out as 

described above.  

 

2.6 PolyP electrophoresis  

 

 PolyP samples were purified as described above. The purified eluate was mixed with 

loading dye (10 mM Tris-HCl pH 7, 1 mM EDTA, 30% glycerol, bromophenol blue) and 

electrophoresed on 15.8% TBE-urea gels as described (20, 73). The volume loaded for each 

sample was normalized with respect to total protein content of the original lysate as determined 

with the Bradford assay. PolyP was visualized via negative DAPI staining.   
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Table 2: MOPS minimal media recipe  
10X MOPS minimal media recipe – 500 mL 

41.9 g – 3-(N-morpholino) propanesulfonic acid (MOPS) - Bring pH to 7.4 using KOH in 220 mL H2O total volume 

- Autoclave; 60 mins, 20 min vacuum cycle 

3.6 g – Tricine 
Add to 10X stock post autoclaving 

5 mL – 0.01 M FeSO4 ● 7H2O 

- Filter-sterilize all reagents prior to addition to existing stock 

- Store at 4 ˚C 

25 mL – 1.9 M NH4Cl 
5 mL – 0.276 M K2SO4 
0.125 mL – 0.02 M CaCl2 ● 2H2O 
1.05 mL – 2.5 M MgCl2 
50 mL – 5M NaCl 
0.1 mL – Micronutrient stock 
193.5 mL – H2O 

1X MOPS minimal media recipe – 200 mL 
20 mL – 10X MOPS stock (above) 

- Bring pH to 7.2 using NaOH 

- Filter-sterilize, store at 4 ˚C 

2 µL – Thiamine (10 µM final) 
20 µL – 1M K2HPO4 (100 µM final) 

4 mL – 10% dextrose (0.2% final) 
176 mL – H2O 

 

2.7 Growth kinetic assay  

 

 Cultures of K. pneumoniae or A. baumannii were grown to mid-log phase. Resulting 

cultures were diluted to an OD600 of 0.3, of which 1 µL was then used to inoculate 100 µL of LB 

or no salt LB where applicable, supplemented with 100 µM Gallein or an equivalent volume of 

DMSO in a flat bottom 96 well tissue culture treated plate. Cultures were grown aerobically at 

37 ˚C with shaking for 20 hours. Readings were recorded every 30 min on a SpectraMax iD3 

microplate reader (Molecular Devices).  

 

2.8 Biofilm assay  

 

To assess biofilm growth, 500 µL of LB or no salt LB media was added to 5 mL 

polypropylene culture tubes, which were then inoculated with K. pneumoniae or A. baumannii 

AV-T cells respectively. Cultures were incubated at 37 ˚C overnight with shaking in the presence 

of an indicated concentration of gallein, 100 µg/mL ampicillin, or an equivalent volume of 
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DMSO. Cultures were then removed from the tubes, diluted 1:10 and growth was quantified via 

OD600. The resulting culture tubes were next washed with 1 mL of distilled water. Water was 

decanted and 800 µL of 0.1% crystal violet dye was added for 10-15 mins to stain the remaining 

biological material. The dye was removed, washed once more with 1 mL of distilled water, 

solubilized in 800 µL of 30% acetic acid to record absorbance at 570 nm. Biofilm readings were 

normalized with respect to bacterial culture growth where applicable.   

 

2.9 A. baumannii RNA isolation   

 

 Cultures of A. baumannii strains were grown in no salt LB 37 ˚C with shaking to an 

OD600 of ~0.5 – 0.7. 500 µL of culture was harvested and the remaining culture was resuspended 

in low-Pi (1X) MOPS minimal medium for another 2 hours at 37 ˚C. The cells were harvested by 

centrifugation, and RNA from both time points was isolated using a Qiagen RNeasy Mini kit 

with optional on column DNase digestion as per the manufacturer’s instructions (Qiagen). RNA 

concentration and purity were assessed using a Molecular Devices quick drop 

spectrophotometer.  

 

2.10 Quantitative real-time PCR  

 

 Total RNA (900 ng) purified from A. baumannii was incubated for 5 min at 42 ˚C with 

gDNA Wipeout Buffer (Qiagen). The resulting RNA was converted into cDNA using the 

QuantiTect Reverse Transcription kit with random primers and Quantiscript Reverse 

Transcriptase. Samples were incubated for 30 min at 42 ˚C as per the manufacturer’s instructions 
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(Qiagen). cDNA reactions were then diluted 1:10 with sterile water. Oligonucleotide primer pairs 

for quantitative real-time PCR (qRT-PCR) were generated using the Primer-BLAST server 

(www.ncbi.nlm.nih.gov/tools/primer-blast/). Primers were designed to amplify ~100 – 200 bp 

fragments for each gene. qRT-PCR was performed using PowerSYBR Green PCR Master Mix 

(ThermoFisher Scientific) with a Biorad CFX-96 cycler. The following cycling parameters were 

used to amplify and quantify the fragments: 95 ˚C for 10 min, followed by 40 cycles of 95 ˚C for 

15 sec, and 60 ˚C for 60 sec. Melting-curve data were collected to ensure proper amplification of 

target genes. Standard curves were prepared to ensure optimal primer efficiency for primer pairs 

(Fig 11). Data were generated from three separate RNA isolations, cDNA preparations, and from 

technical triplicates for each primer set. The relative expression of each gene was determined by 

comparing target gene expression with reference gene clpX as previously described (71).      

 

2.11 A. baumannii surface-associated motility assay  

 

 Surface-associated motility was conducted as previously described (65) with some 

modifications. Briefly, motility plates were prepared fresh the day of the assay by autoclaving 10 

g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl, and 0.3% agarose. Each plate was made using 20 

mL of the medium and were supplemented with 100 µM gallein or an equivalent volume of 

DMSO where indicated. Prior to use, the motility plates were dried for 25 – 30 min in a 

biological safety cabinet to ensure no surface moisture present. The center of each plate was then 

inoculated with A. baumannii VIR-O cells. The plates were then placed in an air-tight container 

and incubated at 37 ˚C overnight and cellular translocation diameter was imaged and measured.    

http://www.ncbi.nlm.nih.gov/tools/primer-blast/
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Fig 11. A. baumannii qRT-PCR target gene cDNA standard curves. (A) ppk1A, (B) ppk1B, 

and (C) clpX primer pairs. Each point is the average of technical triplcate reactions.  

 

2.12 C. elegans fertility assay 

 

Wild-type N2 C. elegans were obtained from the Caenorhabditis Genetics Center. 

Virulence of the A. baumannii strains was assessed using C. elegans fertility as previously 

described with some modifications (70, 74). Briefly, the C. elegans were cultivated on Nematode 

Growth Medium (NGM) plates seeded with a lawn of E. coli OP50. Physiologically 

synchronized worms were grown at 25 ˚C to L4 larval stage. The fertility assay was performed 

by inoculating a single L4 stage worm per NGM plate seeded with the appropriate strain or one 
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containing 100 µM gallein or equivalent volume of DMSO. Plates were incubated at 25 ˚C for 24 

hours at which point the adult worm was removed and transferred to another plate containing the 

same bacterial strain. Nematode progeny was counted daily for 2 days, and 48 hours following 

the removal of the adult worm. Seven independent replicates were performed for each strain of 

A. baumannii, and three for OP50 negative controls.   

 

2.13 C. elegans solid phase killing assay 

 

C. elegans glp-4 conditionally sterile mutant strain was obtained from the Caenorhabditis 

Genetics Center. Briefly, the C. elegans were cultivated on NGM plates seeded with a lawn of E. 

coli OP50. Worms to be used for experimental procedure were hatched at the same time to 

ensure physiological synchronization and grown at 25 ˚C to L4 larval stage. The killing assay 

was performed by inoculating 15 adult stage worms per NGM plate seeded with the appropriate 

strain or one containing 100 µM gallein or equivalent volume of DMSO. Plates were incubated 

at 25 ˚C and surviving worms were enumerated daily. Nematodes were scored as dead when they 

no longer responded to tapping with a platinum wire.  

 

2.14 Growth and treatment of bacterial cultures in chemostat model 

 

Thirty-three different bacterial strains were cultured according to established methods 

and inoculated a twin-vessel chemostat model (75). The twin-vessel chemostat system allows for 

simultaneous operation of two vessels inoculated with the same bacterial cultures (76). 

Communities were allowed to colonize for ten days (growth phase) before perturbations. 
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Beginning on day 10, one chemostat was injected with gallein and the other with the DMSO 

vehicle for a period of ten days (treatment phase). Following the treatment phase, both 

chemostats were allowed another eight days of growth (washout phase). Samples were collected 

daily from each chemostat throughout all three phases, including biofilm waste outflow tubing, 

and stored at -80°C until analysis. 

 

2.15 16S microbiome sequencing 

 

An aliquot (200 μL) of the sample was centrifuged at 13,000 g to pellet the bacterial cells 

prior to DNA extraction using E.Z.N.A. Stool DNA Kit (Omega Bio-Tek). Using 5 ηg of DNA 

as input, 16S hypervariable regions were amplified using both primer sets (V2‑4‑8 and V3‑6, 7–

9) in the Ion 16S Metagenomics Kit (ThermoFisher Scientific) and 18 PCR cycles on an Applied 

Biosystems GeneAmp PCR System 9700. PCR products were ligated with Ion Xpress Barcode 

(ThermoFisher Scientific) to allow for multiplexing, and libraries were quantified using the Ion 

Universal Library Quantitation Kit (ThermoFisher Scientific) on a Viia7 Real-Time PCR 

machine. Templating (40 pM) and chip loading were performed on the Ion Chef system using the 

Ion 510 & Ion 520 & Ion 530 Kit-Chef. Samples were multiplexed on an Ion 530 chip and 

sequenced using the Ion GeneStudio S5 Plus Semiconductor Sequencer. 

 

2.16 Chemostat data processing and statistics 

 

Samples were preprocessed using the dada2 v1.19.2 pipeline 

(https://github.com/benjjneb/dada2) (77, 78). Assessment of read quality facilitated read length 

https://github.com/benjjneb/dada2
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truncation (truncLen=150), to allow for varying lengths of variable regions, read trimming 

(trimLeft=15), as recommended for Ion Torrent data, and removal of chimeras 

(method=consensus), which relies on a consensus for each variant. Reads for the chemostat 

vessels and waste outflow tubing were rarefied at 18,470 and 44,430 respectively. Rarefaction 

was validated by calculating the coefficient of variation in diversity metrics over 10 iterations, 

where day 15 and 25 did not meet the threshold and were removed. Taxonomic annotation was 

conducted using RPD18 using dada2’s Naïve Bayesian classifier (79) where the classifier 

allowed reverse complement matching. 

We calculated alpha and beta diversity, quantified by Shannon index and Bray-Curtis 

respectively, using Phyloseq v1.34.0 (80) and vegan v2.5-7 (81) packages in R v4.0.2 (82). 

Relative alpha diversity was calculated using the mean alpha diversity for the corresponding 

chemostat across the duration of the experiment. To investigate the fixed effects and interactions 

of treatment and time on alpha diversity, a linear mixed model using the lme4 v1.1-27 package 

(83) including the random effects of the chemostat and model selection by Anova. Principal 

coordinate analysis was used for ordination, where the comparison of centroids and distribution 

was conducted with PERMOVA using 99 permutations and the ellipses drawn at a 95% 

confidence level.  

 

2.17 Molecular dynamics modelling 

 

From previous work with E. coli PPK1, the minimum functional oligomerization of this 

enzyme for the synthesis of polyP is known to be a dimer (15). Thus, the structures of PPK1A 

and PPK1B are modelled as dimers, based on a dimeric template (PDB code 2O8R). The models 
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were then submitted for further molecular dynamics (MD) simulations. The protonation state of 

all amino acid residues was assigned by using Ambertools. These protein models were then 

soaked into TIP3P water box with a minimum distance of 10 Å to the protein boundary. Counter 

ions Na+ were added in the box to neutralize the system. Each of the processed systems was then 

submitted to an energy minimization. Following the energy minimization process, the systems 

were then heated to 300 K and equilibrated for 300 ps. Finally, MD simulations were performed 

in the NPT ensemble for 10 ns to obtain the product phase. Energy minimization, heat and MD 

simulations were carried out using Amber14 program with the Amber ff14SB force field. 
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Table 3: Strains, plasmids, and oligos used in this study  
Strains 

Strain name Genotype Source 

E. coli strains 

BL21 (DE3) 
fhuA2 [lon] ompT gal (λ DE3) [dcm] ∆hsdS λ DE3 = λ sBamHIo ∆EcoRI-B 

int::(lacI::PlacUV5::T7 gene1) i21 ∆nin5 
New England Biolabs 

OP50 - 

Available from CGC, 

University of 

Minnesota 

K. pneumoniae and A. baumannii strains 

KPNIH1 K. pneumoniae UW parent strain 
Manoil lab library, 

University of 

Washington 

AB5075 A. baumannii UW parent strain 

∆PPK1A ABUW_2072-167::T26 

∆PPK1B ABUW_2907-134::T26 

Plasmids 

Plasmid name Purpose Antibiotic Source 

pET28a PPK1 inducible expression system KanR This study 

HT7 
Expression vector based on pET16 with N-His6-TEV-

MCS-C 
AmpR This study 

HT29 
Expression vector based on pET16 with N-His6-MBP-

TEV-MCS-C 
AmpR (20) 

Oligos – Cloning 

Oligo name Sequence 
Restriction 

enzyme 
Target Gene 

EC PPK_fwd atatCCATGGCAATGGGTCAGGAAAAGCTATAC NcoI 
E. coli K12 ppk1 

EC PPK_rev atatCTCGAGTTCAGGTTGTTCGAGTGATT XhoI 

SM PPK_fwd atatCCATGGCAATGGGTCAGGAAAAGCTCTAC NcoI S. marcescens 

ATCC 31453 ppk1 SM PPK_rev atatCTCGAGCTGTCCTGGTTGTTCCAGAG XhoI 

KP PPK1_fwd atatCCATGGCAATGGGCCAAGAGAAACTGTATATC NcoI K. pneumoniae 

KPNIH1 ppk1 KP PPK1_rev atatCTCGAGATCCGGCTGTTCCAGG XhoI 

AB PPK1A_fwd atatCCATGGCAATGACATCATTGCCCAC NcoI A. baumannii 

AB5075 ppk1A AB PPK1A_rev atatCTCGAGCCCAGTTAAGTTCATCAAGTG XhoI 

AB PPK1B_fwd atatCATATGATGAATACCGCAATTACCG BamHI A. baumannii 

AB5075 ppk1B AB PPK1B_rev atatGCGGCCGCTTTATTTAAAGGTTTCCAGCAGTTC EcoRI 

AB PPK2_fwd atatGGATCCATGAGTGAACAACAACCAAA BamHI A. baumannii 

AB5075 ppk2 AB PPK2_rev atatCTCGAGTTAATCTGTCTCTCAGCTGTTT XhoI 

KP PPK2_fwd atatGGATCCATGGGCAACAAGAAAAGC BamHI K. pneumoniae 

KPNIH1 ppk2 KP PPK2_rev atatCTCGAGTCAAAACTTCTCTGGAATGAAG XhoI 

T7 chk_fwd AATACGACTCACTATAGGGG - T7 promoter 

specific T7 chk_rev TATGCTAGTTATTGCTCAGC - 

Oligos – qRT-PCR 

Oligo name Sequence Efficiency R2 Target Gene 
qAB 1A_fwd GGTTATTGAGTTGCGGGCAC 

97.9 0.995 A. baumannii ppk1A 
qAB 1A_rev TTCACGGCGGACCACTAAAA 

qAB 1B_fwd CCATACTGCAATTGAGCGCC 
104.0 0.995 A. baumannii ppk1B 

qAB 1B_rev CGGAAATGGATGGGCTGGAT 

qClpX_fwd(71)  GCGTTTGAAAGTCGGGCAAT  
99.8 0.994 A. baumannii clpX 

qClpX_rev(71)  CCATTGCAAACGGCACATCT  
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Chapter 3  

Results 

 

3.1 Gallein inhibits Enterobacteriaceae PPK1s  

 

Given that the small molecule gallein is a known polyP biosynthesis inhibitor in P. 

aeruginosa (20), we first attempted to identify whether gallein treatment could inhibit PPK1s 

from other priority species. Beginning with the Enterobacteriaceae family of bacteria, PPK1s 

from K. pneumoniae, E. coli, and Serratia marcescens were recombinantly expressed, purified, 

and screened for gallein inhibition. Gallein treatment inhibited PPK1 catalyzed polyP synthesis 

from all three species in a dose-dependent manner (Fig 12A).  

Fig 12: Gallein inhibits Enterobacteriaceae PPK1s and reduces intracellular polyP 

accumulation. (A) Dose-dependent inhibition of polyP synthesis by purified PPK1 enzymes 

from Klebsiella pneumoniae (KP), Escherichia coli (EC), and Serratia marcescens (SM). (B) 

Enzyme kinetic analysis of K. pneumoniae PPK1. Units are reported in specific activity (µmol 

per min per mg PPK). Uninhibited curve fit using su bstrate inhibition model (Vo = 

Vmax*[S]/(Km + [S]*(1+[S]/Ki)) where S is substrate), while inhibited curves fit using 

sigmoidal model (Vo = Vmax*[S]^h/(Km^ h + [S]^h), where S is substrate, and h is the Hill 

coefficient). (C) Effect of gallein treatment on starvation-induced intracellular polyP 

accumulation in K. pneumoniae. Symbols are as follows: *, p < 0.05; (For panel C, two-way 

Unpaired t test, n = 3) 

 

B C A 
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Gallein treatment also demonstrated dose-dependent inhibitory action against K. 

pneumoniae PPK2 ATP synthesis (Fig 13), reminiscent of the dual-specificity PPK inhibition 

observed in P. aeruginosa (20). Enzymatic inhibition was further illustrated with the K. 

pneumoniae PPK1 isoform, where the addition of low micromolar concentrations of gallein 

increased the Michaelis constant (Km) for ATP (Fig 12B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 13: Dose-dependent inhibition of purified PPK2 catalyzed ADP (A. baumannii) and 

ATP (K. pneumoniae-MBP fusion) synthesis from polyP degradation. Data points are 

presented as the mean, error bars are ±SD. 

 

3.2 Gallein reduces intracellular polyP and attenuates virulence factors of K. pneumoniae  

 

 Following the successful inhibition of K. pneumoniae PPK1 in vitro, we then pivoted 

towards the inhibition of intracellular polyP biosynthesis. As expected, gallein treatment 

significantly reduced intracellular polyP accumulation in K. pneumoniae KPNIH1 (Fig 12C). 

This was accompanied by a significant attenuation of biofilm formation, in which an increasing 

concentration gradient of gallein reduced exopolymer, the biological polymeric material 
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deposited upon a bacterium’s exterior, staining in a dose-dependent manner (Fig 14A and B). In 

contrast, biofilm formation was not reduced upon treatment with 100 µg/mL of the antibiotic 

ampicillin (Fig 14B). Importantly, despite metabolically influencing the cells to reduce biofilm 

formation, gallein treatment did not reduce cellular viability as determined through growth assay 

(Fig 14C).         

 

 

 

 

 

 

 

Fig 14: Gallein inhibits biofilm formation in K. pneumoniae but not growth kinetics. (A) 

Representative image of gallein treatment on K. pneumoniae biofilm formation. Image is 

representative of n = 3 assays. Concentrations of gallein in each tube are indicated in panel B. 

(B) Dose-dependent effects of gallein and 100 µg/mL ampicillin (Amp) on K. pneumoniae 

biofilm formation. (C) Growth kinetics in lysogeny broth of K. pneumoniae KPNIH1 in the 

presence or absence of gallein. Symbols are as follows: **, p < 0.01; ***, p < 0.001 (For panel B, 

one-way ANOVA, Tukey’s multiple comparison test, n = 6, Amp n = 3).  

     

 

 

3.3 Gallein inhibits PPK1s and reduces intracellular polyP accumulation in A. baumannii 

 

 A. baumannii is currently the number one critical priority multi-drug resistant pathogen 

as outlined by the WHO (62). We therefore chose to direct our focus towards this species, to 

ascertain whether gallein would be a viable alternative in combatting this threat. We initially 

determined that A. baumannii does indeed encode both a PPK1 and a class 2 PPK2 enzyme 

A B C 
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(ABUW_2072 and ABUW_2907 respectively). To our surprise however, closer inspection of 

this organism’s genome revealed that it encodes a second putative PPK1 isoform. This gene was 

dubbed ppk1A (ABUW_2072) encoding PPK1A, while the previously characterized known 

isoform was named ppk1B (ABUW_2907) encoding PPK1B. The protein product homologues 

comprised ~67% sequence identity (Fig 1). This situation presented a rare instance of two PPK1 

enzymes encoded by a single bacterium. To characterize any functional or physiological 

discrepancies between the two enzymes, we obtained transposon derived null-allele strains of 

AB5075 parent from the University of Washington three-allele library. Correct transposon 

insertion of ABUW_2072-167::T26 (∆PPK1A) and ABUW_2907-134::T26 (∆PPK1B) were 

confirmed via PCR as per supplier instruction (Fig 15).  

 

 

 

 

Fig 15: A. baumannii transposon mutant confirmation. Presence of single bands in lanes 3 

and 6 indicate successful directional T26 transposon insertion into ppk1A (1A) and ppk1B (1B) 

respectively.  
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We show that intracellular polyP accumulation was influenced both by single PPK1 

knockout as well as gallein treatment. The ∆PPK1A strain did not display any significant 

reduction in polyP accumulation with respect to the parent, yet the ∆PPK1B strain was 

attenuated in polyP accumulation (Fig 16A). Notably, cumulative polyP reduction was observed 

in all three strains upon gallein treatment, indicating both PPK1 enzymes are responsible for 

polyP biosynthesis. These trends were further visualized through polyP gel electrophoresis (Fig 

16B).  

 

 

Fig 16: Gallein inhibits A. baumannii polyP accumulation. (A) Effect of gallein treatment on 

starvation-induced intracellular polyP accumulation (B) Bacterial polyP extracts analyzed via 

electrophoresis on Tris-borate-EDTA (TBE)-urea gel following negative DAPI staining. Image 

is representative of n = 3 gels. Symbols are as follows: p > 0.05; *, p < 0.05; **, p < 0.01; 

***, p < 0.001 (two-way ANOVA, Tukey’s multiple-comparison test, n = 3). All data points are 

the average from triplicates; error bars are ±SD. 

     

 

Next, we recombinantly expressed and purified PPK1A and PPK1B for enzymatic 

activity analysis. Both PPK1A and PPK1B were capable of in vitro polyP synthesis, and also 

exhibited inhibition by gallein (Fig 17A and B). Gallein treatment also demonstrated dose-

dependent inhibition against A. baumannii PPK2 ADP synthesis (Fig 13). While substrate 
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inhibition is a known phenomenon inherent to the PPK family (20, 42), in the case of PPK1A 

and PPK1B, the influence of this effect was rather potent (Fig 18A). This restricted the useable 

substrate concentration range for kinetic analysis to 1 mM ATP. Under these conditions, PPK1A 

maximal specific activity was approximately 10-fold lower than PPK1B. This decrease in 

activity is nonetheless consistent with the observation that the ∆PPK1B strain accumulates 

significantly less intracellular polyP (Fig 16A and B). Both enzymes have similar Km values for 

ATP (Fig 17A and B), and the observed fold change in activity was not due to differing PPK1A 

nucleotide specificity (Fig 18B).  

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 17: Gallein inhibits A. baumannii PPK1s in vitro and does not attenuate growth 

kinetics. (A and B) Enzyme kinetic analysis of PPK1A (A) and PPK1B (B). Units are reported 

in specific activity (µmol per min per mg PPK). Curves fit using sigmoidal model (Vo = 

Vmax*[S]^h/(Km^ h + [S]^h), where S is substrate, and h is the Hill coefficient). (C and D) 

Growth kinetics in lysogeny broth of VIR-O (C) and AV-T (D) phase-variants in the presence or 

absence of gallein. All data points are the average from triplicates; error bars are ±SD. 

A B 

C D 
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Fig 18: Substrate inhibition and nucleotide specificity of A. baumannii PPK1 enzymes. (A) 

Substrate inhibition at [ATP] above 1 mM, with respect to P. aeruginosa PPK1 (20). (B) 

Nucleotide specificity of A. baumannii PPK1A without creatine kinase catalyzed nucleotide 

regeneration: **, p < 0.01 (two-way Unpaired t test, n = 2). Data points are presented as the 

mean, error bars are ±SD 

 

3.4 PPK1B His6-tag placement 

 

 As was briefly mentioned, we observed a change in enzymatic activity when the His6 

purification tag was encoded upon the N or C terminus of PPK1B (Fig 19C). PPK1B encoded 

with a C-terminal His6-tag had a lower activity than that encoded with an N-terminal tag (Fig 

19C).  This came as a surprise given the quality of the elution gradient for the purified C-

terminal sample following Ni2+-NTA column elution (Fig 6A). In addition, circular dichroism 

(CD) analysis qualitatively revealed a molar ellipticity pattern consistent with a structural fold 

containing primarily α-helical features (Fig 6B). This itself is consistent with the secondary 

structural features of the E. coli PPK1 crystal-structure (Fig 2) (9). Together these findings 

suggest that the C-terminal His6-tagged PPK1B construct was indeed largely folded properly.  
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Fig 19: C-terminal His6-tag PPK1B purification, activity, and validation of secondary 

structural elements. (A) Representative PPK1B purification by SDS-page gel electrophoresis 

following Ni2+-NTA affinity chromatography. (B) CD spectrum of C-terminal His6-tag PPK1B 

suggesting intact secondary structural elements. (C) Relative activity of N/C-terminal His6-tag 

PPK1B. Data points are presented as the mean, error bars are ±SD.       

 

 

3.5 A. baumannii polyP accumulation and PPK1 transcription display phase-variant 

specific regulation 

 

The species A. baumannii presents a distinctive cellular phase-variation dividing cells 

into VIR-O or AV-T subpopulations which differ with respect to cellular morphology, antibiotic 

resistance, and virulence (65, 71). Fortunately, neither gallein treatment, nor individual PPK1 

knockout seemed to influence growth kinetics of either phase population (Fig 17C and D). We 

therefore sought to determine whether polyP biosynthesis was consistent between individual 

phase-variants. Both VIR-O and AV-T variants of the parent strain accumulated non-

significantly different levels of polyP but were attenuated upon addition of gallein (Fig 20A). 

When compared with the knockout strains however, there are notable discrepancies between 

each phase-variant. The AV-T variant of the ∆PPK1A strain synthesized significantly more 
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polyP than VIR-O (Fig 20A), in contrast to the ∆PPK1B strain, in which the opposite trend was 

observed (Fig 20A).  

 

 

 

 

 

 

 

 

Fig 20: A. baumannii polyP accumulation displays phase-variant specific discrepancies. (A) 

Relative phase-variant specific starvation-induced polyP accumulation of all strains. Parent and 

individual PPK1 knockout strains polyP levels are normalized with respect to the higher signal 

phase-variant. (B and C) Starvation-induced polyP accumulation of VIR-O (B) and AV-T (C) 

phase-variants between parent and PPK1 knockout strains. Data points are the average from 

triplicates or more; error bars are ±SD. Symbols are as follows: ns, p > 0.05; *, p < 0.05; 

**, p < 0.01; ***, p < 0.001 (For panel A, two-way ANOVA, Tukey’s multiple-comparison test, 

n = 3, VIR-O/VIR-O + Gallein n = 5, panels B and C, two-way Unpaired t test, n = 3). 

 

Despite these relative deviations in polyP accumulation, both phase-variant specific 

populations adhere to the same relative trend observed with mixed-phase cultures in Fig 16A. In 

the case of both VIR-O and AV-T segregated populations, both the parent and ∆PPK1A strains 

accumulated significantly more polyP than the ∆PPK1B strain (Fig 20B and C). This phase-

variant specific deviation in relative polyP accumulation led us to hypothesize that there were 

discrepancies in PPK1A and PPK1B transcriptional regulation. We therefore performed qRT-

PCR to assess transcript abundance of both genes. In the case of ppk1A, no significant changes in 

relative expression were observed between phase-variant groups in logarithmic phase or 

following nutrient starvation (Fig 21A and B). In the case of ppk1B, however, the parent strain 

AV-T phase-variant significantly upregulated gene expression with respect to the VIR-O during 
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logarithmic phase and following nutrient starvation, though the same trend was only observed 

after starvation in the ∆PPK1A strain (Fig 21A and C).  

 

 

 

 

 

 

 

 

 

 

 

 

Fig 21: A. baumannii PPK1 transcription displays phase-variant specific transcriptional 

abundance. (A) Phase-variant specific relative normalized expression of ppk1A and ppk1B in A. 

baumannii parent strain following 2 hours phosphate-starvation. All AV-T as well as VIR-O 

ppk1 transcription is not significantly different (B and C) Phase-variant specific relative 

normalized expression of ppk1A from ∆PPK1B and ppk1B from ∆PPK1A respectively. Panels D, 

E and F are normalized with respect to clpX. Data points are the averages from 3 independent 

RNA isolations, error bars are ±SEM. Symbols are as follows: ns, p > 0.05; *, p < 0.05; 

**, p < 0.01; ***, p < 0.001 (two-way Unpaired t test).   

 
 

3.6 Gallein treatment reduces virulence in A. baumannii  

 

We next attempted to characterize the influence of gallein on A. baumannii virulence 

factors. The VIR-O and AV-T phase-variants are specific for surface associated motility and 

biofilm formation respectively, with either phase subpopulation preferentially upregulating the 

corresponding virulence phenotype (Fig 8) (65). It is therefore of considerable importance to 

selectively assay phase-segregated cellular populations when studying A. baumannii virulence 

factors, or risk irreparably confounding findings. For this reason, VIR-O cells were selected for 

surface associated motility on low-percentage semi-solid media. Under these conditions, both the 

parent and ∆PPK1B strains translocated significantly farther across the air-media interface than 

A B C 
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the ∆PPK1A strain (Fig 22A and B). Furthermore, gallein treatment reduced the translocation 

diameter of the parent and ∆PPK1B strains, while phenocopying the PPK1A knockout mutant 

with no additive effects (Fig 22A and B). Similar trends were observed for biofilm formation 

capability using AV-T phase-variant cells. Both the parent and ∆PPK1B strains formed robust 

biofilms at the air-liquid interface, while the ∆PPK1A strain formed significantly less (Fig 23A 

and B). In addition, gallein treatment once again reduced biofilm formation of the parent and 

∆PPK1B strains while phenocopying the ∆PPK1A strain, with no additive influence upon total 

biological material adhered to the abiotic surface (Fig 23A and B). 

 

Fig 22: Gallein phenocopies PPK1 knockouts to attenuate A. baumannii motility. (A) 

Representative image of gallein treatment and PPK1 knockout on A. baumannii surface-

associated motility. Image is representative of n = 4 assays. (B) Quantification of gallein 

treatment and PPK1 knockout on surface-associated motility. All gallein samples and ∆PPK1A 

DMSO are not significantly different. Symbols are as follows: ns, p > 0.05; *, p < 0.05; ** (Two-

way ANOVA, Tukey’s multiple-comparison test). Data points are the average of triplicates or 

more; error bars are ±SD. 
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Fig 23: Gallein phenocopies PPK1 knockouts to attenuate A. baumannii biofilm formation. 

(C) Representative image of gallein treatment and PPK1 knockout on A. baumannii biofilm 

formation. Image is representative of n = 3 assays. (D) Quantification of gallein treatment and 

PPK1 knockout on biofilm formation. Symbols are as follows: ns, p > 0.05; **, p < 0.01; 

***, p < 0.001 (Two-way ANOVA, Tukey’s multiple-comparison test). Data points are the 

average of triplicates or more; error bars are ±SD. 

 

Finally, to assess virulence of A. baumannii, a C. elegans fertility assay was conducted to 

quantify the reproductive capability of adult nematodes following bacterial challenge. A recent 

study (70) demonstrated that the AB5075 AV-T cellular subpopulation exerts a stronger effect 

on C. elegans fertility, and as such translucent cells were chosen for virulence evaluation. 

Feeding of both PPK1 knockout strains significantly increased mean nematode progeny with 

respect to the parent strain (Fig 24). In turn, gallein treatment significantly increased mean 

progeny counts to levels seen in PPK1 knockout strains (Fig 24). Notably, gallein did not 

influence mean progeny counts on E. coli OP50 seeded negative control plates, in keeping with 

previous observations demonstrating a lack of gallein induced toxicity (20).  
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Fig 24: Gallein and PPK1 knockout increase C. elegans progeny following A. baumannii 

challenge. Progeny count of C. elegans following feeding with A. baumannii strains (n = 7) or 

OP50 (n = 3). Symbols are as follows: ns, p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001 

(Two-way Unpaired Welch’s t test). Error bars are ±SD. 
 

 

 

 

Gallein treatment was also shown to provide a survival benefit in preliminary C. elegans 

infection models for both A. baumannii and, K. pneumoniae (Fig 25). While these results are 

promising it must be stated that these assays require additional biological replicates in order to 

draw any statistically significant conclusions.   
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Fig 25: Gallein attenuates A. baumannii and K. pneumoniae virulence in C. elegans 

infection models. (A and B) Kaplan-Meier plots of solid killing assays for A. baumannii (A) 

and K. pneumoniae (B) in the presence of 100 μM gallein or equivalent volume of DMSO. 

Symbols are as follows: *, p < 0.05; **, p < 0.01 (Mantel-Cox log rank test, n = 15 worms per 

condition).     

 

 

 

3.7 Gallein treatment does not influence gastrointestinal microbiota populations   

 

Continuing, we sought to assess the non-disruptive properties of gallein which remain a 

hallmark of anti-virulence therapeutics. Chemostat bioreactors are used to culture complex 

microbial communities that resemble those within the gastrointestinal microbiota (GIM). These 

systems employ a continuous culture model and provide valuable insight into compositional 

changes in microbial communities over time and in response to perturbations (76). To assess the 

effects of gallein on the GIM, a twin-vessel chemostat system was inoculated with 33 different 

bacterial strains, representative of a “healthy” GIM community. The chemostats showed similar 

changes in microbial distributions and compositions at the family taxonomic level across time 

(Fig 26A). We found no significant difference in relative alpha diversity when comparing 

treatment conditions within a given phase or when comparing phases within a given treatment 
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(Fig 26). There is no significant difference in beta diversity, as can be seen in principle 

coordinate analysis (PCoA) clustering when comparing treatment groups (Fig 26C) and validated 

using Jaccard’s distance. We observed that time had a significant effect on alpha and beta 

diversity (Fig 26), but these changes were consistent in both treatment and control. We did not 

observe differences in the percent abundance of selected families of Gram positive 

(Bifidobacteriaceae, Lactobacilliaceae and Ruminococcaceae) organisms and Gram negative 

(Bacteroidaceae and Enterobacteriaceae) organisms (Fig 26D and E). The addition of gallein 

was found to significantly reduce total community polyP abundance during the treatment time 

course, as well as following compound washout (Fig 27A). Interestingly, we also observed a 

significant reduction in adhered exopolymer within the waste outflow tubing of the chemostat 

vessel which had received gallein treatment, compared to DMSO (Fig 27B). When evaluating 

the community composition of the biological material, we did not notice any significant 

differences between the vessel that was exposed to gallein compared to the vessel exposed to 

DMSO (Fig 27C). Furthermore, when assessing percent abundance of bacteria within the family 

Enterobacteriaceae specifically, we did not notice a difference between the two vessels (77.7 % 

and 79.7%) (Fig 27D).  
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Fig 26: Gallein does not reduce microbial viability in a chemostat model. Metagenomic 

analysis of 16S rRNA sequencing data shows bacterial diversity in chemostats treated with 

gallein versus DMSO vehicle over time (growth, treatment, washout phase). (A) Relative 

abundance at the family taxonomic level demonstrates similar composition and distribution 

regardless of treatment. Taxa with a relative abundance less than 5% are combined in white 

space at the top of each column. (B) A violin plot depicting the relative alpha diversity by phase 

and condition shows no significant difference when comparing condition and phase (Mann–

Whitney U test, pgrowth = 0.2973, ptreatment = 0.9705, pwashout = 0.5887). Markers and whiskers 

showing mean ± SD (C) Principal coordinate analysis (PCoA) ordination using Bray-Curtis 

distance showed no distinct clustering by treatment (PERMANOVA: R2 = 0.01823, p = 0.44). 

(D and E) Percent relative abundance at the family taxonomic level over the experimental time 

course for representative Gram positive and Gram negative bacteria respectively. 

 

 

 

 

 

 

 

 

 



 
50 

 

 

 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 27: Gallein treatment reduced polyP and Enterobacteriaceae exopolymer adhesion. (A) 

Quantification of total bacterial polyP on select days in DMSO control Vessel A (VA) and 

gallein treated Vessel B (VB). (B) Quantification of adhered dry biological mass per cm squared 

of waste outflow tubing for each chemostat vessel. (C) Metagenomic analysis of 16S rRNA 

sequencing demonstrates a similar relative abundance of bacteria at the family taxonomic level 

in the biological material adhered to the waste outflow tubing of each chemostat vessel. (D) 

Percent relative abundance of bacteria belonging to the Enterobacteriaceae family within the 

biological material adhered to the chemostat waste outflow tubing.  Symbols are as follows: ns, 

p > 0.05; *, p < 0.05; **, p < 0.01; ***, p < 0.001 (two-way Unpaired t test). For panel A, data 

points are the average of triplicates, for panel B data points are generated from the average of 

three sections of tubing; error bars are ±SD. 
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3.8 Molecular dynamics simulations of PPK1A and PPK1B reveal differences in oligomeric 

interactions 

 

 

Given the discrepancies in kinetic parameters of PPK1A and PPK1B despite a high 

degree of sequence similarity (Fig 1), we sought to further probe for biochemical discrepancies 

at the enzymatic level. To this end, molecular dynamics (MD) simulations derived from 

homology models of PPK1A and PPK1B were performed. From previous work with E. coli 

PPK1, the minimum functional oligomerization of this enzyme for the synthesis of polyP is 

known to be a dimer, though higher order oligomeric states are possible (15). As such, a dimer 

was chosen as the functional unit for analysis. From the MD simulations of the dimeric models, 

the two PPK1 monomers intertwine, with the residues 150-190, and 380-415 comprising the bulk 

of the protein-protein interactions. With respect to the monomer, several new hydrogen bonds 

and hydrophobic interactions form at the dimeric interface for both models (Fig 28), which 

resulted in the distortion of the surface. Though the overall structure of the PPK1A dimer is 

similar to that of the PPK1B dimer (Fig 29), there remain subtle discrepancies in secondary 

structure. To clarify the conformational changes for the dimer formations, the root-mean-square 

fluctuations (RMSF) values of each residue were analyzed (Fig 30). The large difference of 

RMSF values between the two dimers were found mainly in the residues 1-16, 439, 699, 773, 

774, 775, 1357, 1358, 1383 and 1384 (for convenience, continuous numbering from first 

monomer to second monomer is employed). The residues 1-16 are situated in the loop zone 

showing flexibility, while the increase of RMSF values in the 439, 699, 773, 774, 775, 1357, 

1358, 1383 and 1384 positions are accompanied by different hydrogen bonds and hydrophobic 

interactions (Fig 31).  
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Fig 28: The structural superimposition of monimeric and dimeric forms of PPK1A and 

PPK1B noting predicted dimer contacts. Conformational discrepencies between are 

emphasized at the dimeric interface with respect to the monomeric form of both enzymes. 

PPK1A is shown in panel A and PPK1B is shown in panel B.  
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Fig 29: The structural superimposition of PPK1A and PPK1B dimers derived from homology 

models. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 30: The fluctuations of residues in the PPK1A dimer and PPK1B dimer. PPK1A 

fluctuations are depicted in red, and PPK1B fluctuations are depicted in black. Residue numbers 

are indicative of continuous consecutive residue labelling of dimer chains A and B.    
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Fig 31: The structural superimposition of certain residues demonstrating conformational 

differences in PPK1A and PPK1B dimer models. 
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Chapter 4  

 

General Discussion 
 

 

 PPK knockout strains of pathogenic bacteria have long been known to harbour defects in 

stress response mechanisms and virulence factor pathways (16, 41–44). This decades old proof 

of concept has unsurprisingly enticed researchers to develop inhibitors targeting homeostasis of 

these enzymes (42, 54, 84, 85). While great strides towards efficient anti-virulence drugs have 

been made, there remains much to be improved upon. Although several inhibitors targeting 

bacterial PPKs have been identified, these molecules suffer from their inability to selectively 

inhibit multiple PPK isoforms. Moreover, these molecules seldom are assessed for broad-

spectrum activity in a variety of bacteria (53). We recently demonstrated that the small molecule 

gallein had dual-specificity inhibition of all four P. aeruginosa PPK enzymes while avoiding off-

target toxicity (20). Although an important finding, it is also worth considering that the species 

P. aeruginosa has extensively been the subject of polyP literature since the pioneering work of 

Dr. Arthur Kornberg’s group (40, 41). 

 

4.1 Premise of this work   

 

These observations formed the premise for our current work, to determine whether 

gallein was capable of broad-spectrum PPK inhibition across multiple priority pathogens. The 

species A. baumannii and K. pneumoniae were chosen as they currently are both considered 

critical priority pathogens by the WHO (62). Furthermore, the body of literature pertaining to 
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polyP or PPK mediated virulence of these species is lacking, leaving an untapped well of anti-

virulence research understudied at a time when antibiotic resistance is on the rise (62). Recently, 

inhibitors of A. baumannii PPK1B were identified from repurposed drugs (56), marking the first 

advancement in A. baumannii PPK research in several years. Unfortunately, however, there was 

a lack of control for the characteristic phase-variation of this species when assessing virulence 

factors. Given the stark phenotypic disparity of each phase-variant subpopulation (Fig 8) (65), 

this leaves any assessment of drug induced attenuation intrinsically confounded, and most 

conclusions thereof subject to scrutiny. This issue can be most easily visualized in the surface 

associated motility assays performed in the work cited. Translocation diameter for each strain or 

treatment group were relatively consistent in size (56), this feature has been observed when 

phase variants are not segregated prior to motility analysis (86, 87). As such, any statistically 

significant measurements which correspond to this assay could easily be attributable to irregular 

shaped zones of bacterial growth, thus biasing measurements misrepresenting results. Perhaps 

the most egregious example of oversight is found in the qRT-PCR experiments. RpoS transcript 

abundance was assessed following treatment with both drugs, there is just one issue however, in 

that A. baumannii does not encode this sigma factor (NCBI ref seq: NZ_CP008706.1).  

 

4.2 Gallein inhibits Enterobacteriaceae PPK1s and attenuates biofilm formation 

 

Consistent with P. aeruginosa, gallein treatment successfully inhibited PPK1s in vitro 

from multiple species of Enterobacteriaceae (Fig 12A and B) as well as PPK2 from K. 

pneumoniae (Fig 13).  K. pneumoniae intracellular polyP accumulation was also significantly 

reduced (Fig 12C), which in turn resulted in the attenuation of biofilm formation (Fig 14A and 
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B). Adhered exopolymer was also significantly reduced in the chemostat vessel waste outflow 

junction which had received gallein (Fig 27B). Sequencing revealed that the biological matrix 

was overwhelmingly composed of species belonging to the Enterobacteriaceae family, at an 

equivalent abundance (Fig 27C and D). This reduction in Enterobacteriaceae adhered 

exopolymer is thus consistent with in vitro biofilm attenuation following gallein treatment of K. 

pneumoniae monocultures (Fig 14B), with no changes to cellular growth kinetics (Fig 14C). To 

our knowledge, these findings represent the first evidence of selective drug targeting and anti-

virulence inhibition of K. pneumoniae PPKs.    

 

4.3 Gallein inhibits A. baumannii PPKs with subsequent reductions in intracellular polyP 

accumulation   

 

While previous studies have characterized PPK1 enzymes from Acinetobacter sp. (67, 

69), these focused on the PPK1B isoform. A. baumannii presents with a rare instance of 

encoding a second putative PPK1 – namely PPK1A. Both PPK1A, PPK1B, as well as PPK2 

from A. baumannii were inhibited by gallein treatment (Fig 17A and B, Fig 13 respectively), 

though the kinetic parameters between both PPK1 enzymes were not fully consistent. PPK1A 

maximal activity in vitro (Fig 17A) was approximately 10-fold lower than that of PPK1B (Fig 

17B). These experimental findings indicate discrepancies at the biochemical level between 

PPK1A and PPK1B, somewhat surprising given the enzymes share ~67% sequence identity (Fig 

1). While more thorough biological characterization is still required, preliminary molecular 

dynamics simulations suggest some difference in secondary structure conformation and residue 

interactions along the homodimerization interface, and hint at distinct regions of flexibility or 

conformity (Fig 28 – 31). It therefore remains a possibility that A. baumannii PPK1A and 
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PPK1B functional variations are a result of deviations in oligomeric contacts, which have been 

shown to affect the activity of E. coli PPK1 (15, 88). This enzyme demonstrated the capacity to 

alter oligomerization states in vitro in response to ATP concentration.  

 This is reminiscent of the terminal purification tag causing functional deviations for 

PPK1B from this study (Fig 19).  PPK1 isoforms from other species have been shown to be 

functionally influenced through terminal His6-tags (89), and the mechanism of amino acid action 

interaction remain unclear. Again, these functional deviations could be due to discrepancies in 

oligomeric contacts. It is tempting to speculate that an additional level of enzymatic regulation 

carries with it broader niche-specific physiological significance, as is often the case with species 

encoding multiple PPK2 isoforms (19, 20, 90, 91).  

 

4.4 A. baumannii phase-variant specific polyP accumulation and PPK1 transcription are 

different 

 

PolyP accumulation in individual knockout strains of either enzyme indicates that 

intracellular biosynthesis is mediated primarily through PPK1B activity (Fig 16A). PolyP 

accumulation in the ΔPPK1A strain was unaffected with respect to the parent, yet the ΔPPK1B 

strain had significantly reduced levels of intracellular polyP (Fig 16A and B), consistent with 

weaker PPK1A polyP synthesis activity in vitro (Fig 17A and B). All three strains were 

significantly attenuated in polyP accumulation following gallein treatment (Fig 16A) reflecting 

enzymatic inhibition observed in vitro. While it cannot be fully ruled out that A. baumannii 

PPK2 is not responsible for some degree of intracellular polyP accumulation, polyP biosynthesis 

mediated by class 2 PPK2 enzymes from other species is negligible and insufficient for polyP 

granule biogenesis (90).  
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 Further functional variations between PPK1A and PPK1B are observed for intracellular 

polyP accumulation following phase-variant segregation. This was demonstrated through single 

knockout strains favouring polyP biosynthesis in particular subpopulations (Fig 20A). 

Transcriptional variation was partially responsible for this phenomenon. Both the parent and 

ΔPPK1A strain displayed an increased expression of ppk1B in the AV-T phase-variant with 

respect to the VIR-O following phosphate starvation (Fig 21A and C). It therefore follows that 

the greater accumulation of polyP observed in ΔPPK1A AV-T cells (Fig 20A) is likely due to 

elevated phase-specific ppk1B transcription.  

In the case of ΔPPK1B strain however, this is inconsistent. While it is known that PPK 

expression generally increases following phosphate deprivation and induction of the pho regulon 

(92), we did not detect any significant phase-variant specific ppk1A transcriptional upregulation 

prior to, or following, starvation under the assayed conditions (Fig 21A and B). The reduction in 

polyP accumulation observed in the ΔPPK1B AV-T cellular phase (Fig 20A) was therefore not a 

result of selective ppk1A transcriptional upregulation in VIR-O cells as originally anticipated, but 

rather due to an unknown factor. There could be many possible explanations; for example, 

preferential transcription or activation of polyP biosynthesis antagonists such as PPK2 or 

exopolyphosphatase (PPX) (12) in AV-T cells. Alternatively, biased upregulation of proteolytic 

machinery (93), possible protein binding partners (88), or alternative transcriptional regulatory 

elements (94) could instead serve to modulate PPK1A activity more stringently.    
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4.5 Gallein treatment and PPK1A knockouts attenuate virulence factors of A. baumannii  

  

 Surprisingly, the A. baumannii ΔPPK1A strain was found to be significantly attenuated in 

surface-associated motility (Fig 22A and B). This was consistent with reports of motility 

deprivation in other ppk knockout species (40, 41), and despite A. baumannii being non-

flagellated, it does encode type IV pili required for twitching motility (86). A PPK1 dependent 

phenotype in P. aeruginosa (95), these molecular structures appear to be at least partially 

responsible for A. baumannii surface-associated motility (87). There are however conflicting 

reports on the full involvement of type IV pili during surface-associated motility (86, 87), 

leaving the mechanistic nuances of this phenotype largely unclear. While the ΔPPK1A strain was 

significantly attenuated in cellular translocation with respect to the parent, the ΔPPK1B strain 

was not (Fig 22A and B), despite the VIR-O phase-variant accumulating significantly less polyP 

(Fig 20B). Similar trends were observed for A. baumannii biofilm formation. Once again, the 

ΔPPK1A AV-T phase-variant accumulated comparable levels of polyP to that of the parent (Fig 

20C) yet demonstrated a significant reduction in biofilm formation (Fig 23A and B). Gallein 

treatment mimicked PPK1A knockout in both the parent and ΔPPK1B strains, with no additive 

effects, suggesting that attenuation of both phenotypes under the assayed conditions are indeed 

PPK1A dependent. These are important findings, as both ΔPPK1A phase-variants are not 

attenuated in polyP biosynthesis compared to the parent (Fig 20B and C). This would suggest 

that virulence phenotypes are less reliant upon increased intracellular polyP stores, as is 

generally the trend in other species (20, 42, 96), but rather PPK1A activity. While it is true that 

the manifestation of both phenotypes require intact quorum sensing networks (87, 97), another 

system heavily implicating PPK homeostasis in other species (40, 95, 98), full induction of these 
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pathways and downstream virulence factor regulation again typically involve elevated polyP 

biosynthesis (96). This is contrasted in A. baumannii, where seemingly intracellular polyP 

reserves alone are insufficient for phenotype presentation. Taken together, this could be 

suggestive of both PPK1A and PPK1B possessing unique intracellular functional or regulatory 

roles beyond polyP biosynthesis. In addition, the PPK1A isoform would appear to be more 

closely associated than PPK1B with the mechanisms of virulence-factor presentation.   

 

4.6 Gallein treatment and PPK1 knockouts reduce virulence in C. elegans models of 

infection 

 

 Virulence of both knockout strains as well as the parent strain of A. baumannii treated 

with gallein was significantly attenuated in a C. elegans fertility model. Lower progeny counts 

correlate with increased colonization susceptibility of the nematodes (74), and in each case, 

mean progeny counts were significantly higher than that of the parent (Fig 24). Notably, the 

ΔPPK1B strain was deficient in virulence as well, suggesting that despite showing no defects in 

motility and biofilm formation, it nevertheless is attenuated in some element of colonization. 

One possibility, is that given the ΔPPK1B strain accumulates significantly less polyP, perhaps 

the observed suppression of virulence is a result of an inability to adequately respond to physical 

stressors (99). C. elegans comprises “ancestral” immunity (100, 101), and while certainly not as 

robust as the mammalian immune system, still employs the generation of cytotoxic reactive 

oxygen species (102), synthesis of antimicrobial peptides by intestinal epithelial cells, and the 

ability to mount pathogen-specific immune responses (101). Long chain polyP has been shown 

in E. coli and P. aeruginosa to play an essential role as a phosphate nutrient reservoir, as well as 

a determinant in tolerance to oxidative stress, osmotic shock, and survival during stationary 



 
62 

 

phase (8, 42, 96, 99). It therefore stands to reason that failure to synthesize sufficient polyP could 

result in reduced bacterial physical stress tolerance during acute infection.  

 Decreased virulence through gallein treatment was mirrored for both A. baumannii and K. 

pneumoniae in preliminary solid phase survival assays (Fig 25). Gallein treatment offered 

protection following bacterial challenge for both species. It is worth noting however, that these 

forms of assays are perhaps not suitable for virulence modeling for these species.  C. elegans 

killing assays were certainly popularized for P. aeruginosa research, though it is worth 

considering that PA14, a common model strain of this species, remains significantly more 

acutely virulent than many other Gram negative organisms (103). This is in no small part 

attributable to P. aeruginosa being a prodigious producer of secreted toxins (20, 104). C. elegans 

killing seems to particularly involve the production of pyoverdine (20, 105), a siderophore which 

imparts the characteristic green colour of P. aeruginosa. A requirement for acute infection, this 

toxin is absent from other pathogens, in addition to the many other virulence molecules this 

bacterium is capable of weaponizing (104). The result is delayed worm death for most species, 

with PA14 demonstrating 100% nematode lethality after 4-6 days (103), whereas A. baumannii 

and K. pneumoniae take over twice the amount of time for the same outcome (103) (Fig 25). 

This introduces the confound of age-related worm death (103), something which is unable to be 

accurately addressed in this assay. Fortunately, the fertility assay remains a viable alternative. In 

addition, alternative simple animal models exist for A. baumannii as well. In recent years, the 

organism Galleria mellonella, a wax moth larva, has been used to a greater effect (65). There are 

several advantages to using this organism over the more traditional C. elegans (65). Perhaps the 

most relevant feature being the ability for these organisms to be grown at 37 ˚C (65, 106), while 

C. elegans on the other hand is routinely cultured at 20 – 25 ˚C (20, 74). In addition, G. 
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mellonella comprises both humoral and cellular phagocytic based immune responses for a more 

robust and transferable system towards higher mammals (106). Survival assays with AB5075 

VIR-O phase-variants can result in >80% larval death after 24 hours (65). Despite these benefits, 

there remains an a key drawback to G. mellonella, in that to date no standardized strains of moth 

for research purposes have been established (65, 106, 107).   

 

4.7 Why two PPK1s in A. baumannii?  

 

 It is certainly a possibility that the need for an additional PPK1 is due to the characteristic 

phase variation of this species which serves to further compartmentalize virulence factor 

regulation. While this would conceptually be a logical conclusion, we show that PPK1A function 

is more important for virulence factor presentation than PPK1B, and that PPK1B does not appear 

to be as closely associated with the assayed virulence factors. Moreover, PPK1B was detected at 

a higher transcriptional abundance in the AV-T phase variant than the VIR-O, yet biofilm 

formation requiring AV-T cells was not influenced by PPK1B knockout but was by gallein 

treatment. As such, it remains unclear why this organism encodes a secondary PPK1 isoform.   

 The greater transcriptional abundance of PPK1B in the AV-T phase-variant is indeed 

difficult to rationalize mechanistically within the context of the work presented here. Taken 

alone, it would seem a logical extrapolation to conclude that PPK1B activity is more closely 

regulated or required for virulence factor presentation in the AV-T phase variant. This, however, 

is not the case, as discussed in the context of biofilm formation. The C. elegans fertility assay did 

implicate functional PPK1B as necessary for wild-type virulence, though whether this is a result 

of an inability to transcribe sufficient PPK1B or some other feature remains unclear. While it is 
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true that A. baumannii does employ additional toxins not assessed here (108), within the context 

of this work, it is impossible to disentangle the confound of simply overall decreased levels of 

polyP from direct PPK1B action.     

 

4.8 Gallein treatment does not harm human gastrointestinal microbiota 

 

 We did not observe notable differences between the chemostat vessel that was exposed to 

gallein compared to the one exposed to DMSO vehicle. There were no differences in species 

richness (alpha diversity), species diversity (beta diversity) or taxonomic distributions when 

comparing chemostat vessels (Fig 26A – E). In brief, alpha diversity is a metric used to estimate 

the diversity within a single system through the quantification of the taxonomic distribution of 

species, genera, or families, etc. termed operational taxonomic units (OTUs) (109). This is in 

contrast to beta diversity, which is a metric of dissimilarity between systems. This is done 

through comparison of overlapping and unique OTUs present in either system (109). The number 

of distinct OTUs are used to calibrate a distance matrix representing the differences in 

communities. Various ordination methods are then used to represent data in low-dimensional 

space. This is the basis of the PCoA analysis in which geographic proximity of the of the sample 

clusters represent quantitative similarity (110).    

 These findings are important because they suggest that not only does gallein attenuate 

virulence factors of K. pneumoniae and A. baumannii but does so without damaging the 

gastrointestinal bacterial flora, a side effect of current antibiotic therapies (111). The densely 

populated microbial ecosystem of the gastrointestinal microbiota (GIM) offers abundant 

opportunities for horizontal gene transfer, including antibiotic resistance genes. One study 
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sequenced the GIM of 162 individuals, finding a total of 1093 antibiotic resistance genes (112). 

Continually exposing the GIM to antibiotics, both medically and through their use in farm 

animals and crops, increases the likelihood of acquiring antibiotic resistance genes, and it is thus 

imperative to investigate the potential of alternative therapies (23, 111). Notably, gallein 

treatment also reduced total community polyP accumulation (Fig 27A), suggesting that despite 

metabolically influencing GIM, gallein remains unharmful to these species. These findings 

reflect the benefits of anti-virulence therapeutics in contrast to traditional antimicrobials.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
66 

 

Chapter 5  

Conclusions and Future Directions 

 

Gallein treatment has now been shown to act as a broad-spectrum inhibitor attenuating 

virulence of K. pneumoniae, and A. baumannii in addition to P. aeruginosa (20), while 

simultaneously remaining innocuous to beneficial human microflora. Moreover, gallein treated 

controls aided in the identification of novel A. baumannii PPK1 physiological elements, 

highlighting the unique prospect of employing this inhibitor as a tool to study bacterial polyP 

homeostasis. Together, these works serve to lay the foundations for developing a novel class of 

anti-virulence therapeutic, whilst paving the way for new discoveries in the field of polyP 

research.   

Despite these advancements, many important questions remain. Firstly, whether gallein 

treatment is suitable as an antimicrobial deterrent in higher organisms. Mice models would be an 

appropriate segue for advancing further research. Other groups have shown that ppk defective 

strains of P. aeruginosa are defective in elements of virulence in these animals (40), and thus it 

would stand to reason that gallein treatment would elicit similar virulence attenuation. Moreover, 

gallein has been shown to be non-toxic in unrelated mouse studies (58), suggesting that this 

compound would not be harmful to them. Taken together with the previous work identifying 

non-toxicity towards HEK 293T cells, no substantial hits for mammalian kinase inhibition (20), 

and finally non-disruptive preliminary findings from a human GIM model in this work, this 

poises gallein as safe candidate for human drug design.  

While preliminary findings pertaining to gallein non-disruption of GIM are promising, 

there remains the question of whether gallein treatment will continue to function as intended 
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when pathogenic organisms are introduced to the system.  Future investigations should focus 

upon the inclusion of priority pathogens within the chemostat or mammalian model systems to 

assess gallein damage to normal flora. By extension, whether gallein treatment will result in up-

regulation of resistance elements should be assessed as well.   

 Functional discrepancies between A. baumannii PPK1A and PPK1B remains another 

mystery which requires additional studies to probe. This work highlighted a unique instance of 

functionally distinct PPK1 isoforms at the biochemical, transcriptional, and phenotypic levels. At 

this point, it is unclear what the full physiological relevance is of dual PPK1 genes. PPK1A 

appears to be more closely associated with virulence factor presentation yet PPK1B action does 

not seem to be as necessary for the virulence factors assayed. It is important to consider, 

however, that additional virulence factors which were not assayed could be under the regulatory 

powers of PPK1B, including siderophore secretion or, as previously discussed, tolerance to 

physical stressors. Future studies should focus upon these attributes of virulence ideally in higher 

organism models.     

 Obtaining a crystal structure of PPK1A and PPK1B would also aid in elucidating the 

molecular interactions which result in the functional deviations observed. While the MD 

simulations hint at possible oligomeric deviances, further functional assays are required to 

confirm such.    
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