Investigating the success of Acinetobacter

baumannii in the clinical setting

QI LIU

B. Sc (Biotechnology), University of Sydney
B. Sc (Honours, first class), Macquarie University

M. Sc (Biotechnology and Commerce), Macquarie University

This thesis is presented as a partial fulfilment to the requirements for a

Doctorate of Philosophy

Department of Chemistry and Biomolecular Sciences, Macquarie University,
NSW, Australia

July 2017



II



Table of Contents

Table of CONtENtS......ccimrinmim s ———————————— II
Statement of Candidature ... ———————— VI
0 0 oL o VII
List of tables. ... ———————————— IX
List of supplementary data .......ccci—————————— IX
ACKNOWIEAZEMENLS .....cceiiniicisnsssnsssssssssssssssss s sn s s as s snsnss X
Publications ......ccmmms———————————————— XII
Publications in Preparation ... XIII
(000 110 ) 1 Lo 0 X0 ) o XIV
CoNtribUIONS. ... ——————————————— XVI
23 T XVIII
ADbDreviations ... ———————————————— XXI
Chapter 1: INtroduction ... ssssssssssssssasss 23
1.1 Acinetobacter baumannii 2
1.1.1 Population structure of A. DAUMANATL ... 3
1.1.2 Epidemiology of A. BAUMANAIL ....eeeeerverirsirrsssisssissssssssssssss s ssssssssssass 5
1.1.3 GenomicCS Of A. DAUMARATL c....cueereerrererreirsessesesesessessssssssessssssssessessessesssssssss s ssssssens 6
1.1.3.1 Regions of 2enomicC PlastiCity ..uemmmmmmssssssssssnssssssssssssssssssssssssssssssssssass
1.1.4 The success of A. baumannii as a pathogen in the hospital setting ................. 8
1.1.4.1 Antibiotic resistance mechanisms in A. DAUMANATL ......cecevererereressesseessessessessesenses
1.1.4.1.1 Multidrug efflux pumps for antibiotic resistance........ooerreeseereesseenees

II1



1.1.4.1.2 Acel, the representative of a new family of efflux pumps......cccoueerruneen.
1.1.4.1.3 Regulation of multidrug effluX pump ...
1.1.4.1.3.1 Transcriptional regUIators ... ssesseesesseesssesseens
1.1.4.1.3.1.1 The LysR-type transcriptional regulator superfamily proteins

1.2 Bacteria interactions 17

1.2.1 Synergistic INLETaCIONS .vcrrerisssrississssssissssssssssssss s sees 18
1.2.2 AntagonistiC INEEIACLIONS ...cururirrsrmsssssssssissssssssssssssss s saees 19
1.2.3 A. baumannii coexistence with other bacteria .......oorrnerserneensensessessessesseens 20
1.2.3.1 General features of K. PREUMONIAE .........ceuveerereeneessessesresesesessesssssssssssesesessssssssssees
1.2.3.1.1 Genomics Of K. PNOUMONIAE .....cueureeeeereereereereereersesssesseesesssessesssessssssssssssssssseans
1.2.3.1.2 Epidemiology of K. pPReUMONIAE .......cweoreerrereseereereeeseeseeseeseesseesesssessesseans
1.2.3.2 Epidemiology of A. baumannii and K. pneumoniae co-infections..........ccouuene..
1.2.4 Bacterial interactions in biOfilms ... 23
1.2.4.1 A. baumannii biofilm fOrMAtION.. ...t ssees
1.2.4.2 K. pneumoniae biofilm fOrmation ........mneensensensenesessssesssssssssssesessessessessesees
1.2.4.3 Quorum sensing of bacteria in biofilm ...

1.2.4.3.1 Quorum sensing in A. baumannii and K. pneumoniae..............oeewereenn.

1.3 Objectives of thesis 30

1.4 References 31

Chapter 2: Homologs of the Acinetobacter baumannii Acel transporter represent

a new family of bacterial multidrug efflux systems..........ccovcrinnnssnssscsnsnssesnns 53

Chapter 3: Regulation of the acel multidrug efflux pump gene in Acinetobacter

DAUIM AT «.oveeeeriiiesseisnsisssessssssssssssssssssnsssssnssssssssssssnsssssssssssnss sassnsssssnsssssnsssssnnssssansnnsnnsnnss 60

Chapter 4: Fluorescence-Based Flow Sorting in Parallel with Transposon
Insertion Site Sequencing Identifies Multidrug Efflux Systems in Acinetobacter

DAUIM AN «.oveeeeriiiesssiensisssessssssssssssssssssssssssnssssssssssssnsssssssssssnss sassnssssnnsssssnsssssnnssssanssnsnnsnnss 71

IV

14



Chapter 5: Interactions between co-cultures of clinical isolates of Acinetobacter

baumannii and Klebsiella pREUMONIAE ...........cocuusssesesssssssssssssssssssssssssssssssssssssssssssss 78
Abstract 79
Introduction 80
Materials and Methods 82
Results and discussion 88
Conclusions 97
Reference 115

Chapter 6: Conclusions and future perspectives.........n. 123
6.1 Conclusions 124

6.1.1 Multiplicity and redundancy of multidrug transporter genes ........oumees 124

6.1.2 Acel and its homologs represent a new family of multidrug efflux pumps125
6.1.3 Expression of the acel gene is regulated by a divergently transcribed LysR family
U711 0] 126

6.1.4 A new functional genomic method for the characterisation of efflux pumps in

o FE TG 1S 128

6.1.5 Molecular interactions between A. baumannii and a co-infecting pathogen, K.
PILCUILONIersensereseresesesesssessssesssssenssssssassstasssesssssssasssesssesssssssssssstassntssassssassssnsssssassssassessssnes 129

6.2 Future directions 131

6.2.1 Exploration of the physiological substrates of the PACE efflux system. 131
6.2.2 Crystal structure of the PACE family protein, Acel and its corresponding LTTR
family protein, ACER ... ————— 133
6.2.3 Insight into multispecies interactions in flow-cell biofilms .....ccoourerernirens 133

6.2.4 Development of new therapies to combat infections caused by multidrug resistance

(MDR) pathOZENS ... ssssssssans 134
LI T G £S5 1<) 1L 136
D2 ] 0= 1 . 140



Appendix I: Biosafety approval letter 141

Appendix II: Other co-author publications 143

Statement of Candidature

I certify that the work presented in this thesis only consists of research generated through my
own efforts with the supervision of Professor Ian T. Paulsen and Dr Karl A. Hassan in the
Department of Chemistry and Biomolecular Science, a part of Faculty of Science and
Engineering at Macquarie University, and has not been previously submitted to fulfil
requirements for any other degree nor at any other institution. Any assistance obtained in the
preparation of this work and the reported research has been acknowledged accordingly. All
literature and other sources of information have been cited appropriately. Biosafety approval
for this work was obtained through the Macquarie University Ethics Review Committee
reference numbers 08/03/EX (19 June 2008), 5201100898 (2011-2015), and 5201401141

(2015-2020).

Qi Liu

VI



List of figures

Figure 1.1 Global epidemiology of carbapenem-resistant

Acinetobacter strains. 6
Figure 1.2 Various drug resistance strategies in bacteria. 3
Figure 1.3 Diagrammatic comparison of the five families of

efflux pumps. 10
Figure 14 Predicted topology of Acel. 12
Figure 1.5 A schematic representation of the classical model

for LTTR-dependent transcriptional regulation. 15
Figure 1.6 LysR oligomerisation and subsequent DNA

binding. 17
Figure 1.7 Epidemiological features of producers of Klebsiella

pneumoniae carbapenemases by country of origin. 22
Figure 1.8  yjjygiration of  interspecific  interactions  in 24

polymicrobial biofilms.
Figure 2.1 Tree showing the phylogenetic relationships of BTP

family proteins included in this study. 55
Figure 2.2  Acriflavine and proflavine efflux mediated by 57

VP1155.
Figure 3.1 Sequence and structural alignment between AceR

and other structurally-defined LTTR proteins. 64
Figure 3.2 Effect of chlorhexidine on A. baumannii AB5057-

UW. 65
Figure 3.3 SDS-PAGE showing AceR expression and

purification. 66
Figure 3.4 EMSA showing AceR binding to the acel-aceR

intergenic region. 66
Figure 3.5 Identification of the AceR-binding site by DNase I

footprinting assays. 67
Figure 3.6 EMSAs showing AceR binding to distinct sites in

the acel-aceR intergenic region. 68
Figure 3.7 Binding affinity between AceRt and chlorhexidine

using SPR and Fluorescence quenching. 68
Figure 3.8 Proposed model of AceR transcriptional regulation

of acel gene expression. 69

VII



Figure 4.1

Selection of A. baumannii mutants carrying
insertions in genes encoding the characterized

efflux pumps. 73
Figure 4.2 Flow cytometric analysis of Acinetobacter
baumannii AB5057-UW strains. 74
Figure 5.1 Phylogenetic relationship of A. baumannii isolates
and K. pneumoniae isolates. 100
Figure 5.2 Co-culture growth between AB6870155 and
KP6870155. 101
Figure 5.3 Heat map of carbon source utilization capability of
KP6870155 and AB6870155. 102
Figure 54 Cross-feeding between AB6870155 and
KP6870155. 103
Figure 5.5 Cross-feeding of the two strains using Millicell
hanging inserts. 104
Figure 5.6 Quantitation of static biofilm formation by the co-
isolated strains. 105
Figure 5.7 Confocal microscopy 3D images of the dual-
infected bacteria grown in flow cell chambers after
L 106
3 days of cultivation.
Figure 5.8 Global transcriptional response of AB6870155 to
KP6870155 in biofilms. 107
Figure 5.9 Transcriptome of KP6870155 when dual-cultured 108

with AB6870155 in biofilms.




List of tables

Table 2.1 Drug resistance conferred by BTP family

proteins. 56
Table 3.1 Bacterial strains and plasmids used in this study. 63
List of supplementary data
Table S5.1 Genomic sequencing statistics of AB6870155
and KP6870155. 109
Table S5.2 Comparison of ORFs conserved in different A.
baumannii strains. 109
Table S5.3 Comparison of ORFs conserved across
different K. pneumoniae strains. 109
Figure S5.1 Gene structure of the resistance RGP,
AbaR155,in AB6870155. 110
Figure S5.2 Capsular polysaccharide encoding gene cluster
in KP6870155. 111
Figure S5.3 The co-isolated strains grown on LB X-
gal/IPTG agar plate. 112
Figure S54 Comparison of carbon sources utilization
(PMO0O1-02) between  KP6870155 and 113
AB6870155.
Figure S5.5 PM microplates carbon sources 114

IX



Acknowledgements

I would like to express my deepest gratitude to my supervisor, Professor Ian Paulsen, for
offering me such a great research project, and his guidance, support and advice throughout my
PhD period. I will always be grateful for being part of his reputed group and for the enriching

experience during my studies. This will be an inspiration for the future.

I would also like to thank my co-supervisor, Dr. Karl Hassan, who helped me a great deal,
providing advice in detailed laboratory techniques and data analyses, throughout the project. I
will always remember his affability, patience, and scientific mind and skills over the period of

my study.

I am very grateful to Dr. Anahit Penesyan, Dr. Sasha Tetu and Dr. Amanda Mackie for help
me with experimental techniques and data analyses. I am also would like to thank Dr. Bridget
Mabutt and her group member PhD candidate Heather Clift for their insightful suggestions on

protein purification and analyses.

I would like to thank my fellow PhD candidates such as Hasinika, Liping, Varsha, Tao,
Daniel, Salisa, Brodie, Alaska for their support, encouragement and most of all their

friendship.

To Paul Worden, thank you for always being friendly and helpful. I am glad that I could share

an office with you.

I would like to thank Macquarie University for providing a pleasant working environment and

supporting me financially through the iMQRES scholarship.



Lastly, I would like to extend my thanks to my family, in particular my wife Zimeng Liu, my

uncle Peishan Liu, my sister Hang Liu and my parents Pengcheng Liu/Ming ming Chen.

XI



Publications

Qi Liu, Karl A. Hassan, Heather E. Ashwood, Hasinika K. A. H. Gamage, Liping Li, Bridget
C. Mabbutt and Ian T. Paulsen. Regulation of the acel multidrug efflux pump gene in

Acinetobacter baumannii. J Antimicrob Chemother.2018.

Karl A. Hassan,® Qi Liu,2 Peter JF Henderson b an T Paulsen 2. Homologs of the
Acinetobacter baumannii Acel Transporter Represent a New Family of Bacterial

Multidrug Efflux Systems. mBio. 2015, Volume 6, Issue 1,e¢01982-14.

Karl A. Hassan,® Amy K. Cain P€ TaoTao Huang,® Qi Liu,2 Liam D. H. Elbourne,?
Christine J. Boinett,? Anthony J. Brzoska, Liping Li,2 Martin Ostrowski,2 Nguyen Thi

Khanh Nhu,d’e Tran Do Hoang Nhu,d Stephen Baker,d’f Julian Parkhill,b Ian T. Paulsen?.
Fluorescence-Based Flow Sorting in Parallel with Transposon Insertion Site Sequencing
Identifies Multidrug Efflux Systems in Acinetobacter baumannii. mBio, 2016 , Volume 7,

Issue 5,e01200-16.

Karl A. Hassan, Qi Liu, Liam D. H. Elbourne, Irshad Ahmad, David Sharples, Varsha Naidu,
Chak Lam Chan, Liping Li, Steaven P. D. Harbourne, Alaska Pokhrel, Vincent L. G. Postis,
Adrian Goldman, Peter J. F. Henderson, Ian T. Paulsen. Pacing across the membrane: the

novel PACE family of efflux pumps is widespread in Gram-negative pathogens. Res

Microbiol. 2018.

Karl A Hassan*, Liam DH Elbourne, Liping Li, Hasinika KA Hewawasam Gamage, Qi Liu,
Scott M Jackson, David Sharples,Anne-Brit Kolstg, Peter JF Henderson and Ian T Paulsen*.
An ace up their sleeve: a transcriptomic approach exposes the Acel efflux protein of
Acinetobacter baumannii and reveals the drug efflux potential hidden in many microbial

pathogens. Frontiers in Microbiology. 2015, volume 6, 00333.

XII



Publications in Preparation

Qi Liu, Karl A. Hassan, Anahit Penesyan, lan T. Paulsen*. Interactions between co-
cultures of clinical isolates of Acinetobacter baumannii and Klebsiella pneumoniae

For mBio.

XIII



Conference posters

Qi Liu, Karl A. Hassan, Hewawasam Gamage H.K.A, Liping Li, Ian T. Paulsen.
Acinetobacter baumannii drug efflux pump regulation. BacPath 15: Molecular Analysis of
Bacterial Pathogens. September 27"- 30" 2015. Phillip Island Silverwater resort, Victoria,

Australia.

H. E. Clift, Q. Liu, K. A. Hassan, I. T. Paulsen and B. C. Mabbutt. Structure and function of
drug efflux regulator proteins in Acinetobacter baumannii. 19" IUPAB congress and 11"
EBSA congress. July 16-20, 2017. Edinburgh International Conference Centre, Edinburgh,

UK.

Karl. A. Hassan', Scott Jackson?, Qi Liu', Liam DH Elbourne, Alaska Pokhrel, Emily Gibson,
Peter J. F. Henderson®, and Ian. T. Paulsen' Conserved intramembranous acidic residues
function in transporter but not substrate binding in PACE family proteins. BacPath 15:
Molecular Analysis of Bacterial Pathogens. September 27"- 30™ 2015. Phillip Island

Silverwater resort, Victoria, Australia.

Karl. A. Hassan', Hasinika Ariyaratne', Scott Jackson®,Anahit Penesyan', Liping Li', Qi Liu',
Simon G. Patching’, Sasha G. Tetu', Bart A. Eijkelkamp’, Melissa H. Brown’, Peter J. F.
Henderson?, Ian. T. Paulsen' An ace up their sleeve: characterization of a novel family of
drug efflux systems represented by the Acinetobacter Acel exporter. BacPath 12:
Molecular Analysis of Bacterial Pathogens. September 29th-October 2™ 2013, Tangalooma

Island Resort, Moreton Island, Queensland, Australia.

Karl A. Hassan', Qi Liu', Liping Li', Anahit Penesyan', Bart A. Eijkelkamp’, Deepa R.
Varkey', Anthony J. Brzoska', Liam D. H. Elbourne', Daniel Farrugia', Melissa H. Brown?,

and Ian T. Paulsen'. Functional roles of efflux systems in Acinetobacter baumannii.

XIV



Membrane Transporters and Other Role in Human Disease meeting, Sydney, December 6th

2012, University of New South Wales, Australia.

XV



Contributions

This thesis is presented in a thesis-by-publication format, with a blend of published and
unpublished work. Each chapter constitutes a single body of work that comprises of study

resulted by several co-authors. The contribution of each co-author is outlined as follows.

Chapter 2:
Homologs of the Acinetobacter baumannii Acel Transporter Represent a New Family of

Bacterial Multidrug Efflux Systems

(Published in mBio Journal on 10 February 2015)

This work was conceived by Paulsen, Hassan, Liu, and Henderson. Experimental work
including, molecular cloning and phylogenetic analysis of BTP family proteins were
conducted by Hassan. Drug resistance and fluorimetric transporter assays of BTP family
proteins were performed by Liu. This manuscript was written by Hassan with contributions

from Liu, Paulsen and Henderson.

Chapter 3:

Regulation of the acel multidrug efflux pump gene in Acinetobacter baumannii

This work was conceptualised by Paulsen, Hassan, and Liu. All experimental work was
conducted by Liu, expect the initial cloning of aceR was done by Gamage and Li, and the
protein structure comparison was conducted by Clift. Experiments results were analyzed by
Liu, Paulsen, Hassan, Mabbutt, and Clift. This manuscript was written by Liu with
contributions from Paulsen, Hassan, Mabbutt, and Clift, Gamage, and Li.

(Published in J Antimicrob Chemother on 21 February 2018)

XVI



Chapter 4:
Fluorescence-Based Flow Sorting in Parallel with Transposon Insertion Site Sequencing

Identifies Multidrug Efflux Systems in Acinetobacter baumannii

(Published in mBio Journal on 6 September 2016)

This work was conceived by Paulsen, Hassan, Cain, Huang, Liu, Elbourne, Biinett, Li and
Parkhill. The experimental design and troubleshooting was conducted by Hassan, Cain,
Huang and Liu. The experimental work specifically conducted by me was preliminary data
generation and concept proofing, including that culturing a number of different mutant A.
baumannii strains, conducting ethidium accumulation assays in these A. bamannii mutant
strains, and flow cytometric sorting of the A. baumannii mutant strains. The manuscript was
written by Hassan with contributions from Paulsen, Cain, Huang, Liu, Elbourne, Biinett, Li

and Parkhill.

Chapter 5:

Interactions between co-cultures of clinical isolates of Acinetobacter baumannii and
Klebsiella pneumoniae

This work was conceived by Paulsen, Hassan, Liu, and Penesyan. All experiments were
performed and analyzed by Liu, except the flow-cell imaging conducted with the assistance of

Penesyan. This chapter was written by Liu, Paulsen, Hassan with contribution from Penesyan.

XVII



Abstract

Acinetobacter baumannii is an increasingly problematic hospital-associated opportunistic
human pathogen that causes a range of infections such as respiratory, urinary tract and blood
infections. The ability of nosocomial A. baumannii isolates to resist a diverse range of
antimicrobial compounds and persist in clinical settings makes it a growing public health

problem.

Multidrug efflux pumps are significant contributors to antimicrobial resistance determinant in
this microorganism. Five multidrug efflux pump superfamilies have been well described in
bacteria, and characterized representatives of each of these five families are found in A.
baumannii. In addition to drug efflux pumps and other resistance determinants, the capability
of this pathogen to flourish in mixed species biofilm communities contributes to its success in

the clinical setting.

Recently, Acel from A. baumannii has been shown to be a novel chlorhexidine efflux pump.
In this study, 23 homologs of acel from different bacteria were cloned and expressed, and
many of the homologs were found to confer resistance to additional biocides, including
benzalkonium, dequalinium, proflavine, and acriflavine. Fluorimetric transport assays
indicated that an Acel homolog from Vibrio parahaemolyticus mediated resistance to
proflavine and acriflavine via an active efflux mechanism. Thus, this group of Acel homologs
represent a new multidrug efflux protein family, the proteobacterial antimicrobial compound
efflux (PACE) family. This is the first new multidrug efflux family to be found in the past 15

years.

The function of AceR, a putative LysR family transcriptional regulator located adjacent to
acel in the A. baumannii genome, was investigated. AceR was demonstrated to be an

activator of acel gene expression, and induction is responsive to the Acel substrate
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chlorhexidine. AceR was demonstrated to bind in a chlorhexidine-inducible manner with a
region of DNA upstream of the putative acel promoter. AceR represents the first regulator of

a PACE family pump to be functionally characterized.

A novel high-throughput screening approach was developed to identify genes encoding
multidrug efflux pumps and regulators in A. baumannii. This innovative screening method
combines fluorescence-activated cell sorting (FACS) in parallel with transposon directed
insertion sequencing (TraDIS). The feasibility of this method was demonstrated using a
population of more than 100,000 random mutants shocked with ethidium bromide, a common
substrate of multidrug efflux pumps. Ethidium bromide is differentially fluorescent inside
and outside the bacterial cytoplasm due to its ability to bind nucleic acids. Cells containing
the highest and the lowest concentrations of ethidium were collected, as the fluorescence
intensity of the mutant cells can be distinguished by FACS. TraDIS was then applied to
determine the genomic locations of transposon insertion within the collected mutants.
AdeABC, AdellK, and AmvA efflux proteins were identified as the major ethidium efflux
systems in A. baumannii, and a new transcriptional regulator that controls amvA expression

was identified.

Another aspect of this work focused on clinical strains of A. baumannii and Klebsiella
pneumoniae isolated from a respiratory tract infection from a single patient. Co-culture
studies of these two pathogens showed complex, multifaceted interactions that were
dependent on their growth state and media. Metabolic profiling showed that the two
pathogens had very different carbon utilization capabilities, and cross-feeding studies
indicated that A. baumannii was able to utilize a secreted metabolite from K. pneumoniae as a
sole carbon source. Transcriptomic analysis of the two strains co-grown in a biofilm
identified significant changes in the expression levels of genes encoding surface structure

biogenesis, amino acid catabolism and transport, as well as biofilm formation.
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Overall, this thesis provides new insight into the function and regulation of a novel class of
multidrug efflux pumps, enabled the development of a new approach for identifying drug
efflux pumps and their regulators, and provides a first look at the molecular and physiological

interactions of two co-isolated pathogens.
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Chapter 1: Introduction



Chapter 1
1.1 Acinetobacter baumannii
Acinetobacter baumannii is a non-fermentative Gram-negative, catalase-positive, oxidase-
negative, aerobic, metabolically versatile, rod-shaped bacteria commonly found in nature [1].
Acinetobacter can be isolated from many different environmental samples such as, in water,
soil and sewage [1]. A. baumannii strains isolated in the 1970s are typically susceptible to
most commercially available antibiotics [2]. However, the increasing emergence of multidrug
and even pan-drug resistant strains has led it to become a major worldwide cause of Gram-
negative hospital-acquired infections [3], such as meningitis, pneumonia, septicaemia,
respiratory and urinary tract infections, skin and soft tissue infections, would infections, and
bacteraemia. Open wounds, catheters and breathing tubes provide avenues for A. baumannii
to enter the body. It usually infects immuno-compromised and critically ill patients, especially

those who are in intensive care units (ICU) and have a history of broad antibiotic therapy [3].

The ability of A. baumannii to quickly adapt to changes allows them to survive for long
periods of time under various harsh environmental stresses [4, 5], including dessication, and
extremes of temperature, and pH. They can be recovered from many different sites in hospital
environments, including bed curtains, furniture, hospital equipment, patients, and medical
workers [5]. Patients colonized or infected with A. baumanni can carry this bacterium for
days to weeks [6]. It was reported that A. baumannii can live in an area with 31% relatively
humidity for over 27 days, and on hospital bed rails for about 9 days after the discharge of the
patients [5]. Several studies have demonstrated that A. baumannii can form biofilms on glass,
plastics and human epithelial cells, which further contributes to its resilience [7]. A.
baumannii can also form mixed biofilms with other microbial species, and may contribute to

polymicrobial infections [8]



Chapter 1
This organism is recognized as an important and dangerous pathogen because of its
propensity to cause outbreaks [9]. There are many reports about such outbreaks in different
hospitals located in different geographic areas of the world, and most of these were due to
multidrug or pan-drug resistant strains since the late 1990s. For example, over 400 patients
from 15 different hospitals were infected by A. baumannii strains, which were resistant to
virtually all the commercially available antibiotics in New York in 1999 [10]. Moreover,
many casualties from disasters, such as the 1999 Turkey earthquake and the 2002 Bali
bombing incident, or military conflicts were found to be infected with A. baumannii strains
[9]. Approximately 240 injured US soldiers from Iraq carried bloodstream infections caused

by A. baumannii strains in Water Reed Army Medical Centre between 2003 and 2005 [11].

1.1.1 Population structure of A. baumannii

It is crucial to accurately identify the strains of infectious agents that cause disease for
epidemiological surveillance and public health decision-making. A number of molecular
approaches can be used for investigating pathogen population structure, such as genetic
fingerprinting [12], multilocus sequence typing (MLST) [13] and whole genome sequencing

(WGS) [14].

The majority of clinical A. baumannii isolates in Europe fall into one of three lineages,
International Clone groups (IC) 1-3 [15, 16], based on the discovery of three distinct
ribogroups generated via ribotying [17], the hybridisation of a labelled Escherichia coli rrnB
rRNA operon probe against digested DNA to generate a fingerprint [12]. However, ribotyping
was insufficient to conclusively determine the clonality of A. baumannii infections due to
relatively inadequate discrimination between clones. Higher resolution genetic fingerprinting
methods, including pulsed-field gel electrophoresis (PFGE), amplified fragment length
polymorphism (AFLP), and the selective amplification of restriction fragments to generate a

genetic fingerprint [18], were conducted to confirm the existence of three major clonal
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lineages [16]. These three clonal lineages of clinical A. baumannii were previously called
European clones I-III (ECI-III), and a new terminology referred as international clones I-I1I
(ICI-III) or global clones I-IIT (GCI-III) [4, 16, 18] was given to these A. baumannii clones,
because the existence of the three major clonal lineages outside of Europe. For example, A.

baumannii strains from ICI and ICII are commonly found hospitals in Australia [19].

MLST, the amplification and sequencing of short internal fragments of multiple housekeeping
genes [6, 13], has largely replaced genetic fingerprinting as a typing method, due to its ability
to conduct rapid and global inter-laboratory comparisons [20]. Over 400 MLST sequence
types have been discovered in A. baumannii, suggesting a highly divergent population
structure, though clinical settings are still predominated by clones I-III [21]. The Oxford [22]
and Pasteur [23] schemes are two currently MLST schemes used for the typing of A.
baumannii. Both schemes use a total of seven housekeeping genes, with gpl, gyrB, gdhB, and
rpoD unique to the Oxford scheme, whereas fusA, pyrG, rplB, and rpoB are unique to the
Pasteur scheme. The cpn60, gltA and recA genes common to the both schemes. Although
comparison of the two methods has not been performed on A. baumannii, the gpi allele of the
Oxford scheme is prone to significant variation and recombination relative to other

housekeeping genes [14], thus, making it unsuitable as an epidemiological marker [24].

Recently, WGS has been used as a high resolution way to track epidemiological changes in A.
baumannii with ability to detect single nucleotide polymorphisms, recombination events, and
gene gain or loss [14, 25]. This technique has also been used in A. baumannii during

polyclonal outbreaks for the tracking of evolutionary changes [14, 25, 26].
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1.1.2 Epidemiology of A. baumannii
Infections caused by A. baumannii are more likely to occur in critically ill or otherwise
debilitated individuals, due to its limited number of virulence factors [27]. However, A.
baumannii has several factors that favour a prolonged survival rather than invasive disease
including bacteriocin, encapsulation and a prolonged viability under dry conditions [5]. A.
baumannii can survive for up to five months in hospitals, and this longevity is likely a major

contributor to nosocomial spread, especially in ICU [27].

Risk factors contributing to A. baumannii infections include old age, presence of serious
underlying diseases, immune suppression, burn injuries, mechanical ventilation, extended
hospital stay, and previous treatment with antibiotics [27]. The other major characteristic of A.
baumannii that favours its prolonged survival and spread throughout hospitals is its capacity
to acquire foreign genes that confer antimicrobial resistance or to increase the expression of
innate resistance genes [2].

It has been found in the United States (US) that national rates of multidrug resistant A.
baumannii isolates grew significantly from 32.1% in 1999 to 51% in 2010 [27]. Sulbactam
and group 2 carbapenems (meropene, imipenem-cilistatin and doripenem) have been the most
common choice for the treatment of such MDR strains. However, a sharp rise has been
observed in the rates of carbapenem resistance in A. baumannii from 2004 to 2014 (Figure 1.1)
[28]. The National Healthcare Safety Network (NHSN) data showed a 33% rate of

carbapenem resistance in A. baumannii across the US in 2006-2007 [29].
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Figure 1.1. Global epidemiology of carbapenem-resistant A. baumannii strains from
2004 to 2014 reproduced from [28].

Apart from the high rates of carbapenem-resistant A. baumannii (CRAB), there has been a
rising incidence of A. baumannii in hospital-associated infections, with the overall rate of 3%
of hospital-acquired infections in 463 hospitals was reported by the NHSN in 2006-2007 in
Atlanta (US) [29]. In addition, an alarming trend in Detroit (US) where CRAB rates increased
from 1% in 2003, to 58% in 2008, along with an over twofold increase in total number of A.

baumannii isolated at Detroit medical center [30].

1.1.3 Genomics of A. baumannii

Genome sequences are important in providing insight into both the genetic architecture and
evolutionary history of A. baumannii, especially in isolates of diverse niches. Currently, over
sixteen A. baumannii strains with complete genome sequences (1656-2, AB0057, AB307-
0294, ACICU, ATCC17978, AYE, BJAB07104, BJABO715, BJAB0868, D1279779, MDR-
TJ, MDR-ZJ06, SDF, TCDC-ABO715, TYTH-1, ZW85-1) can be found at NCBI database

(ftp://ftp.ncbi.nih.gov/genomes/archive/old_refseq/Bacteria/), and 2294 draft genomes of this

species are available at NCBI webpage (https://www.ncbi.nlm.nih.gov/genome/genomes/403).
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Both genome size (3.42-4.14 Mbp) and plasmid number (0-4) of A. baumannii strains with

complete genome sequence are different, but these strains have a relatively consistent overall

CG% content of 39%.

Despite the geographic variation of these A. baumannii strains, data from multiple
comparative analyses demonstrated that they have a highly syntenic genome organizations
[31, 32]. The core genome of A. baumannii has been predicted to be between 1455 and 2688
orthologous protein coding sequences (CDSs) based on the number, and identity of strains
analyzed [21]. The majority of the core genome is involved in metabolic and general cellular
processes, as well as genes encoding hypothetical proteins [33]. In contrast the accessory
genome (genes that are not shared by all strains), includes genes that encode for transport,
transcription regulation functions, resistance genes, and various regions of plasticity as well

as laterally acquired regions [32-34].

1.1.3.1 Regions of genomic plasticity

Regions of genomic plasticity (RGP) are referred as strain-specific segments of its genome,
but without any assumption about the evolutionary origin or genetic basis of these variable
chromosomal segments [35]. Despite the term RGP was designated originally in the
comparative genomics study of Pseudomonas aeruginosa [35], the use of RGP has been
extended to other microorganisms [36]. This inclusive terminology includes genomic islands
(GIs) and mobile genetic element (MGE) such as transposons, integrated plasmids, prophages
as well as the plasticity within these elements, and variable regions resultant from genomic

deletions or recombination events involving intragenic or extracellular DNA [35, 36].
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1.1.4 The success of A. baumannii as a pathogen in the hospital setting
Three major factors that have contributed to the success of A. baumannii as a hospital
pathogen are (I) the accumulation of a broad array of drug resistance mechanisms acquired by
either lateral gene transfer or mutations, (II) the ability to form biofilms and resist desiccation
on abiotic surfaces which makes this organism very difficult to eradicate from clinical

settings, (III) the ability to adhere to, colonize and invade human epithelial cells [7].

1.1.4.1 Antibiotic resistance mechanisms in A. baumannii
There are a variety of known bacterial drug resistance mechanisms (Figure 1.2) [37]; these
include antibiotic inactivation [38], enzymatic modification of antibiotics [39], antibiotic

target alteration or bypass [40], and excretion via multidrug efflux pumps [41].
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Figure 1.2. Various drug resistance strategies in bacteria.

Like many other bacteria, A. baumannii has developed many of the above molecular defence
mechanisms to resist antimicrobial agents. This organism can enzymatically inactivate
antimicrobials such as (3-lactam, aminoglycosides, and rifamycin by expressing genes for
corresponding enzymes [42] which destroy the antimicrobials before they can have an effect.
A. baumannii has also acquired resistance to antimicrobials via modification of antimicrobial

target sites. For example, mutations in the gyrA gene, which encoding DNA gyrase A (the
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target of this antibiotic class) [43], can increase fluoroquinolone resistance in A. bamannii.
Multidrug efflux pumps, which extrude the antibacterial compounds from the cell before they
can reach their target sites and exert their effects, are also a major cause of resistance to

antimicrobials in A. baumannii (see section 1.2.1.1 for examples).

The lateral acquisition of new genetic material from other resistant organisms seems to have
been a key driver in the development of antimicrobial resistance in A. baumannii. A.
baumannii strain AYE has the largest known multi-resistance island identified in any bacteria,
which includes 45 resistance genes in an 86-kb RI. Based on sequence characteristics, the
genes in this RI are thought to have been acquired from bacteria within the genera
Pseudomonas, Salmonella, or Escherichia [2]. In this RI, 25 out of 45 resistance genes [2] are
associated with resistance to various classes of antibiotics, including aminoglycosides,

tetracycline, cotrimoxazole, and chloramphenicol.

1.1.4.1.1 Multidrug efflux pumps for antibiotic resistance

Efflux mediated resistance has been reported in many bacteria [44]. Five distinct efflux pump
families are associated with antimicrobial resistance have been described in bacteria (Figure
1.3) [44, 45]. These five families include: the major facilitator superfamily (MFS), the
resistance nodulation-cell division (RND) family, the small multidrug resistance (SMR)
family, the ATP-binding cassette (ABC) family and the multidrug and toxic compound
extrusion (MATE) family. All of these families have members that have been experimentally

characterised in A. baumannii strains [46].
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Figure 1.3. Diagrammatic comparison of the five families of efflux pumps reproduced
from [44].

Single RND proteins have twelve transmembrane a-helices and a large periplasmic domain.
Functional drug exporting RND transporters are trimers and are associated with outer
membrane proteins, and membrane fusion proteins to form a large multi-subunit complex that
spans both the inner and outer membranes in Gram-negative bacteria [47]. The first
characterised RND protein in A. baumannii was AdeABC [48], which is a tripartite,
secondary proton-motive-force dependent membrane transporter. Previous studies showed
that AdeABC confers resistance to aminoglycosides, P-lactams, fluoroquinolones,
tetracyclines, tigecycline, macrolides, chloramphenicol, and trimethoprim [48]. Expression of
adeABC is tightly regulated by the two-component regulatory system AdeR-AdeS [49].
Another two RND family transporters found in A. baumannii are AdelJK and AdeFGH,
which contribute to resistance to many [-lactams [50, 51]. Like adeABC, both adelJK and

adeFGH are also under tight regulation by AdeN [52] and AdeL [50], respectively.

The Major Facilitator Superfamily (MFS) is one of the largest transporter families and is
ubiquitous to all classes of living organisms [53]. MFS proteins normally contain 12
transmembrane a-helices connected by hydrophilic loops [53]; however, there are some MFS
proteins that have 14 o-helices [54]. They can transport many substrates, such as

polypeptides, drugs, ions, sugars and nucleosides [55]. In A. baumannii, MFS transporters are
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found to confer resist to many antimicrobials, for example, TetA and TetB are involved in
tetracycline and minocycline resistance [56]. CraA [57] and AmvA [58] are two other MFS

examples, that contribute resistance to erythromycin and chloramphenicol, respectively.

The small multidrug resistance (SMR) family proteins are small prokaryote-specific
secondary proton-motive-force driven membrane transporters [59]. The SMR proteins, which
are the smallest known efflux transporters, comprise 110-140 amino acid residues that form
four trans-membrane a-helices [59, 60]. The majority of evidence suggests that they function
as antiparallel homo-dimers or hetero-dimers. The A. baumannii AbeS SMR transporter has

been found to be confer resistance to chloramphenicol, fluoroquinolones and erythromycin

[61].

The ATP-binding cassette (ABC) superfamily proteins are the largest transporter protein
superfamily, conserved across all classes of living organisms, and they depend on ATP
hydrolysis to extrude drugs and other substrates out of cells [62]. ABC family transporters are
composed of two cytoplasmic nucleotide-binding domains (responsible for ATP binding and
hydrolysis) and two transmembrane segments that typically contain six membrane-spanning
a-helices [63]. The major roles of ABC transporters are to export toxic compounds and
uptake essential materials [64]. The first ABC transporter, encoded by AIS_1535, was
described in A. baumannii ATCC 17978 in a recent publication [46]. It has been demonstrated
this ABC transporter confers resistance to many antibiotics such as gentamicin, kanamycin,

chloramphenicol, oxytetracycline and chloroxylenol [46].

Proteins of the multidrug and toxic compound extrusion (MATE) family have been detected
in all domains of life [65, 66]. The MATE family transporters can extrude substrates coupled
to H" or Na* exchange [66, 67]. Generally, each MATE protein contains 12 transmembrane o-

helices with a different packing organization compared to MFS family proteins [66]. AbeM, a
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member of the MATE family encoded by A. baumannii, extrudes aminoglycosides,

fluoroquinolones, chloramphenicol, trimethoprim, and ethidium bromide [68].

1.1.4.1.2 Acel, the representative of a new family of efflux pumps

Chlorhexidine is a bisbiguanide bactericidal agent, which is widely used in hospital antiseptic
products such as antibacterial soaps, mouthwashes. It is considered as an “Essential
Medicine” by the World Health Organisation [69]. An increasing level of chlorhexidine

resistance has been reported in hospital acquired pathogens including A. baumannii isolates

[70].

A recent study conducted by Hassan et al identified Acel (Acinetobacter chlorhexidine efflux
protein I) as a major chlorhexidine resistance determinant in A. baumannii through
transcriptomic and biochemical analyses [71]. The transcriptomic data showed that the gene
encoding Acel was highly expressed when cells were exposed to chlorhexidine, and the

biochemical results indicated that Acel functions via an active efflux system.
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Figure 1.4. Predicted topology of Acel. This efflux protein consists of four alpha-helical
transmembrane segments. It confers resistance to chlorhexidine.
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The Acel chlorhexidine efflux is a small membrane protein with four alpha-helical
transmembrane segments (Figure 1.4) [72]. Genes encoding proteins homologous to Acel are
commonly found in the genomes of particularly proteobacterial genera, but can also be seen

in other unrelated bacterial lineage such as the Firmicutes and Acinobacteria.

1.1.4.1.3 Regulation of multidrug efflux pump

Many putative and proven drug transporters exist in bacteria. Previous studies have shown
that the A. baumannii genome typically encode representatives of each of the families of
efflux systems, including seven RND, over thirty MFS, and several MATE, SMR, and ABC
efflux systems [73]. It is interesting that bacteria, with their economically organized genomes,
harbour such large sets of multidrug efflux genes and that many of these multidrug

transporters have apparently overlapping substrate specificity.

One way to understand how bacteria utilise these multiple transporters lies in the regulation of
transporter expression. It has been shown that multidrug transporters are frequently expressed
under precise and elaborate transcriptional regulation [74-76]. The regulation of transporter
genes is typically controlled at the RNA synthesis level [77]. In prokaryotes, such a
mechanism is critical for adaptation to environmental stresses [78]. Interactions between
DNA binding proteins, which act as regulatory factors and specific regulatory DNA elements
determine the regulation of gene expression [77, 79]. There are two types of transcriptional
regulators in prokaryotes: activators that positively regulate gene expression by acting on the
promoter to stimulate RNA polymerase binding; and repressors that negatively regulate the
expression of a target gene by binding to the promoter region to prevent initiation of

transcription [79].
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1.1.4.1.3.1 Transcriptional regulators
Various types of transcriptional regulator superfamilies have been described, such as the TetR
family regulators [80], the FUR (ferric uptake regulator) superfamily [81], the Zinc cluster
proteins [82], the WRKY transcription factor superfamily [83], the GntR superfamily [84],
the Tubby-like proteins (TULPs) superfamily [85], the LysR-type transcriptional regulator
(LTTR) superfamily proteins [86]. In Chapter 3 of this thesis, we describe an LTTR family
regulator that controls the expression of acel, which encodes a multidrug efflux pump from a

newly discovered family of efflux proteins (described in Chapter 2).

It has been seen that many prokaryotic transcriptional regulators are homodimers, which bind
to DNA sites that are palindromic or pseudopalindromic [87]. Many of these transcriptional
regulatory factors contain a helix-turn-helix (HTH) DNA binding domain, and an inducer-
binding domain. Basic structural features of a HTH are three helices, which form a right-
handed helical bundle with an open conformation, and a sharp turn located in between the 2™
and 3" helix of which the 3™ helix, also known as the ‘recognition helix’, that can insert into

the DNA double helix major groove [79, 84, 87].

1.1.4.1.3.1.1 The LysR-type transcriptional regulator superfamily proteins

The LTTRs constitute the largest family of transcriptional regulators in prokaryotes [86].
They can regulate expression of operons related to basic metabolic pathways, stress-response
and virulence factors [88, 89]. The LTTRs can be global or local transcriptional regulators,
which have the ability to act either as activators or repressors of single genes or operons [86,
90]. Generally, co-inducers may function as signals of environmental changes, and are often
necessary for transcriptional activation or repression of metabolic/synthesis pathways by
LTTRs (Figure 1.5) [86, 88]. A typical LTTR consists of approximately 300 amino acids in
length [86, 89, 90], of which the N-terminal HTH domain is ~70 amino acids long, and

provides a DNA- binding site. The C-terminus of the protein is the inducer-binding domain,
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which is ~200 amino acids in length and is separated from HTH domain by linker (~30

residues).

Figure 1.5. A schematic representation of the classical model for LTTR-dependent
transcriptional regulation reproduced from [86]. The lysR gene is transcribed when the
LysR protein is dissociated from its promoter. The LysR protein product binds upstream of
the promoter of the divergently transcribed target gene. When the co-inducer interacts with
the LTTR, transcription of this gene is activated.

The intergenic region between an LTTR and the target gene/operon often contains multiple
LTTR protein binding sites. Broadly, LTTRs bind at -35 to +20 bp (regulatory binding site)
and -40 to -20 bp (activation binding site) to the target gene [86]. Typically, LTTRs bind to

imperfect palindromic DNA consisting of sequence T-N,,-A, but the sequence can vary in

both base pair composition and length [86].

A number of LTTRs have been identified in Acinetobacter, which function as global and local
regulators activating and/or repressing gene expression. For example, CatM acts as a global
activator in catechol metabolism in Acinetobacter calcoaceticus in the presence of cis-cis
muconate as co-factor [91]. BenM is another example in Acinetobacter baylyi ADP1 for
regulating the expression of benzoate degradation [91, 92]. The research group studying
BenM has come up with three oligomerisation schemes based on known structures of LTTRs

(Figure 1.6).
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In all schemes, effector binding domain (EBD) dimerization interfaces are the same,
consisting of residues in the EBDs. The differences between the schemes are in the tetrameric
interfaces. In scheme I, there is a small contribution to oligomerisation through EBD contacts,
but the DNA binding domain (DBD) plays the major role in bringing together the two dimers.
In scheme 11, the tetrameric interface is all in the DBD. Then in scheme III, there is a larger
contribution from EBD residues than in scheme I (Table in Figure 1.6). Given these forces,
there could be doubt as to which dimers form first. It is suggested that one dimer binds to the
regulatory binding site (RBS) in apo form, then once the effector molecule is bound to the
EBD, the activation binding site (ABS) is occupied by the other dimer and they form a
tetramer [92]. This would suggest that the DBD dimerises first and binds to the RBS, leaving
the EBD with no binding partners. Once the second dimer binds to the ABS, the tetramer is
formed through EBD contacts. This may be the case when target DNA is present, but it is
assumed that in solution without the presence of DNA, LTTRs form dimers at the EBD (seen

in some crystal structures).
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TFRs Scheme Domain Interface AG
‘ ‘ (A?) (kcal/mol)

LBD I(1IXC)  DBD 1094.4 153

EBD (dimer) 1355.3 -12.6

' ' EBD (tetramer) 842.3 1.1

ittt Pt Il (3ISP) DBD 1491.2 -21.1

DNA qﬂt}ff‘ X EBD (dimer) 1175.1 -13.4

; . Il (3FZV) DBD 1224.5 -12.3

3 2 EBD (dimer) 1411.8 -25.4

tar EBD (tetramer) 589.6 -6.7

Figure 1.6. LysR oligomerisation and subsequent DNA binding reproduced from [92].
Top left is the arrangement of a TFR dimer in relation to bound DNA (crystal structure
CmeR, PDB: 2QCO). The table to the right contains interface statistics from each of the
tetrameric oligomerisation schemes seen blew. These are represented figuratively and with
crystal structures with the approximate curve of the bound DNA. The coloured chain and
black and white chain form an EBD dimer, whereas chains of the same colours form DBD
dimers.

1.2 Bacteria interactions

The vast majority of studies into pathogenic bacteria examine individual strains in isolation.
However, real infections can include multiple bacterial species that exist within complex
polymicrobial communities, and as such several pathogenic organisms can be co-isolated
from the same patient [93-95]. One example pursued in this thesis stems from a respiratory
infection caused by both A. baumannii and Klebsiella pneumoniae. Dual-colonization with
different antimicrobial resistant bacteria has been well described with prevalence percentages
range from 1-11% [96, 97]. Microorganisms have also been shown to have a remarkable
interactivity with their neighbouring species, ranging from fierce competition for nutrients
and chemical warfare to collaborative cross-feeding, and protective shielding in order to

survive and proliferate in complex consortia [98].
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1.2.1 Synergistic interactions
In recent years, synergistic interactions between different types of microorganisms have been
found increasingly investigated. There are many different ways for microorganisms to
cooperate, such as marginal support and absolute mutual dependence [99]. Studies frequently
reported where one microorganism excretes metabolites, such as certain amino acids or
precursors of vitamins, which can be used by a partner organism that lacks specific synthetic

pathways and can profit from this interaction [99].

In nutrient limited conditions, inter-species interactions could be facilitated among
microorganisms. Such interactions can be best illustrated by the degradation of polymeric
organic compounds. Many studies have demonstrated that extracellular hydrolytic enzyme
producing bacteria can cross-feed other bacteria by degrading polymers which cannot be
metabolized directly by other microorganism [100]. As a consequence, the enzyme-producing
bacteria may only partially consume the nutrients from their efforts in polymer degradation,

because other bacteria also benefit from that without producing these enzymes [101].

Cooperation and mutual interdependence are frequently found among anaerobic bacteria. One
such example in certain anaerobic niches is the interactions between two hyperthermopilic
bacteria, Thermotoga maritima and Methanococcus jannaschii. Hydrogen, formed as the by-
product (inhibitor) of the degradation of sugar or peptide by 7. maritima, can be utilized to
generate methane by M. jannaschii [102, 103]. Such syntrophic interactions improve cell
growth through the interspecies transfer of hydrogen [104]. This syntrophy can be easily
found in the mammalian digestive tract, and in anaerobic digesters used for domestic waste

treatment [105].
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1.2.2 Antagonistic interactions
A population of microorganisms inhabiting a common environment may compete for
nutrients and other resources in the environment. In some circumstances, the populations even
generate chemicals that have a toxic or inhibitory effect on their competitors in the
environment [106]. Two populations within a single niche incline to compete with each other
for energy and space, especially when competition is focused on a single resource [107].
Previous studies have shown that microbial interactions resulted in either bacteriostatic or
bacteriocidal responses, which were attributed to antagonistic effects of metabolic products

with antimicrobial properties or changes in the physico-chemical environment [108].

These metabolic products include production of organic acids, hydrogen peroxide, inhibitory
enzymes, low molecular weight metabolites and bacteriocins, which can have adverse effects
on other bacteria [109-112]. Many bacteria species have been shown to produce a variety of
peptide bacteriocins, for example, Streptococcus mutans strain is able to produce at least five
different bacteriocins, mutacins I to V, which can inhibit the growth of Streptococcus
sanguinis strains [113]. Other bacteria, such as Prevotella intermedia, Capnocytophaga
ochracea, Acinobacillus actinomycetemcomitans and Eikenella corrodens, have also been
shown to use bacteriocin or bacteriocin-like compounds to compete with other species [114,

115].

Studies have revealed that both environmental conditions, such as cell density, nutritional
availability, and pH, as well as genetic factors can affect production of antimicrobials in a
well-regulated process [116-118]. These regulatory systems ensure that inhibitory metabolites
are produced at the right time and place [118]. The production of those metabolites among
bacteria could shape and establish a specific composition of bacterial species within a

polymicrobial community [118].
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1.2.3 A. baumannii coexistence with other bacteria
In chapter 4 of this thesis, we describe interactions between two co-isolated A. baumannii and
K. pneumoniae from a single patient with a respiratory infection. Both A. baumannii and K.
pneumoniae have been classified into the six top priority dangerous multidrug resistant
microorganisms, named the ESKAPE pathogens (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniea, Acinetobacter baumannii, Pseudomonas aeruginosa, and
Enterobacter species) by the Infectious Diseases Society of America [119]. The co-isolation
of these strains provided a unique opportunity with A. baumannii and K. pneumonia to
investigate bacteria interactions, thus, some background information of K. pneumoniae was

provided in this chapter.

1.2.3.1 General features of K. pneumoniae

Similar to A. baumannii, K. pneumoniae is also a Gram-negative, y-Proteobacteria; however,
it is non-motile, encapsulated and ubiquitous in natural environments [120]. The conspicuous
distinction between K. pneumoniae and other enterobacteria is the presence of a thick
polysaccharide capsule. This is considered to be a significant virulence factor which helps the
bacterium to avoid phagocytosis [121]. K. pneumoniae has been emerging as a major
worldwide cause of drug-resistant infections and has increasingly been identified globally
[122]. Since the 1960s, this microorganism has become an important cause of community-
acquired pneumonia in the US and elsewhere [123]. The global pattern of community-
acquired K. pneumoniae bacteremia differs according to geographic area [122]. The
community-acquired K. pneumoniae in urinary tract infections, vascular cathethers and
cholangitis were found in the United States, Europe, Australia and Argentina, whereas
elsewhere classic K. pneumoniae strains still exist and have remained important over the last
two decades [122]. In addition, an invasive form of K. pneumoniae infection, associated with
primary bacteremic liver abscesses, endophthalmitis, and meningitis has been reported almost

exclusively in Asia [124].
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From a public health point of view, the spread of K. pneumoniae is worrying, because it is a
significant cause of many hospital-acquired infections in severely ill patients, and is well-
known for its ability to accumulate and transfer resistance determinants such as extended-
spectrum [3-lactamases and carbapenemases [125]. Several studies have shown that the spread
of multidrug-resistant isolates in the clinic is a result of commonly shared plasmids across K.

pneumoniae, Klebsiella oxytoca, Escherichia coli, Enterobacter sp, and Salmonella sp [126].

1.2.3.1.1 Genomics of K. pneumoniae
At the time of writing, genomes of nine K. pneumoniae were fully sequenced, including KP-
HS11286, KP-JM45, KP342, KP-CG436, KP-KCTC2242, KP1084, KP-NTUH-K2044, KP-

MGH78578 and KP-SB3432 (ftp://ftp.ncbi.nih.gov/eenomes/archive/old refseq/Bacteria/).

There are 2487 draft genomes of K. pneumoniae updated in the NCBI database

(https://www .ncbi.nlm.nih.gov/genome/genomes/815). Comparative analysis showed that

genome size of these K. pneumoniae lies within 5.16-5.64 Mbp with a CG% content of
approximately 57%, and different numbers of plasmids (0-6). Previous studies have revealed
that the majority of proteins encoded within the core genome of K. pneumoniae are involved
in metabolic process, such as energy metabolism and transporters, which are essential

functions required for survival of microorganisms [127].
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1.2.3.1.2 Epidemiology of K. pneumoniae
K. pneumoniae is implicated in hospital outbreaks, increasingly associated with high drug-
resistant profiles through f-lactamase production [128, 129]. The first outbreak of extended-
spectrum [-lactamase (ESBL) producing bacteria, especially K. pneumonia, was recorded in
French hospitals in the 1980s, and has existed as a threat since then [130]. In the United States
of America, historically the predominant (3-lactamase encoded in K. pneumoniae were of the
Temoneria (TEM)- or sulphydryl variable (SHV) SHV-type, but a shift has occurred to the
Cefotaximase-Munich (CTX-M)-type being the most commonly detected ESBL [130, 131].
Worldwide distribution of K. pneumoniae encoding CTX-M has been recorded with an

increase in prevalence over recent years [132].
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Figure 1.7. Epidemiological features of producers of Klebsiella pneumoniae
carbapenemases by country of origin reproduced from [133].
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Infections by ESBL-producing K. pneumoniae ranging from urinary tract infections to
complicated sepsis are preferentially treated with the carbapenem antibiotic [134-136].
Carbapenem resistance in K. pneumoniae has been detected at alarming frequencies globally
(Figure 1.7), including in Africa [137], Asia [138], Europe [139], North America and South

America [140]. Various K. pneumoniae stains have different prevalence and geographical
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distribution, but a particularly important strain involved in national epidemics is the

carbapenem-resistant sequence type 258 [141].

1.2.3.2 Epidemiology of A. baumannii and K. pneumoniae co-infections

Co-infections with multidrug resistant bacteria are associated with remarkable morbidity and
mortality. It has been shown that such co-infections are continuing to increase in frequency
[142-144]. Rates of co-infection with multidrug resistant Acinetobacter spp. and extended
spectrum P-lactamase producing microorganisms can go up to 38% of patients in long-term

care facilities [145].

While there is only very limited data in the literature on dual-infections, one study indicated
that dual-infections by A. baumannii and K. pneumoniae appears to be a frequent event, 40%
of 86 patients, who had carbapenem-resistant Enterobacteriaceae infections, proved to be co-
colonized with A. baumannii or P. aeruginosa in ICUs in Detroit, Michigan [146]. A second
study similarly found that 40% of 30 patients who had a carbapenem-resistant Klebsiella
pneumoniae infection were co-colonized with A. baumannii in an ICU in Sicily. Dual-
colonized patients in these studies were reported to be very ill, of advanced age, and more
likely than the non co-colonized patients to have had a stay in an ICU, long-term care facility,

and long-term acute care facility and to have undergone surgery [146].

1.2.4 Bacterial interactions in biofilms

Microorganisms frequently live in spatially structured communities, called biofilms, which
can be surfaced bound or free floating and are generally encased in a secreted polymer matrix
[147]. Biofilms, which are the dominant lifestyle of bacteria, can cause antimicrobial resistant
infections and the destruction of surfaces and flow systems [98, 147]. Thus, they are great
concerns in medical and industrial settings [148, 149]. Bacterial biofilms are frequently found

with multiple populations of different bacterial species [98]. Figure 1.8 illustrates a model of
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interspecific interactions in multispecies biofilms [150]. Each population is confronted with
dynamic changes in nutrient profile due to either environmental changes or metabolism, and

migration of other population [98, 151]. Therefore, the success rate of any given population in

a multispecies biofilm is strongly based on the behavior of other species [151, 152].

Figure 1.8. Illustration of interspecific interactions in polymicrobial biofilms reproduced
from [150]. Top left: con-metabolism where one bacterial species (blue cells) produces
substrates (blue zone) allowing growth of another species (red cells). Bottom left: co-
aggregation where specific cell-cell attachment occurs between cells of different species (blue
and red cells) via specific surface-associated components (yellow and pink). Top right:
horizontal gene transfer where plasmid DNA (white circles) is transferred from one species
(red cells) to another (blue cells) through the conjugative pili (red lines connecting blue and
red cells). Bottom right: quorum sensing through intraspecific (red cells, orange N-acyl
homoserine lactone compounds) and interspecific (blue and green cells, cyan furanosyl borate
diester compounds) communication via diffusible compounds. Intraspecific communication
signals (red cells, orange compounds) may also reach and affect cells of other species (blue).
Yellow, cyan, and purple cells are not affected by the interactions.

Bacteria within biofilms interact intimately and influence each other’s evolutionary fitness via
social phenotypes [153, 154]. Many such interactions are involved in cooperation that benefit

neighboring cells, such as the secretion of signaling molecules [155], surface adhesins [156],

nutrient chelators [157], structure polymers [158] and digestive enzymes [159]. For example,
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Vibrio cholera forms biofilms on environmental particles of the structural polymer chitin,
which it digests through communally beneficial chitinases [160]. Cooperative and collective
behavior of microorganisms within biofilms has substantial advantages compared with
solitary cells, including an increased resilience against external threats and higher efficiency
in digesting complex nutrients [160]. Bacteria are therefore fundamentally social organisms,

and their cooperative phenotypes are vital to how they influence the world around them [161].

However, biofilm-dwelling cells should not be assumed to work together harmoniously, their
social interactions can also be competitive for limited space and resources, and many social
phenotypes harm other strains and species [162]. The direct injection of toxins into adjunct
cells, antibiotic secretion, and mechanisms for displacing or suffocating neighbors all target
competitors for elimination, and can substantially change the composition of biofilms [163,
164]. One example is type VI secretion system mediated attack by P. aeruginosa in response
to antagonism from other bacteria [165]. Pseudomonas fluorescens and V. cholera can
produce extracellular matrix materials that provide secreting cells a positional advantage over
competitors, which are physically displaced from nutrient access [166] or cut off from

nutrient access [167].

The relative fitness benefits of cooperative and competitive phenotypes can be strongly
influenced by the spatial arrangement of different biofilm-dwelling cells. Alteration of social
phenotypes by changing the reproductive rates of neighbouring cells can cause compositional
and structural changes in microbial biofilms formation, which in turn shape their overall
function, such as the virulence of some pathogens [168, 169]. The arrangement of microbial
communities in space is thus pivotal to whether competitive or cooperative interactions are

advantageous in a given environmental context [170].
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1.2.4.1 A. baumannii biofilm formation
Biofilms provide another effective way for bacteria to survive in the presence of antibiotics
[171]. This may be especially true for A. baumannii which is associated with biofilm
contamination of medical devices [93]. A. baumannii forms biofilms on abiotic surfaces, such
as polystyrene and glass, as well as biotic surfaces such as epithelial cells and fungal
filaments [172]. Biofilm formation in A. baumannii has been shown to resist antimicrobial
treatment, dehydration and nutrient starvation [172]. These traits are important factors in A.
baumannii infections such as ventilator-acquired pneumonia, urinary tract infections,

septicemia, wound infections, and more recently in severe cases of necrotizing fasciitis [173].

Biofilm-specific resistance has been demonstrated to be significantly higher than antibiotic
resistance of planktonic bacteria [174]. Biofilm-related infections are thus more difficult to
treat and prone to relapse [175]. Intriguingly, several studies have revealed that low doses of
certain antibiotics can induce biofilm formation in A. baumannii [176]. A recent study of 272
clinical A. baumannii isolates indicated a correlation between antibiotic resistance and biofilm

formation [177].

Biofilm formation in A. baumannii is multifactorial and dependent on multiple molecular
determinants, including genes encoding a biofilm-associated protein (bap) [178], outer
membrane protein A (ompA) [179], synthesis of poly-f-1-6-N-acetylglucosamine (pgaABCD)
[180], and a chaperone-usher pili assembly system (csuA/BABCDE) [7]. The multifactorial
nature of biofilm formation has been investigated by comparative transcriptomics of A.
baumannii cells in biofilm and planktonic stages, revealing several other genes associated
with biofilm formation, such as genes encoding homoserine lactone synthesis (A1S_0109,
A1S_0112 and A1S_0113), TetR family regulator encoding gene (A1S_2042) and genes

encoding fimbrial proteins (A1S_1507 and A1S_3168) [181].
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1.2.4.2 K. pneumoniae biofilm formation
K. pneumoniae strains were reported to form biofilms in vitro as early as the end of the 1980s
[182], and subsequently solid evidence of an in vivo biofilm formed by this organism [183]. It
has been demonstrated that 40% of K. pneumoniae isolated from urine, sputum, blood and

wound swabs, were able to form biofilms [184].

This bacteria pathogen has been frequently found to be able to form mixed biofilms together
with other species, such as P. aeruginosa [185, 186]. K. pneumoniae was reported to form a
thicker biofilm with an increased resistance to disinfection in a dual species mixture than in

isolation [187].

Key factors in K. pneumoniae biofilm formation include type 1 or type 3 fimbriae,
lipopolysaccharide (LPS) and the capsule [94]. Type 3 fimbriae have been demonstrated as
the major appendages that mediate the formation of biofilms on biotic and abiotic surfaces,
and the attachment to endothelial and bladder epithelial cell lines [188-190]. In particular,
growth of K. pneumoniae on both abiotic and biotic surfaces is enhanced by type 3 fimbrial

proteins, MrkA and MrkD, respectively [188, 191].

Capsule and LPS have been proven to contribute to the structure of biofilm communities of K.
pneumoniae. Gene disruption and microscopic analyses suggested that LPS is involved in the
initial adhesion on abiotic surfaces, and that the capsule is essential for a proper initial

coverage of substratum and construction of mature biofilm architecture [192].
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1.2.4.3 Quorum sensing of bacteria in biofilm
Many cooperative bacterial traits are regulated by quorum sensing, a microbial regulatory
mechanism that involves the secretion of and response to diffusible molecules called
autoinducers [193]. Quorum sensing (QS) is typically used to assess population density and
species complexity monitoring in the immediate environment [194]. Previous studies have
indicated that quorum sensing could be used to fine-tune the timing of extracellular matrix
secretion, as the matrix confers an advantage in competition for limited space by reducing
dispersal ability [195]. Biofilm simulations showed that quorum sensing might act to predict
when clonal patches occur along cell group fronts, enabling cells to time the secretion of

public goods to avoid exploitation [196].

QS has also been found to regulate competitive secretion phenotypes such as the production
of bacteriocin by Streptococcus spp. [197] and Lactobacillus spp. [198]. It is consistent with
the hypothesis that toxin-secreting strains can initiate effective attacks only at a sufficiently
high cell density [199]. Toxin secretors can detect nearby target cells by sensing many other
diffusible cues that are not necessarily autoinducers but still correlated with population
density [200]. For example, P. aeruginosa releases the toxin pyocyanin in response to N-

acetylglucosamine that is shed from the cell walls of Gram-negative bacteria [201].

1.2.4.3.1 Quorum sensing in A. baumannii and K. pneumoniae

There has only been limited work on QS in A. baumannii and K. pneumoniae. In A.
baumannii, N-(3-hydroxydodecanoyl)-L-homoserine lactone (3-hydroxy-C12-HSL) is the
major quorum molecule identified, with at least five other N-acyl homoserine lactone (AHL)
molecules produced in significantly lower amounts [202]. Recently, interspecies interaction
between A. baumannii and P. aeruginosa showed that biofilm formation, bacterial growth and
virulence of A. baumannii were not affected by metabolites produced by P. aeruginosa.

Instead, biofilm formation was stimulated when a heterologous pool of AHLs from both
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species was used, suggesting that complementary quorum interactions were responsible for

symbiotic co-existence [203].

High-resolution mass spectrometry analyses of K. pneumoniae have shown that it produces
two AHL molecules, N-octanoylhomoserine lactone and N-3-dodecanoyl-L-homoserine
lactone [204]. In addition, hypervirulent strains of K. pneumoniae have been shown to
enhance inherent virulence characteristics by releasing a siderophore-related quorum

molecule for iron acquisition from the surrounding environment [205].
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1.3 Objectives of thesis

Acinetobactor baumannii is an increasingly problematic human pathogen that represents a
significant public health threat in recent decades. The acquisition of a broad array of antibiotic
resistance genes has led to the spread of multidrug resistant strains globally. Its virulence and
ability to persist in hospital settings remains incompletely understood, especially in the
context of mixed species biofilms with other pathogens, such as K. pneumoniae, within a

single infection.

The objectives of this project were to investigate two aspects of the success of A. baumannii
in the clinical settings. The first aim was to directly study mechanisms of drug resistance of
A. baumannii; specifically, the regulation and activity of a recently identified Acel drug efflux
system. The second aim was to examine interactions at a phenotypic and molecular level
between two of the ESKAPE pathogens, A. baumannii and K. pneumoniae, which were co-

isolated from a single respiratory infection within one patient.
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Homologs of the Acinetobacter baumannii Acel Transporter Represent
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ABSTRACT Multidrug efflux systems are a major cause of resistance to antimicrobials in bacteria, including those pathogenic to
humans, animals, and plants. These proteins are ubiquitous in these pathogens, and five families of bacterial multidrug efflux
systems have been identified to date. By using transcriptomic and biochemical analyses, we recently identified the novel Acel
(Acinetobacter chlorhexidine efflux) protein from Acinetobacter baumannii that conferred resistance to the biocide chlorhexi-
dine, via an active efflux mechanism. Proteins homologous to Acel are encoded in the genomes of many other bacterial species
and are particularly prominent within proteobacterial lineages. In this study, we expressed 23 homologs of Acel and examined
their resistance and/or transport profiles. MIC analyses demonstrated that, like Acel, many of the homologs conferred resistance
to chlorhexidine. Many of the Acel homologs conferred resistance to additional biocides, including benzalkonium, dequalinium,
proflavine, and acriflavine. We conducted fluorimetric transport assays using the Acel homolog from Vibrio parahaemolyticus
and confirmed that resistance to both proflavine and acriflavine was mediated by an active efflux mechanism. These results show
that this group of Acel homologs represent a new family of bacterial multidrug efflux pumps, which we have designated the pro-
teobacterial antimicrobial compound efflux (PACE) family of transport proteins.

IMPORTANCE  Bacterial multidrug efflux pumps are an important class of resistance determinants that can be found in every bac-
terial genome sequenced to date. These transport proteins have important protective functions for the bacterial cell but are a
significant problem in the clinical setting, since a single efflux system can mediate resistance to many structurally and mechanis-
tically diverse antibiotics and biocides. In this study, we demonstrate that proteins related to the Acinetobacter baumannii Acel
transporter are a new class of multidrug efflux systems which are very common in Proteobacteria: the proteobacterial antimicro-
bial compound efflux (PACE) family. This is the first new family of multidrug efflux pumps to be described in 15 years.

Received 15 October 2014 Accepted 23 December 2014 Published 10 February 2015

Citation Hassan KA, Liu Q, Henderson PJF, Paulsen IT. 2015. Homologs of the Acinetobacter baumannii Acel transporter represent a new family of bacterial multidrug efflux

systems. mBio 6(1):e01982-14. doi:10.1128/mBio.01982-14.

Editor Karen Bush, Indiana University Bloomington

Copyright © 2015 Hassan et al. This is an open-access article distributed under the terms of the Creative Commons Attribution-Noncommercial-ShareAlike 3.0 Unported
license, which permits unrestricted noncommercial use, distribution, and reproduction in any medium, provided the original author and source are credited.

Address correspondence to lan Paulsen, ian.paulsen@ma.edu.au, or Karl A. Hassan, karl.hassan@mg.edu.au.

ultidrug efflux is a ubiquitous mechanism of drug resistance

in bacterial pathogens that is mediated by integral mem-
brane transport proteins. These proteins are typically very pro-
miscuous, recognizing a range of antimicrobial substrates that dif-
fer in both structure and valency. To date, five distinct families of
transport proteins have been shown to include multidrug efflux
systems: the major facilitator superfamily, the resistance/nodula-
tion/division superfamily, the ATP-binding cassette superfamily,
the multidrug and toxic compound extrusion family, and the
small multidrug resistance family.

Recently, we identified the acel (Acinetobacter chlorhexidine
efflux) gene in Acinetobacter baumannii, which is involved in
adaptive resistance to the widely used biocide chlorhexidine (1).
This gene was overexpressed more than 10-fold in response to a
subinhibitory shock of chlorhexidine in A. baumannii ATCC
17978. The acel gene encodes a membrane protein that is approx-
imately 150 amino acid residues in length and contains two tan-
dem bacterial transmembrane pair (BTP; Pfam accession number
PF05232) domains (2). Heterologous expression of acel increased
Escherichia coli resistance to chlorhexidine (1) and, conversely,

January/February 2015 Volume 6 Issue 1 e01982-14

deletion of acel from the A. baumannii genome increased its sus-
ceptibility to chlorhexidine (3). The Acel protein was shown to
interact directly with chlorhexidine and to mediate its efflux via an
energy-dependent mechanism (1). However, resistance to other
antimicrobial compounds was not observed (1).

Genes that encode BTP domain proteins homologous to acel
are carried by diverse bacterial species but are particularly com-
mon among proteobacterial lineages. Similar to A. baumannii,
genes encoding BTP domain proteins were upregulated in the
human pathogens Pseudomonas aeruginosa PAO1 and Burkhold-
eria cenocepacia ]2315 in response to chlorhexidine and were able
to mediate resistance to this biocide (1). Furthermore, related BTP
domain protein genes from the soil bacterium Acinetobacter baylyi
ADP1 and the plant commensal bacterium Pseudomonas protegens
Pf-5 were also shown to mediate resistance to chlorhexidine when
expressed in E. coli (1). Deletion of this gene from A. baylyi ADP1
increased its susceptibility to chlorhexidine (1).

In addition to acel, the A. baumannii genome harbors a second
gene that encodes a BTP family protein, A1S_1503, that does not
confer chlorhexidine resistance and whose expression is not in-
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FIG 1 Tree showing the phylogenetic relationships of BTP family proteins included in this study. The tree was generated using MrBayes 3.2.1 (14) from a
ClustalX2 alignment of protein sequences obtained from the National Center for Biotechnology Information database. Interior node values are clade credibility

values (posterior probabilities) generated and assigned by MrBayes.

duced by chlorhexidine. Similarly, P. protegens harbors a second
gene encoding a BTP domain protein that appears to be nonfunc-
tional with respect to chlorhexidine resistance (1), and the
P. aeruginosa and B. cenocepacia genomes carry one or two BTP
domain protein genes that are not induced by chlorhexidine (4, 5).

Here, we sought to identify alternative drug substrates for BTP
domain proteins. We demonstrate that, in addition to chlorhexi-
dine, many BTP domain proteins are able to mediate resistance to
other biocides, as well as fluorescent dyes. The protein from Vibrio
parahaemolyticus VP1155 provided particularly strong resistance
to biocides and dyes and mediated rapid transport of acriflavine
and proflavine. These results indicate that BTP domain proteins
represent a new family of transport proteins that includes multi-
drug efflux systems, which we have designated the proteobacterial
antimicrobial compound efflux (PACE) family.

BTP protein gene cloning and expression. At the time of writ-
ing, the Pfam database (version 27.0) listed close to 800 proteins
that contain BTP domains from more than 600 bacterial species
(2). The majority (95%) of these proteins were predicted to have
the same tandem BTP domain architecture as Acel and were en-
coded by Proteobacteria, particularly the gamma, beta, and alpha
subdivisions (although this may be biased by the species for which
genome sequence data are available). In addition to Proteobacte-
ria, the genomes of several Veillonella and Micrococcus species
(Firmicutes and Actinobacteria, respectively) also carried BTP do-

2 mBio mbio.asm.org

main protein genes. We have not, however, detected these genes in
the genomes of archaeal or eukaryotic organisms.

In this study, we examined the drug resistance/transport capa-
bilities of 24 BTP domain proteins, including Acel. These proteins
were selected to encompass the full spectrum of currently sampled
phylogenetic diversity within this group (Fig. 1) and included 18
gammaproteobacterial proteins, 3 betaproteobacterial proteins,
and 1 representative protein from each of Alphaproteobacteria,
Firmicutes,and Actinobacteria (Table 1). Seven of the genes encod-
ing these proteins were previously cloned into the E. coli pTTQ18
expression vector via conventional methods (1). The remaining
17 were synthetically designed E. coli codon-optimized sequences
and were synthesized in single gBlock gene fragments (Integrated
DNA Technologies) and then cloned into the pTTQ18 plasmid
vector (6). With the exception of Vpar_0264, ROS217_23162 and
MHA_0890, the proteins under investigation were expressed at
levels detectable in Western blot assays of whole-cell lysates (see
Fig. S1 in the supplemental material). This level of expression
success (87.5%) is in line with our previous experiences using this
expression system for the heterologous production of transport
systems (7-9).

Chlorhexidine resistance mediated by Acel homologs. Previ-
ously, we demonstrated that BTP domain proteins homologous
to the A. baumannii Acel protein from A. baylyi ADP1
(ACIAD1978), P. aeruginosa PA14 (PA14_26850), P. protegens
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TABLE 1 Drug resistance conferred by BTP family proteins®

PACE Family of Multidrug Efflux Systems

Gene or protein

MIC or MIC range (ug/ml)”

Organism (locus tag) CH DQ BK PF AF
NA (negative control) NA¢ (vector only) 0.195-0.39 50 0.39-0.78 6.25 3.125
Acinetobacter baumannii ATCC 17978 A1S_2063 (acel) 1.56 12.5-25 0.39-0.78 6.25 3.125
Acinetobacter radioresistens SH164 HMPREF0018_01702 0.78 25 0.39-0.78 6.25 3.125
Acinetobacter baylyi ADP1 ACIAD1978 0.78 50 0.78 6.25 3.125
Mannheimia haemolytica PHL213 MHA_0890 0.39 50 0.78 6.25 3.125
Pseudoalteromonas sp. BSi20429 P20429_2969 0.195 50 0.78 6.25 6.25
Veillonella parvula DSM 2008 Vpar_0264 0.195 50 0.39-0.78 6.25 3.125
Vibrio parahaemolyticus RIMD 2210633 VP1155 1.56 50 3.125 25 12.5
Ferrimonas balearica DSM 9799 Fbal_3166 0.78-1.56 50 0.78 3.125 6.25
Micrococcus luteus NCTC 2665 Mlut_15630 0.195 50 0.39-0.78 6.25 3.125
Acinetobacter baumannii ATCC 17978 A1S_1503 0.195 25 0.78 6.25 6.25
Pseudomonas protegens Pf-5 PFL_4585 0.195 100 1.56 3.125-6.25 3.125
Tepidiphilus margaritifer DSM 15129 6554926014 0.195 50-100 0.78-1.56 1.56-3.125 3.125
Roseovarius sp. 217 ROS217_23162¢ 0.195 50 0.78 6.25 3.125
Pseudomonas aeruginosa PA14 PA14_26850 0.78 100 1.56 6.25 3.125
Ralstonia solanacearum PSI07 RPS107_mp1531 0.195-0.39 50-100 1.56-3.125 3.125 6.25
Burkholderia cenocepacia H12424 Bcen2424_2356 1.56 25 1.56-3.125 12.5-25 6.25
Pseudomonas protegens Pf-5 PFL_4558 1.56 12.5-25 0.39-0.78 3.125-6.25 3.125
Pseudomonas syringae pv. Tomato strain DC3000 PSPTO_3587 0.78 50 0.78 12.5-25 6.25
Pseudomonas putida KT2440 PP_3512 0.78 50 0.78-1.56 6.25 3.125
Enterobacter cloacae SCF1 Entcl_2273 0.39 25 1.56 6.25 3.125
Yokenella regensburgei ATCC 43003 HMPREF0880_01962 0.78 50 0.78-1.56 3.125-6.25 3.125
Klebsiella pneumoniae 342 KPK_0842 0.78 25 0.78-1.56 12.5 3.125
Salmonella enterica subsp. enterica serovar Typhi strain ct18 STY3166 0.195 25-50 0.39 6.25 3.125
Escherichia coli TW07793 ECTWO07793_0407 0.39-0.78 50 0.78 6.25-12.5 6.25
“ None of the cloned BTP family genes conferred reproducible resistance to tetracycline, chloramphenicol, tetraphenylphosph ethidium, Hoechst 33342, pyronin Y, acridine

yellow, or 4',6-diamidino-2-phenylindole.

b The values given are from at least two independent biological replicates, and those indicating reproducible increases in resistance are shown in boldface. Abbreviations: CH,

chlorhexidine; DQ, d. lini BK, b Ikoni PF, p
NA, not applicable.
4 The GenBank protein ID is given for the Tepidiphilus margaritifer DSM 15129 protein.

AF, acriflavine.

«The cloned Roseovarius sp. 217 gene ROS217_23162 contains a single base change that results in a serine-to-phenylalanine mutation at position 139 (C-terminal tail).

Pf-5 (PFL_4558), and B. cenocepacia H12424 (Bcen2424_2356)
were able to confer resistance to chlorhexidine, whereas the phy-
logenetically distinct (Fig. 1) proteins from A. baumannii
(A1S_1503) and P. protegens (PFL_4585) did not confer resistance
(1). Chlorhexidine MIC analyses were conducted as previously
described (8) to gauge the level of resistance provided by the 17
newly cloned BTP domain protein homologs. These assays were
conducted in medium containing 0.05 mM isopropyl-B-D-
thiogalactopyranoside (IPTG) to induce basal levels of expression.
Among the 24 cloned genes, we saw reproducible increases in
chlorhexidine resistance from 12 genes (Table 1). This result con-
firmed that chlorhexidine is a common substrate of this group of
transporters.

BTP domain proteins are multidrug efflux systems. To ex-
plore the possibility that BTP domain proteins represent a new
family of multidrug efflux transporters, we tested their capacities
to confer resistance to a range of additional antimicrobial com-
pounds in MIC analyses. These compounds included: the biocides
dequalinium, tetraphenylphosphonium, and benzalkonium, the
antibiotics tetracycline and chloramphenicol, and a number of
fluorescent antimicrobial dyes that are common substrates of
multidrug efflux systems, such as proflavine, acriflavine,
ethidium, Hoechst 33342, pyronin Y, acridine yellow, and 4',6-
diamidino-2-phenylindole (Table 1).

Resistance to a variety of antimicrobials was common, partic-
ularly among the Pseudomonas and betaproteobacterial genes

January/February 2015 Volume 6 Issue 1 e01982-14

(Table 1). Six BTP domain protein genes conferred reproducible
resistance to the biocide benzalkonium. Additionally, two Psew-
domonas proteins, PA14_26850 and PFL_4585, mediated resis-
tance to dequalinium. Notably, PFL_4585 is a paralog of the
chlorhexidine resistance protein PFL_4558, demonstrating that
both BTP domain proteins encoded by P. protegens Pf-5 mediate
resistance to selected biocides. Nine of the BTP domain protein
genes also conferred resistance to one or both of the DNA-
intercalating antimicrobial dyes acriflavine and proflavine (Ta-
ble 1). Only 6 genes out of the 24 examined in this study did not
provide resistance to any of the antimicrobials tested. Of these,
three were not expressed at levels detectable by Western blotting
(see Fig. S1 in the supplemental material). The V. parahaemolyti-
cus gene VP1155 provided the highest and most consistent in-
creases in resistance to the greatest number of compounds, with at
least 4-fold increases in resistance to chlorhexidine, benzalko-
nium, proflavine, and acriflavine. To determine whether resis-
tance mediated by these proteins was dependent on a TolC-like
outer membrane, we examined resistance mediated by Acel and
VP1155 ina TolC-inactivated background (10). Both of these pro-
teins mediated resistance in this mutant strain.

To explore further the substrate recognition profile of the
VP1155 protein, we conducted Biolog OmniLog Phenotype mi-
croarray (PM) experiments (11). The resistance levels of E. coli
BL21 carrying pTTQ18-VP1155 were compared to those of E. coli
BL21 carrying pTTQI8 for 240 different antimicrobials in the
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PM11-20 plate series, as previously described (1, 11). These tests
confirmed that VP1155 provides resistance to the substrates iden-
tified by conventional MIC assays: chlorhexidine, proflavine, and
acriflavine (see Fig. S2 in the supplemental material; benzalko-
nium is not included in the PM11-20 panel of compounds). Fur-
thermore, the Biolog PM tests indicated that VP1155 also provides
resistance to 9-aminoacridine, domiphen bromide, 3,5-diamino-
1,2,4-triazole (guanazole), and plumbagin (see Fig. S2).

Fluorimetric transport assays demonstrate efflux mediated
by VP1155. The observations of resistance to the DNA-
intercalating antimicrobial dyes proflavine and acriflavine from
several of the BTP domain protein genes presented the opportu-
nity to assay directly the efflux of these substrates in real-time
fluorimetric transport assays. We applied these assays to cells ex-
pressing VP1155, exploiting the capacity of this protein to mediate
resistance to both dyes. The assays were conducted in the E. coli
triple deletion mutant strain BW25113 (AacrB AemrE AmdfA::
kan), which is defective in the three major E. coli multidrug efflux
system genes (12) and provides a sensitive background for these
assays. Cells carrying the pTTQ18-VP1155 expression plasmid
were assayed both pre- and postinduction of VP1155 expression
by using 0.2 mM IPTG (see Fig. S3 in the supplemental material).
Cells carrying “empty” pTTQ18 treated with IPTG were also in-
cluded as a negative control. The transport assays were conducted
essentially as described previously (13), except that cells were
grown in glycerol-supplemented medium and reenergized by us-
ing glycerol to initiate transport from substrate-loaded cells.

The fluorescence intensity of both proflavine and acriflavine is
lower when intercalated into DNA, so efflux from the cell was
characterized by an increase in fluorescence over time. In our
transport experiments we observed a rapid increase in fluores-
cence in cells that expressed the VP1155 protein but not in control
cells lacking this protein (Fig. 2; see also Fig. $3 in the supplemen-
tal material). These results provide additional evidence that efflux
is the mechanism of resistance operating in this group of proteins.

Conclusions. In this study, we examined a large panel of genes
encoding proteins related to the Acel chlorhexidine efflux system
for their ability to confer resistance to a set of 12 different biocides,
antibiotics, and antimicrobial dyes. To facilitate this broad survey
of phylogenetically diverse proteins, we adopted a synthetic clon-
ing approach; the majority of genes were codon optimized for
expression in E. coli and chemically synthesized for cloning into
our expression system. Of the 24 transport proteins studied, 21
were expressed at levels detectable in Western blot assays of
whole-cell lysates, and 18 conferred resistance to one or more
antimicrobial compounds.

Our results demonstrate that this group of proteins is a new
family of bacterial multidrug efflux systems, which we have desig-
nated the proteobacterial antimicrobial compound efflux (PACE)
family. The PACE family is only the sixth family of bacterial mul-
tidrug efflux systems to have been described and the first new
family for more than 15 years. Multidrug efflux systems encoded
by nosocomial pathogens are particularly problematic. Antimi-
crobial pressures selecting for increased expression of multidrug
exporters can promote resistance to not only the selecting com-
pound but also to a swath of otherwise-effective compounds.

Using a radiolabeled substrate, we previously demonstrated
that the Acel protein within the PACE family is able to mediate the
active efflux of chlorhexidine. In this work, we have identified
fluorescent substrates for several members of the PACE family
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FIG 2 Acriflavine and proflavine efflux mediated by VP1155. E. coli
BW25113 AacrB AemrE AmdfA::kan cells carrying pTTQ18 only (black line)
or pTTQI18-VP1155 (blue [noninduced] and red [induced]) were grown in
Luria-Bertani medium containing 0.5% glycerol to an optical density at 600
nm of 0.6. Samples of pTTQ18-VP1155 cells were taken and assayed as non-
induced controls (blue lines). The cultures were then grown for a further 1 h,
after which 0.2 mM IPTG was added to induce expression directed by the Ptac
promoter in pTTQ18. The cells were washed in assay buffer (HEPES, pH 7.0)
and loaded with 20 uM acriflavine (A) or proflavine (B) in the presence of the
protonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP). The
loaded cells were again washed and suspended in assay buffer (37°C). Trans-
port was initiated with the addition of 1% glycerol at the point marked with an
arrow. The assays were performed in biological triplicates, and the error bars
show the standard errors of the means at 1-min intervals. Expression of the
RGSH6-tagged VP1155 protein in the samples was assessed by Western blot-
ting (see Fig. S3 in the supplemental material) and was positively correlated
with efflux.

that facilitate the development of rapid fluorimetric efflux assays.
These assays will be highly valuable in future studies to define the
molecular transport mechanism operating in members of this
family, including the mode of energization, which is likely to in-
volve an electrochemical gradient.

Notably, PACE family proteins are encoded in the core ge-
nomes of many proteobacterial species that are separated by hun-
dreds of millions of years of evolution. Given that the substrates
we have now defined for these efflux systems— chlorhexidine, de-
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qualinium, benzalkonium, proflavine, and acriflavine—are syn-
thetic biocides that have only been widely used within the last
century, it seems unlikely that these compounds are the physio-
logical substrates of these transporters. Nonetheless, as with other
multidrug efflux systems, the substrate promiscuity of PACE ef-
flux systems is likely to have enhanced the success of proteobacte-
rial pathogens in clinical settings.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBi0.01982-14/-/DCSupplemental.

Figure S1, TIF file, 1.4 MB.

Figure S2, TIF file, 1.8 MB.

Figure S3, TIF file, 0.6 MB.

ACKNOWLEDGMENTS

This work was supported by a project grant from the Australian National
Health and Medical Research Council (1060895) to I.T.P., K.A.H., and
P.J.F.H. and the award of a Leverhulme Trust emeritus fellowship to
P.J.E.H.

We thank Shimon Schuldiner from the Hebrew University of Jerusa-
lem for the gift of E. coli strain BW25113 AacrB AemrE AmdfA::kan.

REFERENCES

1. Hassan KA, Jackson SM, Penesyan A, Patching SG, Tetu SG,
Eijkelkamp BA, Brown MH, Henderson PJ, Paulsen IT. 2013. Tran-
scriptomic and biochemical analyses identify a family of chlorhexidine
efflux proteins. Proc Natl Acad Sci U S A 110:20254-20259. http://
dx.doi.org/10.1073/pnas.1317052110.

. Finn RD, Bateman A, Clements J, Coggill P, Eberhardt RY, Eddy SR,
Heger A, Hetherington K, Holm L, Mistry J, Sonnhammer EL, Tate J,
Punta M. 2014. Pfam: the protein families database. Nucleic Acids Res
42:D222-D230. http://dx.doi.org/10.1093/nar/gkt1223.

. Tucker AT, Nowicki EM, Boll JM, Knauf GA, Burdis NC, Trent MS,
Davies BW. 2014. Defining gene-phenotype relationships in Acinetobac-
ter baumannii through one-step chromosomal gene inactivation. mBio
5:¢01313-14. http://dx.doi.org/10.1128/mBio.01313-14.

. Coenye T, Van Acker H, Peeters E, Sass A, Buroni S, Riccardi G,
Mahenthiralingam E. 2011. Molecular mechanisms of chlorhexidine tol-

IS}

w

o~

January/February 2015 Volume 6 Issue 1 e01982-14

v

o

<

=3

©

. Saidijam M, Bettaney KE, Szal

PACE Family of Multidrug Efflux Systems

erance in Burkholderia cenocepacia biofilms. Antimicrob Agents Che-
mother 55:1912-1919. http://dx.doi.org/10.1128/AAC.01571-10.

. Nde CW, Jang HJ, Toghrol F, Bentley WE. 2009. Global transcriptomic

response of Pseudomonas aeruginosa to chlorhexidine diacetate. Environ
Sci Technol 43:8406—8415. http://dx.doi.org/10.1021/es9015475.

. Stark MJ. 1987. Multicopy expression vectors carrying the lac repressor

gene for regulated high-level expression of genes in Escherichia coli. Gene
51:255-267. http://dx.doi.org/10.1016/0378-1119(87)90314-3.

i G, Psakis G, Shibay K, Suzuki
S, Clough JL, Blessie V, Abu-Bakr A, Baumberg S, Meuller ], Hoyle CK,
Palmer SL, Butaye P, Walravens K, Patching SG, O’Reilly J, Rutherford
NG, Bill RM, Roper DI, Phillips-Jones MK, Henderson PJ. 2005. Active
membrane transport and receptor proteins from bacteria. Biochem Soc
Trans 33:867—-872. http://dx.doi.org/10.1042/BST0330867.

. Hassan KA, Brzoska AJ, Wilson NL, Eijkelkamp BA, Brown MH,

Paulsen IT. 2011. Roles of dha2 family transporters in drug resistance and
iron homeostasis in Acinetobacter spp. ] Mol Microbiol Biotechnol 20:
116-124. http://dx.doi.org/10.1159/000325367.

. Hassan KA, Xu Z, Watkins RE, Brennan RG, Skurray RA, Brown MH.

2009. Optimized production and analysis of the staphylococcal multidrug
efflux protein QacA. Protein Expr Purif 64:118—124. http://dx.doi.org/
10.1016/j.pep.2008.11.009.

. Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko

KA, Tomita M, Wanner BL, Mori H. 2006. Construction of Escherichia
coli K-12 in-frame, single-gene knockout mutants: the Keio collection.
Mol Syst Biol 2:2006.0008. http://dx.doi.org/10.1038/msb4100050.

. Mackie AM, Hassan KA, Paulsen IT, Tetu SG. 2014. Biolog phenotype

microarrays for phenotypic characterization of microbial cells. Methods
Mol Biol 1096:123-130. http://dx.doi.org/10.1007/978-1-62703-712-9
_10.

. Tal N, Schuldiner S. 2009. A coordinated network of transporters

with overlapping specificities provides a robust survival strategy. Proc
Natl Acad Sci U S A 106:9051-9056. http://dx.doi.org/10.1073/
Ppnas.0902400106.

. Turner RJ, Taylor DE, Weiner JH. 1997. Expression of Escherichia coli

TehA gives resistance to antiseptics and disinfectants similar to that con-
ferred by multidrug resistance efflux pumps. Antimicrob Agents Che-
mother 41:440—444.

. Ronquist F, Huelsenbeck JP. 2003. MrBayes 3: Bayesian phylogenetic

inference under mixed models. BioInformatics 19:1572—1574. http://
dx.doi.org/10.1093/bioinformatics/btg180.

mBio mbio.asm.org 5

58

Chapter 2

B0 wse-oiqu Aq paysiiand - SLOZ ‘8 YoIBN UO BI0"WSE 0IqW WOlj papeojumoq



59

Chapter 2



Chapter 3

Chapter 3: Regulation of the acel multidrug efflux pump gene in

Acinetobacter baumannii

60



Chapter 4

Regulation of the acel multidrug efflux pump gene in Acinetobacter baumannii

Qi Liu, Karl A. Hassan, Heather Clift, Hasinika K. A. Hewawasam Gamage, Liping Li,

Bridget C. Mabbutt and Ian T. Paulsen*

Department of Chemistry and Biomolecular Sciences, Macquarie University, NSW, Australia
*Corresponding author: Prof. Ian Paulsen, Department of Chemistry and Biomolecular
Sciences, Macquarie University, North Ryde, NSW, 2109, Australia. Ph: +61 2 98508152;

Fax: +61 2 98508313; Email: ian.paulsen@mgq.edu.au.

61



Chapter 4

Journal of
Antimicrobial
Chemotherapy

J Antimicrob Chemother
doi:10.1093/jac/dky034

Regulation of the acel multidrug efflux pump gene in
Acinetobacter baumannii

Qi Liu, Karl A. Hassan, Heather E. Ashwood, Hasinika K. A. H. Gamage, Liping Li, Bridget C. Mabbutt and
Ian T. Paulsen*

Department of Chemistry and Biomolecular Sciences, Macquarie University, North Ryde, NSW, Australia

*Corresponding author. Tel: +61-2-98508152; Fax: +61-2-98508313; Email: ian.paulsen@mg.edu.au
Received 11 October 2017; returned 28 November 2017; revised 22 December 2017; accepted 15 January 2018

Objectives: To investigate the function of AceR, a putative transcriptional regulator of the chlorhexidine efflux
pump gene acel in Acinetobacter baumannii.

Methods: Chlorhexidine susceptibility and chlorhexidine induction of acel gene expression were determined by
MIC and quantitative real-time PCR, respectively, in A. baumannii WT and AaceR mutant strains. Recombinant
AceR was prepared as both a full-length protein and as a truncated protein, AceR (86-299), i.e. AceRt, which has
the DNA-binding domain deleted. The binding interaction of the purified AceR protein and its putative operator
region was investigated by electrophoretic mobility shift assays and DNase I footprinting assays. The binding of
AceRt with its putative ligand chlorhexidine was examined using surface plasmon resonance and tryptophan flu-
orescence quenching assays.

Results: MIC determination assays indicated that the Aacel and AaceR mutant strains both showed lower resist-
ance to chlorhexidine than the parental strain. Chlorhexidine-induced expression of acel was abolished in a
AaceR background. Electrophoretic mobility shift assays and DNase [ footprinting assays demonstrated
chlorhexidine-stimulated binding of AceR with two sites upstream of the putative acel promoter. Surface plas-
mon resonance and tryptophan fluorescence quenching assays suggested that the purified ligand-binding
domain of the AceR protein was able to bind with chlorhexidine with high affinity.

Conclusions: This study provides strong evidence that AceR is an activator of acel gene expression when chal-
lenged with chlorhexidine. This study is the first characterization, to our knowledge, of a regulator controlling
expression of a PACE family multidrug efflux pump.

Introduction families have been identified in A. baumannii.® Recently, we have

Acinetobacter baumannii has emerged as a major hospital-acquired
opportunistic human pathogen, responsible for a range of infections
including those of the respiratory tract, urinary tract and blood.! The
success of A. baumannii in the hospital setting stems at least partly
from its resistance to almost all commonly used antibiotics. Many of
the resistance determinants carried by A. baumannii have been
acquired horizontally. Indeed, A. baumannii strain AYE carries an
86kb drug-resistance island, the largest known drug-resistance
island to have been identified in a bacterial genome.? In addition to
these acquired drug-resistance factors, A. baumannii carries intrinsic
resistance genes in its core genome, including a large number of
putative drug efflux pumps. Five families of efflux pumps have been
extensively characterized in bacteria:>~> major facilitator superfam-
ily; resistance nodulation-cell division superfamily; small multidrug
resistance family; ATP-binding cassette superfamily; and multidrug
and toxic compound extrusion family. Representatives of all these

defined a sixth family of multidrug efflux pump, the proteobacterial
antimicrobial compound efflux (PACE) family, exemplified by the
Acel protein from A. baumannii.”® Members of this family confer
resistance to biocides including chlorhexidine, benzalkonium, acri-
flavine and proflavine.

Multidrug efflux pumps are frequently encoded adjacent to a
divergently transcribed regulatory protein that controls expression
of the pump gene in response to its substrates. For example,
expression of the major facilitator superfamily efflux pump gene
gacA in Staphylococcus aureus is regulated by a divergently
encoded transcriptional regulator, QacR, a member of the TetR
family of repressors.® Another example is the LysR-type transcrip-
tional regulator (LTTR) family protein Adel, which is encoded oppo-
site to the adeFGH operon, and regulates expression of these
genes, which encode a resistance nodulation-cell division efflux
systemin A. baumannii.*°

©The Author(s) 2018. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy.
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Table 1. Bacterial strains and plasmids used in this study

Reference/source
Strain
A. baumannii ATCC 17978° 33
A. baumannii AB5075-UW 34
AB5075-Aacel (ABUW1673_204:T26) 34
AB5075-AaceR (ABUW1672_127:T26) 34
E. coli DH5«
Plasmid
pTTQ18resHs 19,20
pTTQ18gasHs-acer (@mp®) this work
PTTQ18resHe-aceRt (ampR) this work
pWH1266 21,22
PWH1266-aceR (Tet®) this work

“GenBank accession no. NCO09085.

The acel gene in A. baumannii, which confers chlorhexidine
resistance, is located adjacent to a divergently transcribed regula-
tor gene encoding an LTTR family protein. LTTRs are the largest
family of prokaryotic transcriptional regulators.'* LTTRs can func-
tion as activators or repressors of single or operonic genes or as
global regulators, controlling expression of large numbers of genes
across the genome.!! LTTRs regulate gene products involved
across diverse processes, including metabolism, cell division, viru-
lence, motility, toxin production, attachment and secretion.* 2

LTTR proteins are organized with an N-terminal DNA-binding
domain (DBD) connected via a helical linker to an effector-binding
domain (EBD) at the C-terminus. Although LTTRs have well-
conserved structures, they tend to display low sequence identity
between family members possibly because of evolving distinct
effector recognition. The DBD has the greatest sequence conserva-
tion, owing to its winged helix-turn-helix (HTH) motif and the linker
helix."** The more diverse EBD comprises two a/p subdomains
held together by hinge-like B-strands;*>*® generally, effector mol-
ecules bind in the cleft between these two subdomains. Binding
results in a conformational change that alters the affinity of the
LTTR for the promoter region DNA to enable transcriptional
regulation.’”'®

The present study determines the regulation of the acel trans-
porter gene and demonstrates a divergently transcribed LysR fam-
ily regulator, which we have named AceR, to be responsible for
transcriptional activation of acel expression in response to
chlorhexidine.

Materials and methods

Bacterial strains, plasmids and media

The bacterial strains and plasmids used in this study are listed in Table 1.
Escherichia coli and A. baumannii strains were cultivated in LB or Mueller-
Hinton broth, respectively, at 37°C with aeration. When necessary, media
were supplemented with the antibiotics ampicillin (100 mg/L) or tetracy-
cline (30 mg/L).

Both full-length (aceR) and truncated (aceRt; see description in the text
below) genes were cloned into the plasmid vector pTTQ18gspe for overex-
pression in E. coli DH5q, as described previously.®*?° The full-length aceR

gene was additionally cloned into the plasmid pWH1266 for complementa-
tion of the A. baumannii AB5075-UW AaceR mutant strain, as previously
described.?*?? Primers utilized for cloning are listed in Table S1 (available as
Supplementary data at JAC Online). Sanger sequencing was used to verify
all cloned genes.

MIC determination assays

MIC determination assays for chlorhexidine resistance were conducted on
A. baumannii strains in Mueller-Hinton broth using a conventional 2-fold
serial dilution method, as previously described.?® All MIC values were deter-
mined in triplicate.

Preparation of recombinant AceR and AceRt

The recombinant proteins AceR and a truncated variant AceRt were overex-
pressed as C-terminal His-tag fusion proteins in E. coli DH5a.. Aliquots (4 mL)
from overnight cultures grown at 37°C were added to growth medium
(LB broth, 400 mL) and shaken at 37°C until cell density readings achieved
ODggo = 0.4. Expression was induced with IPTG (1.6 mM) and the growth
temperature lowered to 20°C. After 24 h, cells were centrifuged and pellets
resuspended in Buffer A [20mM Tris-HCl buffer (pH 8.0) with 10% glycerol
and 400 mM NaCl]. Following addition of DNase I, cells were lysed using a
French press (two passages, 20000 psi). Unlysed cells and debris were
removed by centrifugation (20 000g, 30 min) and the recovered superna-
tant filtered by syringe (0.4 um).

Purification of recombinant products was undertaken by Ni-NTA affinity
chromatography. Filtrate (25mL) was loaded (peristaltic pump) at 4°C
onto a pre-packed column (1 mL; GE Healthcare) equilibrated in Buffer
A with 5mM imidazole. Following washing (2 times, 10mL) with Buffer
A with 20-60 mMimidazole, the protein product was eluted in Buffer A with
250mM imidazole (5mL). Fractions of eluate containing protein were
pooled, dialysed overnight into Buffer B [50 mM HEPES buffer (pH 7.5) with
200 mM NaCl and 10% glycerol] and frozen. The purity of the recombinant
product was established by SDS-PAGE and western blots with an anti-
RGSH6-HRP antibody conjugate (Qiagen). Pure samples were desalted and
concentrated to 400 mg/L prior to conducting binding assays [gel electro-
phoretic mobility shift assays (EMSAs), DNase I footprinting and protein-
substrate binding].

RNA isolation

Mid-log cell cultures (5-10mL, ODgoo = 0.6) of each A. baumannii strain
were treated with chlorhexidine (8 uM) for 30min at 37°C, with shaking.
Control cultures contained no chlorhexidine. Cell pellets were recovered
(500049, 15min) and lysed in QIAzol reagent (Qiagen). Total RNA was iso-
lated using the RNeasy mini kit (Qiagen) and DNA removed with DNase
I (TURBO DNA-free™ kit; Invitrogen). First-strand cDNA synthesis was facili-
tated using a reverse transcription kit (QuantiTect®™; Qiagen) with 1000 ng of
RNA input. All procedures followed the manufacturers’ instructions.

Quantitative real-time PCR

All cDNA aliquots (1000 ng) were used in equal concentration in a quantita-
tive real-time (qRT)-PCR reaction mix containing 5 ulL of 2x GoTaq® qPCR
Master Mix (Promega) and 300 nM of each primer (Table S1) and the reac-
tion volume was made up to 10 uL with nuclease-free water. The reaction
was conducted using a LightCycler 480 instrument (Roche) and the running
conditions were 95°C for 2 min, 40x (95°C for 15, 55°C for 2 min and 72°C
for 20s) and 72°C for 10 min. All samples were analysed in triplicate and
rpoD was used as the internal control. Relative quantification of gene
expression was calculated using the 22T approximation method.*
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Figure 1. Proposed organization of the AceR sequence with respect to defined LTTR family member BenM. (a) Alignment of AceR with Acinetobacter
spp. sequence representatives at the 80% identity level; N9F3E8_ACIHA from Acinetobacter haemolyticus CIP 64.3 T (ACIHA) and N8R3C8_9GAMM
from Acinetobacter sp. CIP A165 (9GAMM). Residues in AceR differing from the consensus (of three sequences) are coloured red. Alignment includes
the sequence of LTTR member BenM (from Acinetobacter sp. ADP1) whose three-dimensional structure is known (27% identity). Locations of the HTH
motif (helices o1-a3), the linker helix (e4) and the EBDs (subdomains EBDI and EBDII) are indicated (from crystal structure PDB 3KIN). The start residue
for the AceRt construct employed in this study, in which the HTH motif is deleted, is indicated with an arrow. Orthologues identified from a BLASTP
search against UniProtKB; sequences aligned with CLUSTAL.*® (b) Ribbon view of the BenM crystal structure,*® coloured so as to distinguish the DBD
(HTH motif) (dark blue), linker helix (cyan), EBDI (pink) and EBDII (red).

Gel EMSAs

A DNA fragment containing the aceR-acel intergenic region (242bp),
including the predicted acel promoter was prepared by PCR amplification
from the chromosome of A. baumannii ATCC 17978 (99% in sequence

identity of A. baumannii AB5075-UW) using a pair of primers (Finteg and
Rinteg; Table S1). The PCR products were purified using the Wizard SV gel
and PCR cleanup kit (Promega). A digoxigenin gel shift kit (second genera-
tion; Roche) was used for labelling of the DNA fragments and detection of
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Figure 2. Effect of chlorhexidine on A. baumannii AB5075-UW strains.
(a) Chlorhexidine susceptibility of A. baumannii parental AB5075-UW,
AB5075-UW AaceR and AB5075-UW Aacel isogenic mutants and the
AB5075-UW AaceR mutant complemented with the aceR gene cloned
on the plasmid vector pWH1266. MICs were determined using a broth
dilution method and the data shown are averaged from three biological
replicates. (b) qRT-PCR assays of acel gene expression following chlo-
rhexidine induction in parental AB5075-UW, the AB5075-UW AaceR iso-
genic mutant and the AB5075-UW AaceR mutant complemented with
the aceR gene cloned on the plasmid vector pwH1266. Change in
expression of acel gene transcription was measured as fold change nor-
malized to rpoD gene expression and subsequently calculated as log2-
fold change relative to the untreated cell culture. Values are averages of
three independent qRT-PCR experiments. P values were calculated using
the paired Student’s t-test (*P < 0.05).

signals according to the manufacturer’s instructions. Binding reactions
were performed by incubating the labelled DNA fragment with 0-2 uM of
the purified AceR with chlorhexidine (8 uM) for 30 min (25°C) in 10 uL of
binding buffer [10mM HEPES, pH 7.6, 0.5mM EDTA, 5mM (NH,);S0x,
0.5mM DTT, 15 mM KCl]. After incubation, 5 pL of gel loading buffer [0.25x
TBE buffer, 60% glycerol, 40% bromophenol blue, 0.2% (w/v)] was
added and then the reactions were electrophoresed in a 5% native polya-
crylamide gel at 100V for 1.5 hin 0.5x TBE buffer (45 mM Tris-borate, 1 mM
EDTA, pH 8.0). The gel was then detected and analysed according to the
manufacturer’s instructions. Additional EMSAs were conducted using
smaller DNA fragments (32 and 37 bp) and AceR (0-6 uM) with chlorhexi-
dine (8 uM).

DNase I footprinting assay

PCR primers (Table S1) with 5'-labelled 6-FAM (fluorescein amidite) were
obtained from Integrated DNA Technologies. Labelled DNA fragments
(300ng) were prepared by PCR amplification from the chromosome of
A. baumannii ATCC 17978 using the commercially synthesized primers
(F122-fam and R122; R122-fam and F122). Both ends of the PCR product
were separately labelled with 5'-labelled 6-FAM (only one 5'-labelled pri-
mer was used in each experiment) and used in separate footprinting
experiments.

For DNase I footprinting, the labelled DNA fragment was incubated with
the purified AceR protein (0, 4 and 8 uM) with chlorhexidine (8 uM) in 50 uL
of incubation buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 3 mM magne-
sium acetate, 0.1 mM EDTA, 0.1 mM DTT) for 30 min at room temperature.
Subsequent DNA digestion was conducted by addition of 0.5 U RQ1 RNase
free DNase I (Promega) to the mixture to a final volume of 100 pL. After
digestion for 1 min, the digestion reaction was stopped by the addition of
100 pL of stop solution (200 MM NaCl, 20 mM EDTA and 1% SDS) followed
by incubation at 65°C for 10 min. The final reaction mixtures were extracted
with 200 uL of phenol/chloroform/isoamyl alcohol (25:24:1) and purified by
ethanol precipitation. The purified samples were sent to the Australian
Genome Research Facility for Genotyping-Fragment Separation, which
then were analysed using Geneious 2 software (Biomatters).

Surface plasmon resonance

Interactions between AceRt and chlorhexidine were measured on a Biacore
X100 system (GE Science) operating at a flow rate of 30 uL/min. Prior to
immobilization, the purified AceRt protein (10 uM in Buffer B, see above)
was diluted 1:100 into sodium acetate (10mM, pH 4.0) and the CM5 chip
activated with a mixture of 1-ethyl-3-(3-dimethylaminopropyl) carbodii-
mide and N-hydroxysuccinimide (1:1) applied for 10min. All measure-
ments were performed at 25°C in Buffer B. Chlorhexidine solutions over the
range 0.3-320 uM were applied for 30s and disassociated for 120s. Data
were analysed and non-specific binding normalized using Biacore X100
evaluation software. GraphPad Prism 7 software was used for calculating
the dissociation constant (Ky) of this interaction.

Tryptophan fluorescence quenching assays

Steady-state spectrophotofluorimetry was conducted on the purified pro-
tein using a spectrofluorimeter (PerkinElmer LS 55). The purified AceRt
(5 uM in Buffer B) was analysed at room temperature. Tryptophan residues
in AceRt were excited at 295 nm and fluorescence emissions were recorded
at 330 nm. Microlitre additions of chlorhexidine in Buffer B were added to
final concentrations from 0 to 114 uM and accounted for <13% of the final
volume. Samples were mixed in a 1 cm x 0.2 cm quartz cell for 1 min after
each addition before the fluorescence emission was monitored. All read-
ings were corrected for buffer background emission and sample dilution.
The relative fluorescence quenching (AI) was calculated as follows:
Al = (1—1/I) x 100/100, where Iy is the intensity of fluorescence in the
absence of quencher and I'is the intensity of fluorescence upon addition of
quencher. The standard deviation was calculated for the individual AI val-
ues from three independent experiments. K4 for the interaction was deter-
mined by non-linear regression using GraphPad Prism 7.

Results and discussion

AceR is required for chlorhexidine induction of acel

This study focused on a putative LTTR, encoded by a gene we have
named aceR (A1S_2064), which is divergently transcribed from the
acel multidrug efflux gene. A multiple sequence alignment of AceR
with homologous LTTR proteins (Figure 1) suggested an extended
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Figure 3. SDS-PAGE for immobilized metal affinity chromatography (IMAC)-purified AceR and AceRt used in this work. (a) Fractions taken during
IMAC purification of recombinant AceR (arrow, 35 kDa) produced by E. coli DH5a cells carrying aceR constructs in vector pTTQ18ggsne. Lanes 2-10, elu-
ates from washes by Buffer A with increasing imidazole gradient (20-60 mM, in 5 mM steps). Lanes 11-13, retained sample eluted with Buffer A and
250mM imidazole. (b) AceRt sample (arrow, 25 kDa) following imidazole elution of IMAC column imidazole (as before). Gel stained with Coomassie

brilliant blue.
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Figure 4. EMSAs showing AceR binding to the acel-aceR intergenic
region. Lanes 1-4, the concentration of AceR protein was 0, 2, 1 and
2 pM respectively; the concentration of DIG-labelled probe and chlorhexi-
dine was constant at 20fmol and 8 uM, respectively. Additionally, the
sample in lane 2 includes 2500 fmol of unlabelled probe that was incu-
bated with the AceR protein. Samples were electrophoresed on a 5%
native polyacrylamide gel. DIG, digoxigenin.

N-terminal segment, thus the start codon for aceR is likely 105 bp
upstream from the previously annotated start codon. This is sup-
ported by analysis of RNA-Seq transcriptomic data (Q. Liu, K. A.
Hassan and I. T. Paulsen, unpublished data), which locates the
aceR transcript start ~15-20bp upstream of this new proposed
start codon (Figure S1).

To investigate whether AceR plays a role in controlling the
expression of acel, we first compared chlorhexidine resistance lev-
els in A. baumannii AB5075-UW and isogenic Aacel knockout and
AaceR knockout mutants. Antimicrobial susceptibility assays
(Figure 2a) showed both the Aacel and AaceR mutants to have an
identical 4-fold decrease in chlorhexidine resistance relative to
the parental strain. Complementation of the AaceR-inactivated
mutant with the cloned aceR gene partially restored chlorhexidine
resistance. These data suggest that AceR might function as an
activator of acel gene expression, since a knockout in a negative
regulator would presumably lead to an increased MIC.

To investigate the role for AceR as an activator of acel gene
expression, we used qRT-PCR to examine the expression levels of

acel in the WT, AaceR mutant and complemented-AaceR mutant
A. baumannii AB5075-UW strains with and without chlorhexidine
induction. We found transcription of acel in the WT strain to be
induced 34-fold by chlorhexidine (Figure 2b). In contrast, acel
expression was not induced by chlorhexidine in the AaceR mutant
strain. The chlorhexidine induction of acel gene expression was
partially restored in the complemented mutant strain. The most
probable explanation that only partial complementation was
observed in both the MIC and gRT-PCR data is that expression lev-
els of aceR are likely different in the complementation experiments
as the aceR gene was expressed from the pWH1266 plasmid
rather than being reintroduced at the original locus in the
A. baumannii AaceR mutant strain.

Preparation of the EBD of AceR

Our observations with A. baumannii WT and mutant strains sug-
gested that AceR could activate expression of acel in the presence
of chlorhexidine. To investigate this at the protein level, recombi-
nant AceR was prepared in both full-length and truncated forms
with a C-terminal Hisg-tag. AceR (86-299) (a 24.5kDa protein,
named here AceRt) was designed to remove the DBD and retain
the EBD sequence only (Figure 1). Previous studies of other LTTRs
have demonstrated EBDs to be stable domains that retain inde-
pendent function.**>* Following purification as Hiss-tagged fusion
products, SDS-PAGE confirmed our preparations of AceR and AceRt
as proteins of 35 and 25kDa, respectively (Figure 3). In line with
previous investigations of LTTRs (e.g. BenM and CatM?®?’), solu-
tions of full-length AceR showed lower stability than AceRt.
Differential scanning fluorimetry showed that the full-length AceR
(Ton = 53°C) had a lower melting temperature than that of AceRt
(T = 60°C) and ~40% of the full-length AceR protein precipitated
after removal of imidazole from the buffer.

AceR binds to the intergenic region between acel
and aceR

LTTRs frequently bind to multiple DNA sites within the intergenic
region between their own coding gene and an adjacent diver-
gently transcribed gene they regulate.'! These binding sites are
typically inverted repeats (T-N1,-A) located near the promoter
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Figure 5. Identification of the AceR-binding site by a DNase I footprinting assay. (a) RNA-Seq transcriptomic data showing the transcription start site
for the acel transcript. X-axis shows the nucleotide sequence of acel and its putative promoter (—10 and —35 boxes are indicated). Y-axis displays the
relative sequence coverage from RNA-Seq data, showing that the acel transcript starts 11 bp from the —10 box of the promoter. (b) DNase I footprint-
ing with purified AceR. A DNA fragment (122 bp) of the intergenic region between acel and aceR was PCR amplified and labelled with 5’-labelled 6-
FAM. DNase I digestion reactions were prepared and analysed by capillary electrophoresis in an ABI 3730XL sequencer as described in the Materials
and methods section. Three electropherograms show the reactions with the following increasing concentrations of AceR: 0, 4 and 8pM.
Electropherograms consist of overlapped blue and red nucleotide peaks, which correspond to experiments performed with DNA labelled on the acel
and aceR ends of the fragment, respectively. Protected regions are associated with decreasing peak intensity as AceR concentration increases.

region of the regulated gene, but can vary in both base pair com-
position and length.**

EMSAs were conducted using a 242 bp DNA segment encom-
passing the entire acel-aceR intergenic region, plus 69 bp of the
acel gene and 14bp of the aceR gene (Figure 4 and Figure S2).
In the absence of AceR, a single DNA fragment of 242bp is
observed. With increasing addition of AceR, a higher molecular
weight species becomes more abundant, which presumably repre-
sents an AceR-DNA complex. Specific competition with excess
unlabelled probe DNA resulted in loss of the higher molecular
weight species. Excess poly[d(A-T)] was used as a non-specific
competitor in each reaction to prevent unspecific binding of pro-
tein to the DNA fragment. The EMSA data suggested that AceR
specifically binds to the acel and aceR intergenic region in vitro.

DNase I footprinting localizes the AceR binding site

DNase I footprinting was performed to localize further the AceR-
binding sequence. Sequence coverage of the acel and aceR tran-
scripts in our RNA-Seq transcriptomic data (Q. Liu, K. A. Hassan and
L. T. Paulsen, unpublished data) shows the likely transcriptional
start site of the acel transcript is 11 bp downstream of a putative
acel promoter. This promoter consists of a —10 box (TAAAAT),
17 bp spacing and then a relatively poor —35 box (TGGATT) (Figure
5a). DNase I footprinting was performed using a 122 bp DNA frag-
ment upstream of the translation start of the acel gene. Two
regions experienced partial protection from DNase I digestion

dependent on AceR concentration (Figure 5b). Binding site
2 includes an imperfect palindrome AGAACAACTTCT that resem-
bles a typical LTTR-binding motif,"* whereas binding site 1 includes
a weak imperfect palindromic region AATCAGGTTCTTTCAATT that
is adjacent to the likely —35 box of the acel promoter.

To confirm whether AceR can bind to both sites within the
acel-aceR intergenic region, additional ESMAs were conducted
using smaller (32 and 37bp) DNA fragments centred on binding
sites 1 and 2. AceR was inferred to bind the DNA fragments of the
two binding sites in a concentration-dependent manner (Figure 6).
The gel shift was abolished by competition with an excess of unla-
belled specific DNA (i.e. the unlabelled putative binding site DNA).
These results confirmed that AceR binds at least two distinct sites
upstream of the predicted acel promoter sequence, a property
similar to many characterized LTTRs.*"** LTTRs are proposed to
operate as a dimer of dimers. One dimer may first bind (in apo
form) to one regulatory binding site. Subsequently, upon binding of
the effector molecule, a second dimer may bind to a distinct but
adjacent site to form a tetramer with the bound dimer.?® Binding
sites 1 and 2 may represent these regulatory and effector sites.

The chlorhexidine-induced binding of AceR to these sites may
help to co-ordinate binding of the RNA polymerase to the acel pro-
moter. Expression of the acel gene probably requires activation
owing to the relatively poor —35 box consensus sequence. AceR
may activate expression through interacting with the RNA poly-
merase holoenzyme, enhancing its binding to the promoter region.
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Figure 6. EMSAs showing AceR binding to two sites in the acel-aceR
intergenic region. Sequence of the DNA fragments for binding site 1 (a)
and binding site 2 (b) are TGATTAATCCAATCAGGTTCTTTCAATTTTTT and
GACAGATGAATATTAATCAAGAACAACTTCTCATGTT, respectively. DIG-
labelled DNA fragments (binding sites 1 and 2, 20 fmol) as probes were
commercially synthesized for the reactions in lanes 1-4 and incubated
with an increasing concentration of AceR (0-6 uM), as indicated at the
top of each panel. Samples in lane 2 additionally include 2500 fmol of
unlabelled probe. BS1, binding site 1; BS2, binding site 2; DIG,
digoxigenin.

Lane:

EBD of AceR binds chlorhexidine

Direct monitoring of binding with chlorhexidine employed surface
plasmon resonance (SPR) with the truncated AceRt protein, owing
to its higher solubility than AceR. The sensorgrams showed AceRt
binding responses to increase with chlorhexidine concentrations
until saturation (Figure 7a). The overall K4 was calculated as
62.3 uM (Figure 7b). The binding stoichiometry of AceRt/chlorhexi-
dine based on these results was 1:1.

To support the SPR data, a tryptophan fluorescence quenching
assay was performed. Fluorescence of four tryptophan residues in
the AceRt protein was monitored during chlorhexidine titration
(Figure S3). Chlorhexidine quenches AceRt tryptophan fluorescence
in a saturable manner with a K4 of 30.5 uM (Figure 7c). This dissoci-
ation parameter is in line with the K4 derived from our SPR assays
(above). These Kq4 values are similar, but slightly lower than that
observed for the Acel transporter (1.6~5.8 uM).8 Other LTTRs have
affinity in the uM range for their specific inducing ligand.*”#%-
Examples include PcpR from Sphingobium chorophenolicum that
binds pentachlorophenol with a Ky of 70uM?° and CbbR from
Xanthobacter flavus that binds NADPH with a K4 of 75 uM.>°
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Figure 7. Binding affinity between AceRt and chlorhexidine using SPR
and fluorescence quenching. (a) Sensorgrams and the saturation curve
of the titration of AceRt with chlorhexidine were determined by SPR. A
CMS5 chip (Biacore) was coated with AceRt with 1400 response units and
an increasing concentration of chlorhexidine was injected into the micro-
fluidic channel. (b) Response units were extracted for each chlorhexidine
concentration in the sensorgrams to plot an affinity curve against vari-
ous chlorhexidine concentrations. (c) Tryptophan fluorescence quench-
ing to monitor AceRt/chlorhexidine binding. Fluorescence spectra of
AceRt (5 pM) upon addition of chlorhexidine were monitored at 330 nm.

Conclusions

The Acel efflux pump is the first characterized prototype of the
PACE family of multidrug efflux pumps.”® In this paper, we provide
several lines of evidence that the novel LTTR protein AceR is an
activator of acel gene expression. We were also able to demon-
strate direct interactions between the C-terminal domain of AceR
with chlorhexidine, a known substrate of the Acel trc1nspc>rter.7
Based on these data, we propose a molecular model for the regu-
lation of the acel gene (Figure 8). In this model, AceR binds to chlo-
rhexidine inducing a conformational change, which results in two
AceR dimers binding to at least two DNA sites localized upstream
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Figure 8. Proposed model of AceR transcriptional regulation of acel
gene expression. Following binding to chlorhexidine, two AceR dimers
are proposed to bind to regulatory sites within the intergenic region
between the acel and aceR genes. AceR binding close to the acel pro-
moter results in activation of acel transcription, presumably by strength-
ening the interaction between the RNA polymerase holoenzyme and the
acel promoter.

of the —35 box of the acel promoter. This consequently activates
expression of the acel gene through enhancing binding of the RNA
polymerase holoenzyme to the acel promoter.

While this is the first characterization of a regulator of a PACE
family efflux pump, various other bacterial efflux pump transport-
ers have been shown to be regulated via a divergently encoded
regulator that can recognize the substrate of the cognate trans-
porter.'32 We believe that AceR will provide a good model system
for studying the regulation of PACE family efflux pumps, which are
frequently encoded adjacent to an LTTR gene. Investigating the
ligands of the putative LTTR regulators of these PACE family trans-
porters may provide valuable insight into the real physiological
substrates of their efflux pumps.
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ABSTRACT Multidrug efflux pumps provide clinically significant levels of drug resistance in a number of Gram-negative
hospital-acquired pathogens. These pathogens frequently carry dozens of genes encoding putative multidrug efflux pumps.
However, it can be difficult to determine how many of these pumps actually mediate antimicrobial efflux, and it can be even
more challenging to identify the regulatory proteins that control expression of these pumps. In this study, we developed an inno-
vative high-throughput screening method, combining transposon insertion sequencing and cell sorting methods (TraDISort), to
identify the genes encoding major multidrug efflux pumps, regulators, and other factors that may affect the permeation of anti-
microbials, using the nosocomial pathogen Acinetobacter baumannii. A dense library of more than 100,000 unique transposon
insertion mutants was treated with ethidium bromide, a common substrate of multidrug efflux pumps that is differentially fluo-
rescent inside and outside the bacterial cytoplasm. Populations of cells displaying aberrant accumulations of ethidium were
physically enriched using fluorescence-activated cell sorting, and the genomic locations of transposon insertions within these
strains were determined using transposon-directed insertion sequencing. The relative abundance of mutants in the input pool
compared to the selected mutant pools indicated that the AdeABC, AdeIJK, and AmvA efflux pumps are the major ethidium ef-
flux systems in A. baumannii. Furthermore, the method identified a new transcriptional regulator that controls expression of
amvA. In addition to the identification of efflux pumps and their regulators, TraDISort identified genes that are likely to control
cell division, cell morphology, or aggregation in A. baumannii.
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IMPORTANCE ~ Transposon-directed insertion sequencing (TraDIS) and related technologies have emerged as powerful methods
to identify genes required for bacterial survival or competitive fitness under various selective conditions. We applied
fluorescence-activated cell sorting (FACS) to physically enrich for phenotypes of interest within a mutant population prior to
TraDIS. To our knowledge, this is the first time that a physical selection method has been applied in parallel with TraDIS rather
than a fitness-induced selection. The results demonstrate the feasibility of this combined approach to generate significant results
and highlight the major multidrug efflux pumps encoded in an important pathogen. This FACS-based approach, TraDISort,
could have a range of future applications, including the characterization of efflux pump inhibitors, the identification of regula-
tory factors controlling gene or protein expression using fluorescent reporters, and the identification of genes involved in cell
replication, morphology, and aggregation.
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o be effective in killing or stalling the growth of bacterial cells,

antimicrobials must reach their cellular targets. For the major-
ity of antimicrobials, these targets are in the cytoplasm, meaning
that they must cross the cell envelope to induce their effects. The
cell envelope is a particularly important factor for antimicrobial
resistance in Gram-negative bacteria, since it includes two mem-
brane permeability barriers with different surface chemistries,
presenting significant potential to limit the accumulation of
chemically diverse antimicrobial compounds (1).

September/October 2016 Volume 7 Issue 5 €01200-16

In addition to preventing accumulation of antimicrobials, all
bacteria employ sets of efflux pumps that mediate the active ex-
pulsion of these compounds should they cross a biological mem-
brane (2). Many antimicrobial efflux pumps in bacteria have mul-
tidrug recognition profiles. Therefore, the increased expression of
a single pump can result in resistance to a broad spectrum of
antimicrobial classes. In Gram-negative bacteria, efflux pump
overexpression has been shown to promote clinically significant
levels of antimicrobial resistance (3). Genes encoding efflux
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pumps have been identified in all bacterial genomes sequenced to
date and can be found in large numbers (4). For example, strains
of the opportunistic human pathogen Acinetobacter baumannii
typically encode more than 50 putative efflux pumps, accounting
for approximately 1.5% of their protein coding potential (5).

Despite their abundance, only a few transporters resembling
drug efflux pumps have been experimentally characterized in
most bacterial species. It can be difficult to discern which, if any, of
the uncharacterized pumps could play an active role in protecting
the cell against cytotoxic compounds without conducting labor-
intensive experimental investigations. Furthermore, it can be even
more challenging to identify the regulatory proteins that control
expression of active multidrug efflux pumps. In this study, we
sought to identify these proteins in A. baumannii by directly as-
sessing drug accumulation within a population of more than
100,000 random transposon mutants. To this end, we applied
fluorescence-activated cell sorting (FACS) in parallel with
transposon-directed insertion sequencing (TraDIS) (6, 7). This
novel approach, which we have named “TraDISort,” was able to
identify genes in A. baumannii that are associated with increased
or decreased accumulation of ethidium bromide, a cationic qua-
ternary ammonium derivative and a common substrate of multi-
drug efflux pumps.

Fluorescence-activated cell sorting to enrich for mutants dis-
playing aberrant accumulation of ethidium. Ethidium readily
intercalates into nucleic acids, whereupon its fluorescence inten-
sity increases significantly. Consequently, ethidium is differen-
tially fluorescent inside and outside cells, and cellular fluorescence
can be used as a proxy for its cytoplasmic concentration (8). We
hypothesized that when cells are treated with a subinhibitory con-
centration of ethidium, the ethidium concentrations in the cyto-
plasm of cells with defective multidrug efflux machinery should be
higher than the concentration in wild-type cells at equilibrium,
and conversely, the concentration in cells with overactive efflux
machinery should be below that in wild-type cells To test this
hypothesis, we examined populations of three isogenic strains of
A. baumannii AB5057-UW (9) that differentially expressed Ad-
elJK, a major multidrug efflux pump in A. baumannii, which rec-
ognizes ethidium as a substrate (10, 11): (i) wild-type AB5075-
UW, (ii) a mutant containing a transposon insertion in adeJ, and
(iii) a mutant containing a transposon insertion in adeN, which
encodes a negative regulator of adelJK expression (9). When ex-
amined by flow cytometry, populations of the different cell types
displayed distinct but partially overlapping fluorescence profiles
that were in agreement with our predictions, i.e., the average flu-
orescence of the ade] and adeN mutant populations was above and
below that of the wild-type population, respectively (see Fig. SIA
in the supplemental material). We repeated this experiment, using
equivalent isogenic strains of Acinetobacter baylyi ADP1 (5), and
made the same observations (see Fig. S1B). Based on these exper-
iments, we predicted that it would be possible to use FACS to
enrich cells from a large mutant pool that display differential
ethidium accumulation or efflux based on their fluorescence in-
tensity.

A mutant library containing more than 100,000 unique inser-
tion mutants of A. baumannii BAL062 was generated using a Tn5-
based custom transposon, and the insertion sites in the mutant
pool were mapped by TraDIS (7). This library was treated with 40
uM ethidium bromide (1/16X MIC of the parental strain) and
subjected to FACS to collect cells containing the highest concen-
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FIG1 Selection of A. baumannii mutants carrying insertions in genes encod-
ing the characterized efflux pumps AdeABC (12), AdeIJK (10), AdeFGH (20),
AmvA (13, 14), CraA (21), AbeS (22), AbeM (23), and Acel (24, 25) and
regulators AdeRS and BaeRS, which control expression of adeABC (15, 26);
AdeN, which controls adelJK (16); AdeL, which controls adeFGH (20); and
AceR, which controls acel (27). Bars represent the fold change in mutant abun-
dance in cells selected for low ethidium fluorescence (blue), high ethidium
fluorescence (red), or growth in 62.5 ug/ml (approximately 158 M) ethidium
bromide (hatched green; 1/4X MIC) compared to the starting mutant pool.
Positive values indicate higher mutant abundance in the selected pool, whereas
negative values indicate lower abundance. Asterisks indicate values supported
by a Q value of 0.05 or below. Y[, the gene named here as amvR encodes a TetR
family regulator that represses amvA gene expression (see text for details).

trations of ethidium (i.e., the 2% most fluorescent cells) and cells
containing the lowest concentrations of ethidium (i.e., the 2%
least fluorescent cells). DNA was isolated from the selected pools
of cells, and TraDIS was used to identify the chromosomal loca-
tions of the Tn5 insertion sites in these cells (7). Transposon in-
sertions were significantly (>2-fold change; Q value, <0.05) less
abundant in 162 genes and more abundant in 24 genes in the
low-fluorescence population and less abundant in 159 genes and
more abundant in 24 genes in the high-fluorescence population
compared to the input pool (see Data Set S1 in the supplemental
material).

FACS in parallel with TraDIS identifies the active ethidium
efflux pumps encoded by A. baumannii and core efflux pump
regulators. Following the experiments with targeted mutants, we
hypothesized that many cells containing the highest concentra-
tions of ethidium would have transposon insertions in genes en-
coding efflux pumps or activators of efflux pumps, and con-
versely, cells containing the lowest concentrations of ethidium
would have insertions in genes encoding negative regulators of
efflux pumps. Comparisons of the insertion sites in the mutant
input pool with those in the high- and low-fluorescence pools
supported this proposal (Fig. 1; see also Data Set S1 in the supple-
mental material). Mutants carrying insertions in genes encoding
several multidrug efflux pumps, particularly adeABC (12), adel]K
(10), and amvA (13, 14), and genes encoding the adeABC activa-
tor, adeRS (15), were overrepresented in the highly fluorescent
populations (Fig. 1). Inactivation of these genes is likely to reduce
the rate of efflux and thus result in a higher cytosolic concentra-
tion of ethidium. In contrast, inactivated mutants of these genes
were less abundant in the low-fluorescence populations (Fig. 1),
since the efflux pumps encoded or regulated by these genes help
to lower the concentration of ethidium in the cell. We used the
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Transporter Automated Annotation Pipeline (http://www
.membranetransport.org/) to search for genes encoding novel ef-
flux pumps in the A. baumannii BAL062 genome. We identified 56
genes that are likely to encode novel efflux pumps, or components
of novel efflux pumps, based on their primary sequence charac-
teristics (see Table S1 in the supplemental material). These efflux
pumps are likely to recognize small-molecule substrates, but our
data did not suggest that any of these efflux pumps have a signif-
icant in vivo role in ethidium efflux, since none were significantly
differentially selected by our fluorescence-based selection (see Ta-
ble S1).

Some of the most highly differentially selected genes in the
flow-sorted samples were genes that encode transcriptional re-
pressors known or predicted to control expression of multidrug
efflux systems. For example, mutants carrying insertions in adeN,
which controls expression of adelJK (16), were 1,469-fold less
abundant in the highly fluorescent output pool compared to the
input pool (Fig. 1). Additionally, mutants carrying insertions in
BAL062_01495, which encodes a TetR family regulator, were 371-
fold less abundant in the highly fluorescent output pool compared
to the input pool (Fig. 1). BAL062_01495 is adjacent to and diver-
gently transcribed from amvA in the BAL062 chromosome. To
test whether the TetR family protein encoded by BAL062_01495
was able to regulate expression of amvA, we compared amvA ex-
pression levels in the A. baumannii AB5075-UW parental strain
and a strain harboring a transposon insertion in the gene ortholo-
gous to BAL062_01495. The level of amvA expression measured
by reverse transcription-quantitative PCR (qRT-PCR) (5) in the
mutant strain was 5.7- * 1.9-fold higher than that in the parental
strain during late exponential phase, indicating that the TetR fam-
ily regulator controls expression of amvA. Consequently, we have
tentatively named this novel regulator AmvR.

To confirm the specific involvement of different multidrug
efflux pumps and their regulators in controlling the accumulation
of ethidium in A. baumannii, we conducted flow cytometry on
targeted mutants of adeB, adeR, ade], adeN, adeG, adeL, amvA,
amvR, craA, abeS, and abeM. These mutant strains were loaded
with 40 uM ethidium bromide, and the fluorescence of 10,000
cells was determined by flow cytometry (Fig. 2). The TraDISort
method identified the AdeABC, AdelJK, and AmvA efflux systems
and their regulators, AdeRS, AdeN, and AmvR, as playing a role in
ethidium accumulation. The fluorescence profiles of the specific
mutant populations closely reflected these findings. As seen in our
preliminary experiments (see Fig. S1 in the supplemental mate-
rial), the average fluorescence of the adeJ and adeN mutant pop-
ulations was above and below that of the parental cell population,
respectively (Fig. 2B). The amvA and amvR mutant cells showed
fluorescence profiles very similar to those of adeJ and adeN mu-
tants, respectively (Fig. 2D), in line with the function of AmvR as
a repressor of amvA expression. The average fluorescence of the
adeB and adeR mutant cell populations was a similar degree higher
than that of the parental population, highlighting the role of AdeB
in ethidium efflux and of AdeR in controlling the expression of
adeABC (Fig. 2A). The fluorescence profiles of mutant popula-
tions of other multidrug efflux systems, which were not identified
using the TraDISort approach, were very similar to that of the
parental strain (Fig. 2).

TraDIS following fitness-induced selection using ethidium
bromide. In addition to FACS to enrich for cells displaying aber-
rant accumulation of ethidium, we cultured the mutant library in
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FIG 2 Flow cytometric analysis of Acinetobacter baumannii AB5075-UW
parental strain (black), inactivated efflux pump mutants (blue), and inacti-
vated efflux regulatory mutants (red). The fluorescence profile of the parental
population is shown in all panels and is overlaid with the profiles of AadeB and
AadeR (A), Aade] and AadeN (B), AadeG and AadeL (C), AamvA and AamvR
(D), AcraA (E), AabeS (F), and AabeM (G). Cell populations were exposed to
40 uM ethidium bromide, and each curve shows the fluorescence intensity for
10,000 cells. The cell populations show distinct fluorescence profiles based on
the concentration of ethidium in the cell cytoplasm.

the presence of ethidium bromide. This experiment used a higher
concentration of ethidium bromide (1/4X MIC of the parental
strain) than that used in the FACS analyses to impose a chemical
selection that would allow us to identify mutants with a fitness
advantage or defect in the presence of ethidium by TraDIS. In the
ethidium bromide-selected mutant pools, transposon insertions
were less abundant in 63 genes and more abundant in eight genes
compared with the input control pools. This suggests that gene
loss generally results in a fitness defect, rather than advantage,
under ethidium selection, which is in keeping with general evolu-
tionary theory. Mutants containing transposon insertions in ef-
flux pump genes and their regulators were the most highly differ-
entially selected by ethidium bromide. The pattern of selection
among these mutants overlapped with the selection pattern in the
low-ethidium-fluorescence FACS experiment (Fig. 1). For exam-
ple, mutants carrying transposon insertions in the adeABC, ad-
elJK, amvA, and adeRS genes were less abundant in the ethidium-

mBio® mbio.asm.org 3

74

Chapter 4

B0 wse-oiqu Ag paysiiand - 9102 ‘21 Jequieides uo 10" Wse oIqu Woly papeojumog



Hassan et al.

selected output pool (Fig. 1), confirming the role of these
multidrug efflux pumps and regulators in resistance to ethidium.

Similarly to efflux pump genes and their regulators, mutations
in the DNA modification methylase gene, BAL062_03687, were
significantly negatively selected by ethidium bromide and less
abundant in the low-fluorescence samples compared to the input
pool. Methylation mediated by BAL062_03687 could protect
DNA from ethidium intercalation and thereby reduce fluores-
cence and provide resistance to ethidium-induced mutation.

Several genes controlling the composition of the cell mem-
branes, cell wall, or capsule were also negatively selected by
ethidium bromide (BAL062_00585, BAL062_00596, BAL062_01038,
BAL062_03374, BAL062_03418, BAL062_03480, BAL062_03481,
BAL062_03674, and BAL062_03869 [see Data Set S1 in the sup-
plemental material]). These genes may help to reduce uptake of
ethidium. Some of these genes were significantly negatively se-
lected in both the low- and high-fluorescence FACS-selected sam-
ples and could thus play a role in controlling cell morphology or
size (see below). In contrast, several capsule biosynthesis genes
(BAL062_03853, BAL062_03857, and BAL062_03858) were pos-
itively selected by the ethidium treatment. This highlights the in-
fluence that the sugar composition of the capsule could play in
regulating the accumulation of amphipathic small molecules into
the cell.

FACS in parallel with TraDIS identifies genes involved in cell
division and aggregation. In conducting FACS to enrich for mu-
tants displaying aberrant accumulation of ethidium in A. bau-
mannii, we gated to target cells with uniform forward and side
scatter and limited the collection of dead or aggregated cells that
may complicate downstream analyses (see Fig. S2 in the supple-
mental material). As a consequence of this gating, we identified a
number of mutants that are likely to have cell division defects or
enhanced aggregation properties. These mutants were negatively
selected in both the low- and high-fluorescence FACS-selected
pools relative to the input pool, and included 80 (49.4 to 50.3%) of
the significantly selected genes in these pools. For example, mu-
tants carrying insertions in the mreBCD gene cluster (BAL062_
00713 to BAL062_00715), rlpA (BAL062_01224), rodA (BAL062_
01226), and ftsI (BAL062_02811), which are likely to function in
cell division, were in very low abundance in each of the flow-
sorted mutant pools relative to the input pool (see Fig. $3). Mu-
tants carrying insertions in biotin biosynthesis genes were also
significantly less abundant in the FACS-selected pools than in the
input pool and, to a lesser extent, in the ethidium-selected pools.
The role of biotin in ethidium resistance, cell structure, or aggre-
gation is at present unknown but may be related to its function as
a cofactor in fatty acid synthesis. Two capsular polysaccharide
biosynthetic genes were significantly less abundant in both of the
flow-sorted mutant pools than in the input pool. These mutants
may have a higher tendency toward aggregation or different cell
morphologies or may display light-scattering properties different
from those of other mutant cells (see Fig. $3). Approximately 20%
of the inactivated genes in mutants negatively selected by FACS
were annotated as hypothetical proteins, and many more had been
assigned only putative functions. These genes could be targeted in
future investigations exploring cell division and aggregation/bio-
film formation in A. baumannii.

While insertions in genes implicated in cell replication and
increased aggregation were negatively selected by the flow sorting,
there appeared to be enrichment for mutants that are less likely to
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aggregate in culture. The majority of these mutants harbored
transposon insertions in the csu type I pilus biosynthesis and reg-
ulatory gene cluster (BAL062_01328 to BAL062_01334 [see
Fig. S4 in the supplemental material]). These genes are likely to
function in biotic or abiotic cell adherence/aggregation and bio-
film formation (17). Therefore, we suspect that the strains carry-
ing mutations in these genes are less likely to aggregate, leading to
their enrichment in our flow-sorted samples.

Conclusions. In this study, we identified the genes that control
accumulation of the antimicrobial dye ethidium into the Gram-
negative hospital-associated pathogen A. baumannii. We ex-
ploited the differential fluorescence of ethidium inside and out-
side the cell to enrich for mutants showing aberrant accumulation
of ethidium by FACS and used TraDIS to identify the transposon
insertion sites within the enriched mutants. This work highlighted
the importance of three multidrug efflux systems, AdeABC, Ad-
elJK, and AmvA, in reducing ethidium accumulation and pro-
moting resistance. We also confirmed the importance of two reg-
ulatory systems, AdeRS and AdeN, that control expression of two
of these pumps and identified the first known regulator for the
AmvA efflux pump, which we have called AmvR. These results
demonstrate the utility of the TraDISort method in identifying
bacterial multidrug resistance efflux pumps and will be particu-
larly useful when studying bacterial species for which little is
known with respect to the major efflux systems. In addition to the
core efflux pumps, the TraDISort method identified a large num-
ber of novel genes that are likely to be involved in cell division
and/or aggregation. This application considerably expands the
scope of utility for this method.

To our knowledge, this study represents the first time that
FACS or any other physical selection method has been applied in
parallel with TraDIS to physically enrich for phenotypes of inter-
est in mutant populations prior to sequencing. The results dem-
onstrate the feasibility of this combined approach to generate sta-
tistically significant results and avoid potential false positives that
can arise in traditional fluorescent screening approaches, where
individual strains are isolated and studied. In addition to those
applications described above, we anticipate that FACS applied in
parallel with TraDIS could have a range of additional applications
in microbiological research: for example, to rapidly screen satura-
tion mutant libraries carrying fluorescent reporters for genes in-
volved in regulation, to identify the efflux pumps inhibited by
novel efflux inhibitors, and to inform in vitro evolution studies
with fluorescent reporters to identify mutants with improved
metabolic productivity (18).

Ethidium accumulation in isogenic Acinetob
measured by flow cytometry. Acinetobacter baumannii AB5075-
UW and Tn26 insertion mutants of adeB (ABUW_1975-150::
T26), adeR (ABUW_1973-195::T26), ade] (ABUW_0843-122::
T26), adeN (ABUW_1731-148::T26) adeG (ABUW_1335-195::
T26), adeL (ABUW_1338-193::T26), amvA (ABUW_1679-169::
T26), amvR (ABUW_1678-136::T26), craA (ABUW_0337-173::
T26), abeS (ABUW_1343-187::T101), and abeM (ABUW_3486-
184::T26) were obtained from the Manoil lab collection (9). The
strains were grown in Mueller-Hinton (MH; Oxoid) broth with
shaking overnight, diluted 1:100 in fresh MH broth, grown to late
exponential phase, and diluted to an optical density at 600 nm
(ODygq) 0f 0.6 in MH broth containing 40 uM ethidium bromide
(Sigma-Aldrich), approximately 1/16 of the MIC for the parental
strain (250 wg/ml). This concentration is below the MIC for all
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strains tested and provided good fluorescent resolution between
cells differentially expressing an efflux pump. The cells were incu-
bated at room temperature for 20 min and then further diluted to
an ODy, of 0.018 in MH broth containing 40 uM ethidium bro-
mide for flow cytometric analyses. The ethidium fluorescence of
10,000 cells from each population was examined on a BD Influx
flow cytometer using a 200-mW 488-nm laser (Coherent Sap-
phire) equipped with a small particle forward scatter detector.
Ethidium bromide fluorescence was detected using a 580/30
bandpass filter. The cells were counted from within populations
gated by forward scatter versus forward scatter pulse width, to
discriminate against aggregated cells, followed by forward and
side scatter to ensure that only living cells of uniform size were
examined (see Fig. S2 in the supplemental material). Acinetobacter
baylyi ADP1 wild type and ade] and adeN mutants, generated in
our previous studies (5), were examined according to the same
method, except that 15 uM ethidium bromide was used due to the
higher susceptibility of this strain to ethidium.

Transposon mutant library generation and verification by
TraDIS. A dense Tn5 mutant library was constructed in A. bau-
mannii BAL062, a global clone IT isolate (ENA accession numbers
LT594095 to LT594096), as previously described (6, 7). Briefly, a
custom transposome that included a kanamycin resistance cas-
sette amplified from the pUT-km1 plasmid was generated using
the EZ-Tn5 custom transposome construction kit (Epicentre).
The custom transposome was electroporated into BAL062, and
the cells were plated on kanamycin selective medium (10 mg/
liter). More than 100,000 mutants were collected and stored as
glycerol stocks at —80°C. Aliquots of stock containing approxi-
mately 10° cells were grown overnight in MH broth. Genomic
DNA was isolated from the cultures, and the transposon insertion
sites were sequenced across four lanes of the Illumina HiSeq se-
quencing system. The insertion sites were mapped and analyzed
statistically using protocols and bioinformatic tools in the TraDIS
toolkit (7). The number of insertions per gene, as a factor of gene
size (insertion index), was calculated for cells grown in MH broth
to illustrate the evenness of transposon insertions across the ge-
nome and to show that the library was sufficiently saturated for
experimental analyses. Insertions at the extreme 3" end (last 10%)
of each gene were filtered since they may not inactivate the gene.
When the data were plotted against frequency, we observed a bi-
modal distribution of insertion indexes in the BAL062 library,
with the peaks correlating with genes that tolerate or do not tol-
erate insertions when cultured under permissive growth condi-
tions (see Fig. S5 in the supplemental material) (19). Using the
method described in reference 20, as executed through the TraDIS
toolbox (7), essential genes were identified as those with an inser-
tion index below 0.0047 (n = 475) and were excluded from later
analyses (see Fig. S5). On average, among the nonessential genes
(n = 3,362) there were 35.9 unique insertions per kb of gene
sequence (see Fig. S5).

FACS to enrich for A. baumannii mutants showing aberrant
accumulation of ethidium. An aliquot of BAL062 mutant library
stock containing approximately 10° cells was grown overnight in
MH broth. The overnight culture was diluted 1:100 and grown to
late exponential phase (ODg, of 5.5). The cells were diluted to an
ODy of 0.6 in MH broth containing 40 uM ethidium bromide
(approximately 1/16 of the MIC of the parental strain) and then
further diluted 1:100 in 40 uM ethidium bromide for FACS. This
concentration of ethidium bromide was used because it provided

September/October 2016 Volume 7 Issue 5 €01200-16
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excellent differentiation between mutants known to differentially
accumulate ethidium (see Fig. S1 in the supplemental material)
and was well below the MIC of these mutants, so that it would not
cause changes to the mutant ratios because of cell death during the
sorting procedure. Cells were sorted using a BD Influx flow cy-
tometer on the basis of ethidium fluorescence (as described
above) using the highest purity mode (1 drop single). Single cells
with uniform forward and side scatter were gated, and pools of the
most highly and weakly fluorescent cells (2% of total single cells)
within this gate were collected in separate tubes containing fresh
MH broth (150,000 to 175,000 cells across four replicates [see
Table S3 in the supplemental material]). The cells collected were
grown overnight, DNA was isolated, and insertion sites were
mapped by TraDIS as described above. Comparisons between ra-
tios of insertion sites in the control and experimental mutant
pools were made using the statistical comparison scripts in the
TraDIS toolbox (7). Genes with fewer than 10 mapped reads in
any data set being compared were excluded from the analyses.
Genes described as being significantly differentially selected be-
tween the control and experimental samples were those showing a
greater than 2-fold change in mutant abundance with a Q value
below 0.05.

For comparison to the FACS-enriched mutants, we also se-
lected mutants based on their competitive fitness in ethidium bro-
mide. An aliquot of BAL062 mutant library stock containing ap-
proximately 10° cells was grown overnight in MH broth. The
overnight culture was diluted 1:100 and grown overnight in
62.5 pg/ml (158.5 uM) of ethidium bromide (equivalent to 1/4 of
the MIC for the parental strain) to impose a chemical selection
that would allow us to identify mutants with a fitness advantage or
defect in the presence of ethidium bromide. Genomic DNA was
isolated, and the insertion sites were determined by TraDIS. A
replicate experiment with no ethidium was used as the reference in
these experiments.

Accession number(s). The TraDIS sequence data files were
deposited into the European Nucleotide Archive under accession
numbers listed in Table S2 in the supplemental material.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at http://mbio.asm.org/
lookup/suppl/doi:10.1128/mBio.01200-16/-/DCSupplemental.
Figure S1, JPG file, 0.1 MB.
Figure S2, JPG file, 0.2 MB.
Figure S3, JPG file, 0.3 MB.
Figure S4, JPG file, 0.2 MB.
Figure S5, JPG file, 0.1 MB.
Data Set S1, XLSX file, 0.5 MB.
Table S1, DOCX file, 0.2 MB.
Table S2, DOCX file, 0.1 MB.
Table $3, DOCX file, 0.1 MB.
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Chapter 5: Interactions between co-cultures of clinical isolates of

Acinetobacter baumannii and Klebsiella pneumoniae
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Chapter 5
Abstract
The vast majority of bacteria on the planet live in polymicrobial communities, and likely
engage in numerous interactions with neighbouring bacteria. However, most organisms
have been primarily studied in the laboratory as pure cultures. In this study, we
investigated molecular and physiological interactions between strains of the
opportunistic pathogens Acinetobacter baumannii and Klebsiella pneumoniae that were

co-isolated from a single respiratory infection in a patient.

Interactions between the strains were highly dependent on the culture conditions. K.
pneumoniae predominates when grown planktonically in MH media, while both
organisms co-exist planktonically in synthetic lung mimicking media, and A. baumannii
predominates when grown in a biofilm. Biolog phenotype microarray analysis shows the
two bacteria have very different carbon catabolite capabilities, suggesting that they
pursue very different ecological strategies. Cross-feeding experiments in solid and liquid
media show that A. baumannii can utilise metabolites secreted by K. pneumoniae as a
sole carbon source for growth. RNA-Seq transcriptomics of the two strains co-cultured
in a biofilm identified transcriptional changes involved with bacterial surface structures,
amino acid catabolism and transport, and biofilm formation. The cross-feeding and
biofilm experiments suggest that the predominance of A. baumannii in mature stage
biofilms may be due to an ability to use lactate and/or ethanol secreted by K

pneumoniae when other nutrients have been exhausted.

We believe this represents the first view of interactions between two bacteria that have

been co-isolated from a single patient, and that likely actually interacted with each other

in a real world setting.
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Introduction

Acintobacter baumannii and Klebsiella pneumoniae are opportunistic human pathogens
involved in a range of infections such as respiratory, urinary tract and, blood infections,
especially in immune-compromised patients. Both of these pathogens pose significant clinical
problems due to their high level of multidrug resistance. A. baumannii and K. pneumoniae
have been classified as members of the ESKAPE pathogens, the six top priority dangerous
multidrug resistant microorganisms (Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniea, Acinetobacter baumannii, Pseudomonas aeruginosa, and

Enterobacter species) by the Infectious Diseases Society of America [1].

Infections caused by co-colonization of multidrug resistance (MDR) bacteria are associated
with remarkable morbidity and mortality, and continue to increase in frequency [2-5]. Co-
colonization with various antimicrobial resistant bacteria has been well documented with
prevalence percentages range from 1-11% [2, 4]. Rates of co-infection with MDR
Acinetobacter spp. and extended spectrum [-lactamase producing microorganisms can go up

to 38% of patients [6].

There is only limited literature regarding the prevalence, epidemiological characteristics, and
clinical outcomes of intensive care unit (ICU) patients co-infected by A. baumannii and K.
pneumoniae. Dual-infections by A. baumannii and K. pneumoniae have been shown to be a
frequent event, involving 40% of 86 patients who tested positive for carbapenem-resistant
Enterobacteriaceae (CRE) in an ICU in one study [7]. Co-infected patients have been
described to be older and to have more severe underlying chronic diseases than individuals

with single infections [7, 8].
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Most of the bacteria are in dense and diverse biofilm communities, which can be surface-
bound or free-floating and are usually represent spatially structured communities encased
within a polymer matrix [9, 10]. Bacterial biofilms are increasingly recognised as the cause of
remarkable persistence of pathogenesis in many infections such as respiratory infections [11,
12]. Bacterial interspecies interactions, such as cooperation(s) or competition(s), are

commonly found in polymicrobial biofilms [13].

Synergistic interactions in microbial biofilm communities have been previously
demonstrated. For example, Acinetobacter sp strain 6 was able to cross-feed Pseudomonas
putida when grown on benzyl alcohol as the sole carbon source. The Acinetobacter strain
metabolized benzyl alcohol and partially secreted benzoate, which P. putida was able to use
as a carbon source [14]. Relationships within a biofilm community can also be competitive.
For example, clinical studies have found that the abundance of Streptococcus oligofermentans
and Streptococcus mutans in dental plaque are inversely correlated, suggestive of an
antagonistic relationship. S. mutans secretes lactic acid which inhibits the growth of many
oral bacteria, however, S. oligofermentans is able to degrade lactic acid to hydrogen peroxide,

which inhibits the growth of S. mutans [15].

Mixed species biofilms can have clear spatial distribution patterns. For example, a dual-
bacteria biofilm of K. pneumoniae and P. aeruginosa forms a distinctive organization with P.
aeruginosa forms a base structure, while K. pneumoniae forms a tower-like structure on the
top [16]. A similar structural arrangement has been observed with P. aeruginosa and

Agrobacterium tumefaciens biofilms, except with A. tumefaciens forming the base structure

[17].
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We obtained clinical isolates of A. baumannii (AB6870155) and K. pneumoniae (KP6870155)
that were co-isolated from a single respiratory infection in a patient injured during the Bali
bombing in 2002. The aim of this study was to evaluate potential molecular and phenotypic
interactions, both in planktonic cultures and in biofilms, underlying the co-existence of these

two clinical isolates that came from a co-infection from a single patient.

Materials and Methods

Bacteria strains and growth conditions

AB6870155 and KP6870155 strains were co-isolated together from a lung infection of the
patient injured in the Bali bombing in 2002. All of cell culture incubations were performed at
37° C. Unless other wise stated, for all of the experiments performed in this study, cells were
collected in mid-log phase after being subcultured from overnight cell cultures. Muller-
Hinton (MH) medium and synthetic lung mimicking medium (SLMM) [18] were used as

media in various experiments, unless otherwise indicated.

Genome sequencing and annotation

The genome sequencing of AB6870155 was performed by using Illumina Mate Pair
Sequencing with 5~5.9 kb randomly sheared fragments library. For KP6870155, the genome
sequence was obtained using ' plate 454 Life Sciences (Roche) high-density pyrosequencing
method. Sequencing reactions were performed at the Ramaciotti Centre for Gene Function
Analysis (Sydney, Australia). The sequenced fragments were assembled de novo into large
contigs by Mimicking Intelligent Read Assembly 3 [19] for AB6870155 and Roche Newbler
software at the Ramaciotti Centre for KP6870155. Automated genome functional annotation

was performed using the RAST Serve [20].
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Comparative genomics
Complete genome sequences and annotations of major previously sequenced A. baumannii
(ATCC17978, AB307, ACICU, AYE, AB0057, SDF, MDR-ZJ06, BJAB07104, BJAB07105,
BJABO0868, D1279779, MTR_TJ, TCDC_ABO0715, TYTH_1, ZW85_1) and K. pneumoniae
strains (KP342, HS11286, KCTC2242, MGH78578, NTUH_K2044, KP1084, KP_CG43,
KP_JM45, KP_rhinoscleromatis_SB3432) were downloaded from the NCBI database

(ftp://ftp.ncbi.nlm.nih.gov.GenBank/genomes/Bacteria/), and used in comparative genomics

analyses. The BLASTP algorithm [21] was used to identify orthologs in different A.
baumannii and K. pneumoniae isolates, respectively, with a cut-off of le” and over 80%

coverage in length.

Cell enumeration in mono- and mixed planktonic cultures

Aliquots (50 ul) of each the two strains from the overnight cultures, were added to fresh
growth medium (MH medium, 5 ml) with shaking till cell density readings reached ODy:
0.6. Then, the AB6870155 cell culture was diluted in 5: 3 in fresh MH medium.
Subsequently, both of the KP6870155 and the diluted AB6870155 were serial diluted (1: 4 x
10°) in fresh MH medium. Followed the dilution, the final diluted cell culture was plated on a
LB plate and incubated for 12~15 hours (37 °C). Cell enumeration and counting of colony
forming units (CFUs) for each strain was performed with 3 replicates. The genome of
AB6870155 does not contain genes that encoding P-galactosidase whereas the KP6870155
genome harbours several copies of this gene. The presence of [3—galactosidase can be detected
by X-gal/IPTG, which can form blue precipitant within cells resulted in blue colonies. Thus,
plating the cells onto a LB agar plate containing X-gal/IPTG can differentiate the two co-

isolated strains by different colours.

83



Chapter 5
Co-culturing
Overnight cell cultures (100 pl) of the two microorganisms were subcultured into fresh MH
medium (10 ml), respectively, until the cell density achieved ODgy,: 0.6. Subsequently, the
subcultured cells were diluted as described in above section, to obtain similar colony-forming
units per millilitre (CFUs/ml) of the both strains. Aliquots of the diluted cells of each strain
were separately cultured and co-cultured together in fresh MH or SLMM (1:50), followed by
incubation with shaking at 37 °C. The separately cultured and co-cultured cells (20 ul) were
collected every hour for the first 6 hours, the 21* hour, the 23" hour and the 50™ hour,
respectively. All the cell culture collections were serial diluted (1: 4 x 10°), respectively.
Eventually, 20 pl per drop of the final diluted cell culture was placed on the LB containing X-
gal/IPTG plates and dried in RT followed by incubation for 12~15 hours. Counting of CFUs

for each strain was determined with 3 replicates.

Biofilm quantitation assays in microtitire trays and in flow-cells

Biofilm formation assays were performed according to previous described method [9], with
some alterations. Approximate equal amount of CFUs of the two strains were grown in 96-
well polystyrene microtitre trays (100 pl/well) as individual cultures and as a mixed culture
(half the amount cells of the each individual strain) for overnight incubation with shaking
(100 rpm). Adherence of the resulting biofilm was washed twice with 100 ul PBS (phosphate
buffered saline), fixing with 100 pl of ethanol (100%) for 1 min, and staining with 100 pl
crystal violet (0.4% in 12% ethanol) for 10 minutes. Quantification of the biofilm was carried
out by measuring the amount of crystal violent retained in the wells (at an absorbance of 595
nm) with a Fluorostar Omega spectrometer (BMG Labtech, Offenburg, Germany). The results

represent the average of three independent experiments.

Biofilms were cultivated in flow-cell chambers as described previously [22] with some

modifications. Approximate same amount of CFUs of the two strains were inoculated
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individually or mixed together to the flow-cell chambers (Biocentrum-DTU, individual
channel dimensions: 1 x 4 x 40 mm), covered with a microscope glass coverslip, which
served as a substratum for biofilm attachment. After inoculation of the bacterial suspension
(500 pl) into the flow chamber, cells were allowed to incubate for 1 hour at 37 °C, after which
MH medium was pumped into the flow-cell at a constant rate of 0.07 ml/min using an IPC-12

high precision peristaltic pump (Ismatec).

Biofilms were prepared for laser scanning confocal microscopy (LSCM) after 3 days of
growth by staining with the Live/Dead BacLight bacterial viability probe (Molecular Probes®)
prepared according to the manufacturer’s protocol. A working concentration (500 ul) of the
probe was injected gently into the flow-cell chambers to minimize disruption of the biofilms.
The biofilms were stained for 15 minutes after which the excess dye was removed by

restarting the flow of the growth medium and flushing for 30 minutes.

Microscopic observation and images acquisition of biofilms were performed by using an
FV1000 confocal microscope (Olympus) equipped with argon and helium-neon lasers
providing 488 and 543 nm excitation wavelengths, respectively. 510 nm to 530 nm
interference and 610 nm long pass filters were used for emission. The captured biofilm

images were further processed using Imaris software (Bitplane).

Biolog phenotype microarray assays for carbon source utilisation

Biolog phenotype microarrays (PMs) were performed as per the manufacturer’s instruction
[23], to identify compounds that could serve as sole carbon source for AB6870155 and
KP6870155 (PM1-2; 190 compounds). PMs employ tetrazolium dye which reduction by
bacteria respiratory enzymes serves as an indicator of active metabolism. Reduction of the
dye causes formation of a purple colour that is recorded by a camera at defined time intervals,

providing quantitative and kinetic information about response of cells in the PM plates.
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After inoculation of the cells into the PM plates, plates were subsequently incubated in an
Omilog inculbator/reader (Biolog) aerobically for 48 h at 37°C and monitored automatically
in every 15 minutes for colour changes in the each well. Readings were recorded for 48 hours,
and data was analysed with the Omnilog-PM software, which generated a time-course curve
for colour formation. An average height threshold of 101 arbitrary omnilog units (AOUs) was

chosen to identify the carbon sources used by the strains.

Cross-feeding on solid media

The two co-isolated organisms were grown on a Luria Bertani agar plate for overnight,
respectively. Then, the cell colonies were removed using a sterile swab and washed by M9
salts solution for three times (Sigma-Aldrich®). The washed cell suspensions were diluted in
MO salts solution to achieve the cell density of ODg: 0.2, which were subsequently streaked
on a Petri dish plate containing solid M9 minimal medium (200ml/L sterile 5 x M9 salts
solution, 12 g/ agar, 2 ml/L 1 M MgSO,, 100 pl/L. CaCl,) with 20 mM of a single carbon
source (sucrose or glycerol or mannose or maltose or serine or galactoase or tween 80 or
ornithine or glucose-6-phosphate). Finally, bacterial growth was assessed after 24 hours

incubation.

Cross-feeding experiments using Millicell hanging cell culture inserts

Aliquots (50 pl) of the co-isolated bacteria from the overnight cultures, were inoculated into
fresh MH medium with shaking to achieve the cell density of ODgy: 0.6, respectively. The
KP6870155 then was inoculated into Millicell hanging insert containing a sole carbon source.
The insert only allowed the passage of small-secreted metabolites but not the bacterial cells.
The AB6870155 was directly inoculated into 6-well plates which containing the single carbon
that cannot be used by it and subsequently combined with inserts containing the KP6870155.

The assembled 6 well plates were incubated for 24 hours with shaking. Fluorostar Omega
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spectrometer (BMG labtech) was used to determine the growth of AB6870155. Each carbon

source was assessed in triplicates.

Transcriptomic analysis of mono- and co-cultures

Cells of the two bacteria strains were collected at 24 hours as individually and as mixed
biofilm in 6-well microtiter plates followed by washing with PBS buffer twice. Total RNA
were extracted using an RNeasy® Mini Kit (Qiagen®). RNAs was quantified at 260 nm and its
quality was assessed on an electrophoresis agarose gel under denaturing condition. Ribosomal
RNA in the total RNA samples was then depleted by Ribo-Zero rRNA removal kit
(illumina®) prior to sequencing according to the manufacture’s instruction. rRNA-free RNA
samples library preparation and Illumina NextSeq-500 sequencing were conducted in the
Ramaciotti Centre for Gene Function Analysis (Sydney, Australia). Illumina NextSeq-500

sequencing generated 10 million paired end reads (75 bp read length) for each RNA sample.

AB6870155 sequence reads were first mapped to the A. baumannii-ABO0S7 reference
genome using EDGE-pro with Bowtie2 incorporated [24]. Read counts data was normalized
and differential expression (DE) analysis conducted using the DESeq R package [25]. Thus,
read counts of samples were normalized for sequencing depth and distortion caused by highly
differentially expressed genes. A negative binomial model was used to test the significance of
differential expression between two conditions. A cutoff of FDR (False Discovery Rate) of
less than 0.05 and a log2 fold change >1.0 was used to determine significantly differentially

expressed genes.
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Results and discussion
Comparative genomics of the co-isolated strains
Draft genome sequences of the AB6870155 and KP6870155 strains were assembled, and
summary statistics is provided (Table S5.1, supplementary data). The gene content of these
two strains was comparatively analysed with publicly available complete genomes of A.
baumannii and K. pneumoniae strains, respectively (Table S5.2 and Table S5.3,
supplementary data). Phylogenetic analyses placed AB6870155 within the International
Clone I (ICT1) clonal complex among strains, such as AB0O057 (Figure 5.1a). The KP6870155
genome was the closest in sequence to that of a nosocomial infectious strain KCTC2242

(Figure 5.1b).

Regions of genome plasticity in the sequenced strains

Comparative genomics of A. baumannii and K. pneumoniae identified regions of DNA unique
to each strain, and not found in closely related strains, which have been termed as regions of
genome plasticity (RGPs) [26], that have likely been acquired by recent lateral gene transfer.
AB6870155 was found to include 29 RGPs containing 410 genes, and the biggest one, AbaR-
155, is 64 kb in length (Figure S5.2, supplementary data). The AbaR-155, consists of 20
genes conferring multidrug and metal resistance and is highly similar to AbaR3 island found
in ABOO57 [27]. KP6870155 contains 473 genes in 38 RGPs. The biggest RGP is
approximately 33 kb in size and encodes proteins involved in capsular polysaccharide (CPS)
biosynthesis (Figure S5.3, supplementary data). Other RGPs carry a type IV secretion system
(T4SS) gene cluster (17 kb) and a pilus biogenesis gene cluster (5.3 kb). The CPS, the T4SS
and the pilus all likely play a role in virulence of this strain [28-30]. There was no evidence

for any recent lateral gene transfer events between the AB6870155 and KP6870155 strains.
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Co-growth of AB6870155 and KP6870155 in a planktonic culture
As a first step to investigate interactions between AB6870155 and KP6870155 strains, their
respective growth rates were determined in monoculture and in mixed cultures to identify
differences and examine whether the strains could influence each other’s growth. The initial
growth rate of KP6870155 was much higher in the first 6 hours of incubation than
AB6870155 when grown planktonically as monocultures in liquid Mueller Hinton (MH)
media, however they produced similar number of colony forming units (CFUs) at the 21 and
50-hour in MH media. In mixed cultures, the growth rate of KP6870155 was similar to that
under monoculture and co-culture conditions (Figure 5.2a). However, the growth rate of
AB6870155 was much slower in the mixed culture in the first 6 hours incubation (0.5 x 10®
CFUs/ml) and no cells were detectable at 21 hours compared to monoculture growth (1.3 x
10° CFUs/ml). Those results suggest that KP6870155 could completely outcompete

AB6870155 when they were co-cultured planktonically in MH media.

Possible explanations for the observed competition between the co-cultured strains in MH
media may be multi-factorial. Potential factors that may cause the observed competition
include changes in the physio-chemical environment, such as pH, production of bacteriocins
or other antibacterial toxins, and nutrient depletion [31, 32]. It has been shown that A.
baumannii can produce a mildly alkaline environment in the presence of other organisms
[33]. However, pH changes for the two organisms after co-culture was negligible. Jameson
Effect, non-specific competition between species for nutrients, could also contribute to
growth suspension of microorganisms [34, 35]. In other words, KP6870155 that achieved
maximum population first exhausted available growth substrates, which in turn possibly

suppressed the growth of AB6870155.
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To examine the growth of the two organisms under conditions that are more similar to the
respiratory tract, synthetic lung mimicking medium (SLMM) was used. As expected,
AB6870155 and KP6870155 planktonic monocultures grew slower in SLMM compared to
their growth in the more nutrient-rich MH media. In contrast to the MH data, AB6870155 and
KP6870155 had virtually equal observed CFUs/ml at 6 and 23 hours when they were co-
cultured together in SLMM (Figure 5.2b). This suggests that suppression of AB6870155

growth by KP6870155 may only occur in rich laboratory media such as the MH broth.

Carbon source utilisation profiles of the co-isolated strains

Heterotrophic organisms typically encounter limited amounts of complex mixtures of carbon
sources that are often present at low concentration in their native environments. Therefore,
microbial cells have developed multiple different strategies to utilise a wide array of different

substrates as carbon sources [36].

Biolog phenotype microarrays (PMs) were used to examine the utilisation of 190 different
sole carbon sources (PMO01-02) (Figure S5.5, supplementary data) by AB6870155 and
KP6870155. The PMs data showed that KP6870155 was able to utilise 105 carbon sources
whereas AB6870155 could only use 58 carbon compounds (Figure 5.3; Figure S5.4).
AB6870155 and KP6870155 shared the capacity to use 35 carbon sources out of 190.
KP6870155 could respire on 70 substrates that AB6870155 cannot, including a wide variety
of mono- and disaccharide sugars, whereas KP6870155 could not respire on 23 substrates,
primarily organic acids that the AB6870155 can use as sole carbon sources (Figure 5.3;
Figure S5.4). Those data revealed that these two strains have very different metabolic
fingerprints, suggesting that they pursue very different ecological strategies, and hence may
live within different microenvironments in the human respiratory tract at the same time

physiologically complementing each other.
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One possible explanation for the observed differences in metabolic capacity is that
KP6870155 has a larger genome, which includes more metabolic genes or operons, such as
the dha genes for glycerol degradation, that are absent in the genome of AB6870155.
Additionally, KP6870155 also has a much greater predicted transporter gene repertoire (>290
genes) compared with AB6870155 (130 genes). The expanded transporter gene content in
KP6870155 presumably plays a significant role in its enhanced substrate utilisation profile

compared with AB6870155.

Cross-feeding between AB6870155 and KP6870155

Various forms of cross-feeding, which involve an exchange of nutrients among species of
microbes, are common in microbial communities [37, 38]. The reciprocal altruism and
metabolic wastes or by-products exchange among species are the two known evolutionary
origins [39]. The distinctive metabolic profiles of these two strains obtained from the PMs
analysis (Figure 5.3), provide a theoretical opportunity for the two organisms to cooperate
with each other in carbon source utilisation. Therefore, we investigated the capacity of

AB6870155 and KP6870155 to cross-feed each other.

Based on the PMs data, six carbon sources (sucrose, maltose, glycerol, mannose, galactose,
serine) that could only be utilised by KP6870155, and three carbon sources (tricarballylic
acid, sorbic acid, ornithine) that could only be utilised by AB6870155, were chosen for cross-
feeding experiments on solid media. AB6870155 was not able to grow on either the sucrose
or maltose agar plate, but when streaked on an agar plate containing either of the substrates
along with KP6870155, growth of AB6870155 was observed at the closest edge to the
KP6870155 streak (Figure 5.4). This suggests that a metabolic end product secreted by
KP6870155 diffused into the agar, and was directly used as a growth substrate by

AB6870155. No growth was observed for KP6870155 when it was cultured either alone or
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together with AB6870155 on tricarballylic acid, sorbic acid, or ornithine as sole carbon

sources.

To investigate the possibility that AB6870155 is able to utilize a metabolite secreted by
KP6870155, cross-feeding assays in liquid media were conducted using Millicell hanging cell
culture inserts (Millipore) (Figure 5.5a) within 6 and 96-well plates. This inserts prevent
direct bacteria cell-cell contact, but allow exchange of secreted metabolites. Liquid media
cross-feeding assays showed that growth of AB6870155 was supported in minimal media
with sucrose or maltose as a sole carbon source only in the presence of KP6870155.
Additionally, the other four carbon sources tested in the liquid media cross-feeding system
(glycerol, mannose, serine, galactose) also showed growth of AB6870155 when co-cultured
with KP6870155 (Figure 5.5b). This strongly supports the possibility that cross-feeding of
AB6870155 is due to utilisation of a secreted metabolite produced from degradation of the
selected sole carbon sources by KP6870155. Bioinformatic analysis of the metabolite
degradation pathways present in both organisms, suggested this secreted metabolite could be
ethanol or lactate. Ethanol and lactate are both metabolic end-products likely secreted by
KP6870155, and can serve as a sole carbon source for AB6870155 (our unpublished data).
Ethanol has been previously demonstrated as a diffusible factor produced by Saccharomyces
cerevisiae that enhances the growth of A. baumannii when these two organisms are co-

cultured [40].

Interactions between the co-isolated strains in biofilms

In natural environments microorganisms predominantly exist as biofilms as opposed to
planktonic or free-floating cells [41, 42]. Previous studies described that both A. baumannii
and K. pneumoniae can form biofilms with other organisms [16, 43]. Since AB6870155 and
KP6870155 were isolated from a dual respiratory tract infection from a single individual, they

were likely co-existing within a biofilm in that patient’s respiratory tract. Hence, we
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investigated the biofilm-forming capabilities of these two strains, alone and together. A static
biofilm assay in plastic 96-well trays demonstrated that both of the strains could form
biofilms individually, and that the biofilms were thicker and more stable when the two strains
were co-cultured together, regardless of the growth media used (Figure 5.6). When biofilm
formation was observed in a flow-cell continuous system, it was also shown that the co-
cultured biofilm was thicker than biofilms formed by individual strains (Figure 5.7). These
two assays suggest that synergistic interactions may occur in biofilms consisting of
AB6870155 and KP6870155. It has been reported that interspecies cooperation and metabolic
interactions are likely to develop among microorganisms in biofilms, including mutualistic
and commensal relationships [16, 44]. Our cross feeding experiments between AB6870155
and KP6870155 suggest a potential mechanism for metabolic interaction when they are in

close proximity.

Transcriptomics of Acinetobacter baumannii in response to Klebsiella pneumoniae in
biofilms

Previous studies have shown that gene expression patterns in bacteria can alter when expose
to another bacterial species. To investigate the interaction between AB6870155 and
KP6870155 in a biofilm setting, we conducted RNA-Seq transcriptomics of the two strains
co-grown in a biofilm in SLMM compared to each strain grown individually as monospecies

biofilms.

A total of 19,965,896 (+ 778,294) sequence reads were generated from the co-isolated RNA
from each of the three biological replicates of the co-grown A. baumannii and K. pneumoniae
strains. Approximately 12.8% (+ 3.1%) of the reads were mapped to the K. pneumoniae
KP6870155 genome while 704% (+ 1.7%) of the reads aligned to the A. baumannii
AB6870155 genome. The sequence data suggested that AB6870155 comprised a large

proportion of the biofilm, which is supported by the static biofilm data (Figure 5.6b), which
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showed that AB6870155 grows to a higher cell density than KP6870155 when grown as a

biofilm in SLMM.

Bioinformatic analysis of the RNA-Seq results revealed that 49 genes showed significantly
increased expression in AB6870155 when co-grown with KP6870155 compared with an
AB6870155 monoculture, and 69 genes showed significantly decreased gene expression
(Figure 5.8, p< 0.05 and log, fold-change cut-off 1 < to < -1). Similarly, there were 47 and 89
genes that showed significantly increased and decreased transcript abundance, respectively, in

KP6870155 co-cultured with AB6870155 compared with KP6870155 alone (Figure 5.9).

Differentially expressed genes in Acinetobacter baumannii when co-grown with Klebsiella
pneumoniae in a biofilm

The AB6870155 gene with the highest (33-fold) increase in expression when co-grown with
KP6870155 was acel, which encodes an efflux protein recently characterized to transport
chlorhexidine [45, 46] and polyamines [unpublished data]. Genes encoding, Y-
aminobutyraldehyde dehydrogenase and 4-aminobutyrate aminotransferase, enzymes in the
pathway for degradation of the polyamine putrescine also showed at least 10-fold increased
expression when co-grown with KP6870155. This suggests lowering intracellular
concentrations of putrescine in A. baumannii may be an important factor in the interaction
between the two bacteria in a biofilm. Putrescine has been shown to be essential for biofilm
formation in some bacteria, e.g., Yersinia pestis [47], it also been implicated in Pseudomonas
fluorescens SS101-protozoa interactions [48], and putrescine secretion has been observed

following osmotic stress in E. coli [49, 50].

A nearly 10-fold increased expression of the chaperone-encoding genes dnaJ, dnakK, groEL,
groES was observed when AB6870155 is co-grown with KP6870155 (Figure 8). These

molecular chaperones are central to the tolerance to environmental stresses and involved in a
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diverse set of cellular process including protein folding, protein translocation, and signal
transduction [51]. Studies in various bacteria have implicated the DnaK and GroEL

complexes as playing an important role in biofilm formation [51, 52].

The chaperone-usher pilus assembly genes csuA/B, csuA and cusB genes had increased
expression in AB6870155 co-grown with KP6870155, with the largest increase (11-fold)
observed for the csuA/B gene encoding the major pilus subunit. The A. baumannii chaperone
usher pilus system has been shown to be important for the attachment to solid surfaces and

biofilm formation [53].

Amino acid catabolism and efflux genes showed decreased expression in AB6870155 co-
grown with KP6870155. Genes encoding histidine utilization (Hut) pathway proteins had 4 to
16 —fold decreased expression, and genes encoding N-succinyltransferase and
succinylorinithine transamine enzymes, involved in arginine degradation, showed 12-fold and
16-fold decreased expression, respectively. The argO gene encoding a LysE family arginine
exporter showed the greatest decrease in expression (>20-fold). Another LysE family amino
acid efflux pump encoded by AB57_1624 also showed significantly decreased expression in

AB6870155 co-grown with KP6870155.

A large cluster of phage genes (AB57_2008-2073) showed significantly decreased gene
expression in AB6870155 co-grown with KP6870155, as did a family of DDE transposase
gene scattered in the AB6870155. This suggests that expression of genes involved with
mobile DNA is repressed by co-growth with KP6870155. Phage, transposon and integron
integrase genes involved in DNA mobility typically show increased expression when cells are
stressed or undergoing DNA damage [54-56]. This unexpected finding may suggest that
AB6870155 is more stressed when grown as a monoculture than in co-culture. Many of the

AB6870155 genes that show increased expression when co-grown with KP6870155 are
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associated with biofilm formation, and this correlates with our observation that the two

organisms grown together form a thicker biofilm than either alone.

Differentially expressed genes in Klebsiella pneumoniae when co-grown with
Acinetobacter baumannii in a biofilm

The KP6870155 gene with the highest (25-fold) increase in expression when co-grown with
AB6870155 encodes the enzyme lactaldehyde dehydrogenase, which converts lactaldehyde to
L-lactate [57]. Conversely, the gene encoding L-lactate dehydrogenase, which converts L-
lactate to pyruvate showed an almost 25-fold decrease in gene expression. Taken together,
this suggests that KP6870155 may be producing and secreting increased levels of L-lactate
when co-grown with AP6870155. Since we have demonstrated the ability of KP6870155 to
cross-feed AB6870155 in solid and liquid media, it is tempting to speculate that increased
production of L-lactate by KP6870155 could cross-feed AP6870155 in a biofilm setting. The
increased biofilm density, and the large percentage of AB6870155 cells within the co-cultured
biofilm we have observed in this study, could be due to AB6870155 being able to effectively

utilise secreted L-lactate as a carbon source after other nutrients are depleted.

The KP6870155 gene encoding a lysine-arginine-ornithine binding protein was up-regulated
more than 5-fold when co-cultured with AB6870155. Speculatively, increased import of these
amino acids could be precursors for putrescine synthesis, which might be linked to the

increased expression in AB6870155 of genes coding for putrescine breakdown or excretion.

A gene cluster (KPN2242_19395-19425) encoding type I fimbriae biogenesis proteins
showed greatly decreased gene expression (the major pilin subunit FimA shows an almost 40-
fold decrease in expression) when co-cultured with AB6870155. K. pneumoniae type I

fimbriae appear to not play a role in biofilm formation and their expression is down-regulated
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in biofilms, but they are an essential virulence factor in urinary tract infections in a mouse

model system [30].

A cardiolipin synthase encoding gene showed 6.3-fold increased expression in KP6870155
when co-cultured with AB6870155. This enzyme catalyzes condensation of two
phosphatidylglycerol molecules to yield cardiolipin, a minor lipid component of bacterial cell
membranes. This may indicate that there are changes in membrane fluidity/structure in
KP6870155 in co-cultured biofilms. Expression of a cluster of genes involved in the UDP-N-
acetylmuramoyl-pentapeptide biosynthetic pathway for peptidoglycan synthesis all showed
significantly decreased expression in KP6870155 when co-cultured with AB687015,

suggesting there may be other cell surface alterations.

Multiple genes involved in tryptophan biosynthesis as well as a tryptophan uptake system
showed significantly decreased expression, as did genes encoding the first two enzymatic
steps in histidine degradation in KP6870155 when co-cultured with AB6870155. AB6870155
also showed decreased expression of histidine degradation genes (see above), suggesting this

is a common response between the two bacteria in the biofilm.

Conclusions

We have investigated the molecular and physiological interactions between virulent strains of
A. baumannii and K. pneumoniae co-isolated from a single respiratory tract infection.
Interactions between the two strains appear to be complex, multifaceted and highly dependent
on the culture conditions. For example, K. pneumoniae dominates the culture when grown
planktonically in rich complex media, whereas A. baumannii is the dominant organism when
the two are grown as a biofilm. The metabolic fingerprints of the two bacteria are very
distinct, with KP6870155 able to utilize a much broader array of carbohydrates while
AB6870155 could catabolize a broader range of organic acids. We present data in liquid and

solid media suggesting that KP6870155 can cross-feed AB6870155, which may utilize lactate
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or ethanol secreted as metabolic end products by KP6870155. This may be linked to the

success of AB6870155 in mature biofilms.

RNA-Seq analysis revealed substantial differences in the transcriptomes of both bacteria
when co-cultured in a biofilm. Both pathogens may be undergoing significant changes in
surface structures, with increased expression of chaperone-usher pilus genes in AB6870155,
while KP6870155 reduced expression of fimbriae biogenesis genes. Amino acid catabolism
and transport appeared to be impacted in both organisms, and genes involved in putrescine
catabolism and efflux showed greatly decreased expression in AB6870155. Lactate
production in KP6870155 may be increased which potentially could lead to increased growth

of AB6870155 in the biofilm.

There is a growing body of literature examining the interaction of organisms mixed cultures
in recent years. Such studies have typically used standard reference strains. We believe our
study is unique in providing a molecular and physiological view of interactions between two

organisms originally isolated from a single infection.
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Figure 5.1. Phylogenetic relationships of A. baumannii and K. pneumoniae. The

phylogenetic tree of eight sequenced A. baumanni strains were generated using four

housekeeping genes (gltA, pyrG, groEL, rpoB) conserved across all of the strains. The

phylogenetic tree of six sequenced K. pneumoniae genomes was conducted by using four 16S

RNA genes rrmB, rsmC, rrsH and armA. The genes were aligned and concatenated using the

Bio-Edit software [67], and the neighbour-joining tree was constructed using the MEGAS

program [71]. The numbers next to each node of the tree represent bootstrap values from

1,000 replicates. The scale unit is substitutions per site.
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Figure 5.2. Co-culture growth between AB6870155 and KP6870155. (a) The two strains

were individually cultured and co-cultured in MH; the bars represent cell counts within 50

hours. (b) The co-isolated strains were cultured separately and co-cultured in SLMM; the bars

represent cell counts during 23 hours.
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Figure 5.3. Heat map of carbon source utilization capabilities of KP6870155 and
AB6870155. To represent the height of the kinetic curve relative to each compound, a colour
scale was used ranging from grey (101 AOUs (arbitrary Omnilog units)), through yellow and
orange to red (320 AOUs). A threshold of 101 AOUs was used to discriminate between

utilized (> 101 AOUs) and non-utilized (< 101 AOUs) carbon sources (PM01-02).
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Figure 54. Cross-feeding between AB6870155 and KP6870155 in utilization of sucrose
and maltose as sole carbon source on 1.2% agar M9 minimal medium. The two strains
were inoculated adjacent to each other using a sterile loop. The media contains only a single

carbon source, as indicated in yellow text. Red arrow points to the growth edge of

AB6870155.
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Figure 5.5. Cross-feeding of the two strains using Millicell hanging inserts. a) A
schematic representation of the cross-feeding between the AB6870155 and the KP6870155 in
a liquid system. b) Cross-feeding was monitored between the co-isolated strains when using
those sole carbon sources (glycerol, mannose, galactose, serine, maltose, sucrose). Bars
represent the growth of AB6870155 in the tested single carbon sources with or without

KP6870155 measured as abourbance at 600 nm.
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Figure 5.6. Quantitation of biofilm formation by in batch biofilm assays. Bars represent
absorbances at 550nm of CV strained biofilms formed in cell cultured individually together as

a co-cuturein MH (a) and SLMM (b) media.
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Figure 5.7. Confocal microscopy generated 3D images of the dual-species mixed biofilms
grown in flow-cell chambers after 3 days of cultivation. Cells were stained using BcaLigh
Live/Dead stain (Molecular Probes®); live cells are represented in green, whereas dead cells

are shown in red.
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Figure 5.8. Global transcriptional response of AB6870155 to KP6870155 in mixed
biofilms. Each point represents one annotated gene within the genome of AB6870155, with
the X-axis showing the gene position, and the Y-axis showing the log2 fold change of gene
transcript abundance in response to the presence of KP6870155 for 24 hours during biofilm

formation. Genes or gene clusters of particular interest are labelled.
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Figure 5.9. Global transcriptional response of KP6870155 to AB6870155 in mixed
biofilms. Each point represents one annotated gene within the genome of KP6870155, with
the X-axis showing the gene position, and the Y-axis showing the log2 fold change of gene
transcript abundance in response to the presence of AB6870155 for 24 hours during biofilm

formation. Genes or gene clusters of particular interest are labelled.
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Table S5.1. Genomic sequencing statistics of the AB6870155 and the KP6870155

Bacteria Genome size GC content .
strains (bp) (%) tRNA number Plasmid(s)
AB6870155 3,082,228 392 53 1
KP6870155 5,447 864 574 58

Table S5.2. Comparison of ORFs conserved in different A. baumanii strains

No. of genes conserved

Strain AB6807155 AB0057 AYE ATCC17978 ACICU SDF 1\;?&' AB307
AB6807155 3655 3405 3211 2926 3005 2120 3082 3199
AB0057 3731 3607 2920 3050 2160 3062 3124
AYE 3649 2075 3022 2219 3038 3117
ATCC17978 3761 2939 1563 2065 2083
ACICU 3736 2195 3312 2962
SDF 2066 2245 2128
ABZ]J 3752 2979
AB307 3451
Table S5.3. Comparison of ORFs conserved across different K. pneumoniae strains
Strai No. of genes conserved
train KP6807155 KP342 KPHS11286  KCTC2242 MGHI18578 NTUH_K2044
KP6807155 5208 4331 4584 4396 4241 4423
KP342 5743 4297 4241 4149 4289
KPHS11286 5748 4389 4425 4456
KCTC2242 5124 4327 4557
MGH18578 5158 4349
NTUH_K2044 5259
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Figure S5.1. Gene structure of the resistance RGP, AbaR155, in AB6870155. AbaR155
is inserted into an ATPase gene (comM). Coloured arrows are used to indicate ORF
categories: resistance to antibiotics in red, resistance to heavy metals or antiseptics in blue,
transposases in black, integrases in yellow and other functions in white (Hp: hypothetical

protein encoding genes).
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Figure S5.2. Capsular polysaccharide encoding gene cluster in KP6870155. ORFs are
represented by arrows (blue for conserved genes, yellow for glycosyltransferases, and white
for others). The polycistronic mRNAs are driven by promoters P1, P2, and P3. The
polycistronic mRNA driven by P1 includes of galF and orf2. The polycistronic mRNA driven
by P2 consists of genes of capsule repeat unit synthesis and polymerization as well as surface

assembly. The transcriptional direction of ugd is opposite to that of uge
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Figure S5.3. The co-isolated strains grown on Luria Bertani X-gal/IPTG agar plate. Blue
and white colonies represent KP6870155 and AB6870155, respectively. The genome of
AB6870155 does not contain genes that encoding P-galactosidase whereas the KP6870155
genome harbours several copies of this gene. The presence of [3—galactosidase can be detected
by X-gal/IPTG, which can form blue precipitant within cells resulted in blue colonies. Thus,
plating the cells onto a LB agar plate containing X-gal/IPTG can differentiate the two co-

isolated strains by different colours.
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Figure S5.4. Comparison of carbon sources utilization (PMO01-02) between the

KP6870155 and the AB6870155. The Figure shows a utilization of 190 different carbon

sources. Well Al is a negative control. The metabolic activity was monitored every 15

minutes over 48 hours. The yellow kinetic curves indicate that both strains can utilize that

carbon source, red kinetic curves represent the carbon sources can only be used by

AB6870155, whereas green kinetic curves represent the carbon sources can only be used by

KP6870155.
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6.1 Conclusions
A. baumannii is one of the six most important multidrug-resistant pathogens in clinical
settings worldwide, according to the Infectious Society Disease of America [1]. It is
responsible for a variety of infections, including ventilator-associated pneumonia and
bloodstream infections, of which mortality rates can reach 35% [2]. Multidrug efflux systems
in A. baumannii are an important mechanism of resistance to antimicrobials in this successful

pathogen [3].

Five families of bacterial multidrug efflux systems, including the ATP-binding cassette (ABC)
superfamily, the major facilitator superfamily (MFS) superfamily, the multidrug and toxic
compound extrusion (MATE) family, the resistance nodulation-cell division (RND) family
and the small multidrug resistance (SMR) family, have been studied extensively across
bacterial species including A. baumannii [4]. These transporter proteins play significant
protective roles for the bacterial cell but are a serious problem in the clinical setting, because
a single efflux system can mediate resistance to many structurally and mechanistically diverse
antibiotics and biocides [3]. Recently, the novel Acel efflux protein, which confers resistance
to the biocide chlorhexidine, was identified from A. baumannii by using transcriptomic and

biochemical analyses [5].

6.1.1 Multiplicity and redundancy of multidrug transporter genes

There is a large and diverse group of multidrug transporters harboured in bacteria to against a
wide variety of environmental toxins [6]. An increasing number of multidrug transporters in
bacteria have been discovered to recognise a spectra of overlapped substrates [7]. For
example, two multidrug transporters share 51% sequence identity, Bmr and Blt, protect B.
subtilis cells from the same spectra of diverse drugs with only minor differences in the

resistance levels [7].
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This raises a question that why bacteria need such a large number of multidrug transporter
encoding genes, and many of these multidrug efflux pumps have apparently overlapping
substrate specificity in their economically organised genomes. One possible explanation
would be these transporters actually transport distinct natural compounds, which have not
been identified yet. Their interaction with toxins is probably opportunistic [8]. Baranova’s
study on Bmr and Blt in B. subtilis supported this explanation [7]. Another explanation might
be that the physiological role of some of the multidrug transporters was probably not designed
for drug export [9]. For example, mutations in genes encoding for transporters other than the
major AcrAB-TolC multidrug efflux transporter have only a neglect effect on phenotype in E.
coli [8]. Study has suggested that the overlapping substrates specificity of the transporters
could serve as a back up role, which ensure coverage of a wide range of xenobiotics and
provide fast responses to environmental stress [8]. This strategy opens a great opportunity for
organisms to increase their evolvability by reducing constraints on change and allowing the

accumulation of nonlethal variation.

6.1.2 Acel and its homologs represent a new family of multidrug efflux pumps

Data analyses from the Pfam database showed that proteins homologous to Acel are encoded
in the genomes of many bacterial species but are particularly dominant within proteobacterial
lineages. As described in Chapter 2, 23 homologs of Acel protein from 17 y-Proteobacteria, 3
p-Proteobacteria and 1 representative from each of a-Proteobacteria, Firmicutes, and
Actinobacteria were cloned and expressed in E. coli. Antimicrobial resistance profiles of all

the expressed Acel-like proteins were examined.

125



Chapter 6
Both MIC and Biolog Phenotype Microarray (PMs) experiments demonstrated that many of
the homologs confer chlorhexidine resistance. Moreover, a large proportion of the Acel
homologs confer resistance to additional biocides such as benzalkonium, dequalinium,
proflavine, and acriflavine. In this study, only 6 genes out of the 24 examined did not confer
resistance to any of the antimicrobials tested. Acriflavine and proflavine are fluorescent
compounds, whose fluorescence is quenched when bound to nucleic acids, making them
attractive candidates for whole cell fluorimteric transport assays. An Acel homolog from
Vibrio parahaemolyticus was demonstrated to export acriflavine and proflavine using a

fluorimetric assay.

Overall, this work presented in Chapter 2 showed a large panel of genes encoding Acel
homologues confer resistance to a set of 12 different biocides, antibiotics, and antimicrobial
dyes. Thus Acel and its homologs represent a new, sixth family of bacterial multidrug efflux
systems, which was named the proteobacterial antimicrobial compound efflux (PACE) family.
The PACE family represents the first new family of bacterial multidrug efflux described in

the last 15 years

6.1.3 Expression of the acel gene is regulated by a divergently transcribed LysR family
regulator

Multidrug efflux pump gene expression is typically tightly controlled by cells, and are often
regulated by divergently transcribed regulatory genes adjacent to the efflux pump gene [6, 10-
12]. Multidrug efflux pump regulators can belong to one of several different protein families,
including the LysR family transcriptional regulators (LTTRs), the largest known family of

transcriptional regulators [13].
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Since the discovery of the PACE family proteins, there have been no published studies on
their genetic regulation. This opened up a unique opportunity for us to discover and
characterize the first regulator of the PACE family. We found an LTTR encoded immediately

adjacent to acel gene which we named aceR, due to its proximity to acel.

MIC results showed that A. baumannii Aacel and AaceR mutants showed decreased
chlorhexidine resistance levels. Quantitative RT-PCR assays demonstrated that acel
expression was not induced by chlorhexidine in the AaceR mutant strain. Both the
chlorhexidine resistance level and chlorhexidine-induced acel expression in the 4aceR mutant
could be partially restored by complementation with the cloned aceR gene. This suggested

that AceR might act as an activator of acel gene expression.

It is common for an LTTR to bind to multiple DNA sites within the intergenic region between
its own coding gene and the adjacent divergently transcribed gene. The mechanism of AceR-
mediated regulation was further investigated by examining its binding with a DNA region
upstream of the acel gene. DNase I footprinting and EMSA experiments enabled the
identification of two chlorhexidine-inducible AceR binding regions. Like many other LTTRs,
each of the binding sites comprised an imperfect palindrome and was located near the -35 box
of the promoter. The binding of AceR to these DNA sites could facilitate coordination of

RNA polymerase binding to the acel promoter in the presence of chlorhexidine as an inducer.

Both surface plasma resonance (SPR) and tryptophan fluorescence-quenching assays were
performed to examine binding of chlorhexidine to the inducer-binding domain of AceR,
which we have designated as AceRt. Similar to Acel [5], the K;of the AceRt/chlorhexidine

interaction was determined to be in the low uM range using both assays.
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Taken together, the research presented in Chapter 3 provides evidence that AceR functions as
a chlorhexidine-inducible transcriptional activator of acel. A functional model of this
regulatory system was proposed, which should provide a foundation for future work on the

regulation of PACE family efflux pumps.

6.14 A new functional genomic method for the characterisation of efflux pumps in
bacteria

A multitude of genes encoding putative antimicrobial efflux pumps have been found in
sequenced bacterial genomes. However, only a tiny percentage of these have been
experimentally demonstrated to mediate the efflux of antimicrobials. Identification of active
multidrug efflux proteins within a large pool of potential efflux proteins can be challenging,
and the regulators that regulate expression of these pumps can be even more difficult to
identify using conventional methods. Chapter 4 of the thesis describes the development of a
novel high-throughput screening method that combines fluorescence-activated cell sorting
(FACS) and transposon-directed insertion sequencing (TraDIS), to identify genes encoding

major efflux proteins and regulators in A. baumannii.

A population of over 100,000 random transposon mutants of A. baumannii were challenged
with ethidium bromide, a common substrate of multidrug efflux pumps that is differentially
fluorescent inside and outside the bacterial cytoplasm. We then physically enriched for
mutants displaying aberrant accumulation of ethidium using FACS, and collected cells
containing the highest and the lowest levels of ethidium fluorescence, respectively. The
genomic locations of the transposon insertion sites within the collected cells were identified
using TraDIS. Results from comparison of the insertion sites in the input mutant pool with

these selected mutant pools indicated that the AdeABC, AdelJK, and AmvA efflux pumps are
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the major ethidium efflux systems in A. baumannii. We also identified genes that encode
transcriptional repressors, such as adeRS and adeN, known to control expression of multidrug
efflux systems from the most highly differentially selected genes in the flow-sorted samples.
A novel regulator encoding gene, BAL062 01495, which is adjacent to and divergently
transcribed from amvA was demonstrated to regulate expression of amvA. Additionally, this
novel approach also identified many genes that are likely to be involved in cell division,

morphology, and aggregation in A. baumannii.

This study provided the proof of concept that this combined technique involving FACS and
TraDIS can identify genes encoding multidrug efflux pumps and their regulators. This novel
approach should have a broad range of applications in microbiological research. The use of
different fluorescent biocides or antibiotics should enable the characterization of drug targets
and drug resistance mechanisms. The use of metal ion- or redox-sensitive fluorescent probes
should enable the identification of genetic factors important in metal ion and redox cellular
homeostasis. The use of fluorescent biosensors for small metabolites might be utilized in in

vitro evolution studies for the identification of mutants with improved metabolic productivity.

6.1.5 Molecular interactions between A. baumannii and a co-infecting pathogen, K.
pneumonia

In natural environments, bacteria often reside in biofilms as polymicrobial consortia, where
the survival of each species within the community can be strongly dependent on interactions
with other species [14]. Multidrug efflux pumps could play important roles in interactions
among bacteria within polymicrobial biofilm communities. Previous studies showed that
interspecies interactions could be essential for the survival of a microorganisms [15]. Quorum
sensing (QS) systems have been reported to be among the most important intercellular
communication mechanisms in bacteria especially in stress response and community

behaviours [16]. A diverse variety of cellular functions are controlled by QS systems, such as
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biosynthesis of antimicrobial peptides, metabolic switch, motility, polysaccharide synthesis
and activation of many virulence factors [16]. Previous studies in P. aeruginosa and E.coli
have demonstrated that multidrug efflux pumps were involved in the trafficking of

autoinducers, which are chemical signalling molecules involved in QS communication of

bacteria [17, 18].

Chapter 5 describes two bacterial strains A. baumannii (AB6870155) and K. pneumoniae
(KP6870155) that were co-isolated from a single respiratory infection in one patient. This
provided an opportunity to explore the interactions between these two pathogens and to see

whether efflux pumps played any role in their interaction.

Co-culturing experiments with these two strains revealed large differences in their growth or
survival depending on the culture conditions. K. pneumoniae predominates when grown
planktonically in MH media, while both organisms co-exist planktonically in synthetic lung

mimicking media, and A. baumannii predominates when grown in a biofilm.

These growth media-dependent differences led us to investigate the carbon source utilization
capabilities of the two strains. PMs revealed 4. baumannii and K. pneumoniae have very
different carbon utilization profiles. The variations in carbon source consumption of the two
microorganisms could provide an opportunity for the bacterial species to cooperate in their
native environment, through synergistic cross-feeding interactions. Cross-feeding experiments
in liquid and solid media, suggested that A. baumannii could be crossfed by metabolites
secreted by K. pneumoniae. Moreover, co-cultured AB6870155 and KP6870155 were
observed to form thicker biofilms than the two strains grown individually. Studies have
shown that synergistic metabolic interactions can occur among bacterial species in biofilms
[13, 19]. Such cross-feeding interactions might explain the observed thicker biofilms when

the strains were grown together.
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RNA-Seq trancriptomics of the two strains co-cultured in a biofilm revealed that many genes
showed significant changes in gene expression compared to each strain grown singly. These
included genes encoding chaperone-usher pilus biogenesis, amino acid catabolism and
transport, and lactate production. The changes in expression level of these genes could play
important roles in bacterial surface structures and growth, which might consequently

contribute to the formation of the thicker mixed biofilms by the two strains.

Overall the results in Chapter 5 paint a complex picture of interactions between these two
strains, and provides a unique angle for studying bacterial cross species interactions by

utilizing two significant pathogens that have been isolated from a single infected patient.

6.2 Future directions

6.2.1 Exploration of the physiological substrates of the PACE efflux system

As described in Chapter 2, we have discovered a novel family of multidrug efflux pumps
systems family, the PACE family. While PACE family proteins have been demonstrated to
confer resistance to various biocides and whole cell transport assays have suggested this
occurs via an efflux mechanism. An important future step would be to reconstitute a PACE
family transporter in proteoliposomes and directly demonstrate substrate efflux. It would also
be interesting to explore how different efflux proteins of the PACE family can recognize

different substrates via structural and biochemical analyses.

Moreover, the defined substrates for the PACE family members are mainly biocides, which
have only been synthesized in the last 50 to 150 years. However, the PACE family genes have
been conserved in the core genomes of many proteobacterial species separated by hundreds of
millions of years of evolution. It seems highly improbable that these synthetic compounds are

the native substrates of the PACE family transporters.
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Based on chemical informatic screening of a large number of natural compounds, we suspect
that polyamines, highly abundant natural occurring compounds structurally similar to
chlorhexidine, might be among the natural physiological substrates for the PACE family
proteins. Polyamines are important natural organic compounds with two or more cationic
amines, and are ubiquitously found in all living organisms [20]. The predominant polyamines
in bacteria are putrescine, spermidine, spermine and cadaverine [21]. It was reported that
exogenous polyamines are involved in a variety of functions including growth, drug
susceptibility, virulence, biofilm formation, intercellular signalling, stress resistance, and

RNA and protein synthesis [21].

Future experiments to further confirm polyamines as the physiological substrates of the
PACE family transporters could include: I) to examine whether Acel confers resistance to
polyamines by measurements and comparisons of MIC of polymines in both parental A.
baumannii and Aacel mutant A. baumannii strains, II) to determine whether expression of
acel can be induced by polyamines, and III) to investigate whether polyamines can bind to
AceR, the regulator of acel. Additionally, other biochemical approaches can be used such as
efflux transporter assays to determine whether polyamines can be transported by Acel via an
efflux mechanism. Given the lack of clarity on the cellular role of polyamines, it might be
interesting to conduct RNA-Seq experiments to investigate global transcriptomic level
responses of polyamines in A. baumannii. This would likely also reveal whether the
expression of other classes of multidrug efflux pump genes are induced polyamines, and

hence potentially identify other polyamine efflux systems.
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6.2.2 Crystal structure of the PACE family protein, Acel and its corresponding LTTR
family protein, AceR
The LTTR regulator AceR was demonstrated to be involved in the activation of acel
expression and to bind to two DNA regions located upstream of the acel promoter. Currently,
no structure of a full-length LTTR in complex with DNA and its corresponding substrate has
been reported. If the structures of AceR-DBD (DNA binding domain)-LH-DNA and AceR-
EBD (effector binding domain)-chlorhexidine complexes could be determined, this would
provide valuable insight into the mechanisms of DNA and chlorhexidine recognition by

AceR.

While there are high resolution structures available for some multidrug efflux pumps, there
are no crystal structures available for any members of the newly discovered PACE family.
Therefore, if structures of Acel as well as Acel-chlorhexidine complexes could be determined,
this would be a significant breakthrough in our understanding of these systems. It would also
provide an interesting opportunity to explore functional similarities and differences between
the Acel and AceR in their ability to bind chlorhexidine, and investigate how effector-induced

conformational changes in the protein are achieved.

6.2.3 Insight into multispecies interactions in flow-cell biofilms

One of the limitations of the work presented in Chapter 5 was that within the timeline
available it was not possible to ascertain the detailed architecture of the mixed biofilms
formed by the two co-isolated microorganisms. This was due to the difficulties in
fluorescently tagging the two strains, 4. baumannii and K. pneumoniae, that are intrinsically
highly resistant to virtually all currently used antibiotics. Therefore, it was difficult to find
suitable selective markers that could be used to select, and maintain strains tagged with GFP
or other fluorescent protein tags. We were able to make a plasmid-encoded GFP-tagged K.

pneumoniae strain (data not shown), but it was unstable in biofilms, and we were not
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successful in generating a tagged A. baumannii strain. Future work could focus on making
chromosomally-integrated fluorescence markers for these strains, or fluorescent in situ
hybridization (FISH) using species-specific probes can be considered [22]. The successful
differential tagging of the two strains will enable us to distinguish their spatial arrangements

in dual species biofilms by confocal microscopy.

Further investigation of the virulence of the two bacteria separately and when co-infected
could be conducted using eukaryotic infection models, such as Caenorhabditis elegans and
mouse virulence models. These eukaryotic hosts could provide the opportunity to examine

both bacteria-bacteria as well as bacteria-host interactions in vivo.

Apart from the dual-species co-culturing, more complex polymicrobial communities can be
subjects of investigation considering a very complex community structure of biofilms found
in nature. Recently developed techniques such as nanoscale secondary ion mass spectrometry
(nanoSIMS) [23], as well as metatranscriptomics [24], metaproteomics technologies [25], in
combination with high-performance liquid chromatography and mass spectrometry, can aid in
investigating these complex interactions. This will allow us to better understand the inner

workings of multispecies microbial communities at both molecular and phenotypic levels.

6.2.4 Development of new therapies to combat infections caused by multidrug resistance
(MDR) pathogens

Levels of antibiotic resistance in MDR pathogens have been continuously rising in the past
several decades [26, 27]; however, existing antibiotics to treat these infections in patients are
rapidly declining in effectiveness, resulting in a world public health crisis [28]. Our work on
resistance and regulatory mechanisms of multidrug efflux systems, which are a major cause
of resistance to antimicrobials in bacteria, could facilitate development of new therapies. The

identification of important multidrug efflux pumps and regulators using TraDISort, could then
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be screened against libraries of small molecules for potential inhibitors to act as multidrug

efflux suppressors.

Since multidrug efflux pumps play significant roles in both bacterial intercellular interactions
and biofilm formation. Efflux pumps involved in QS systems could be an alternative target
for the development of effective antibiofilm drugs. Additionally, bacteria interspecies
interactions in multispecies biofilms is a critical, but still poorly understood area. The study of
bacteria-bacteria interactions within mixed species biofilms could identify new genes and
regulatory systems critical for these interactions, which would have the potential to be targets

for antimicrobial or antibiofilm drugs.
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The proteobacterial antimicrobial compound efflux (PACE) family of transport proteins was only recently
described. PACE family transport proteins can confer resistance to a range of biocides used as disinfec-
tants and antiseptics, and are encoded by many important Gram-negative human pathogens. However,
we are only just beginning to appreciate the range of functions and the mechanism(s) of transport
operating in these proteins. Genes encoding PACE family proteins are typically conserved in the core
genomes of bacterial species rather than on recently acquired mobile genetic elements, suggesting that
they confer important core functions in addition to biocide resistance. Three-dimensional structural
information is not yet available for PACE family proteins. However, PACE proteins have several very
highly conserved amino acid sequence motifs that are likely to be important for substrate transport. PACE
proteins also display strong amino acid sequence conservation between their N— and C-terminal halves,
suggesting that they evolved by duplication of an ancestral protein comprised of two transmembrane
helices. In light of their drug resistance functions in Gram-negative pathogens, PACE proteins should be

the subject of detailed future investigation.

© 2018 Published by Elsevier Masson SAS on behalf of Institut Pasteur.

1. Introduction

In the broadest sense, drug resistance may arise in actively
growing bacterial cells in two distinct ways: either the drug target
site is protected from the toxic activities of the drug by modification
or bypass, or the drug cannot reach the target site due to degra-
dation, sequestration, reduced cellular entry or active efflux. Efflux
is a major mechanism of drug resistance, and due to the high
promiscuity in substrate recognition by the transport proteins
involved, efflux-mediated resistance is found for a wide range of
different antimicrobial compounds.

Drug efflux proteins from five distinct families of transport pro-
teins were described between the 1970s and 2000, and have been
studied extensively at both the functional and structural levels [1].

* Corresponding author. School of Environmental and Life Sciences, University of
Newcastle, Callaghan, NSW, 2308, Australia.
E-mail address: Karl.Hassan@newcastle.edu.au (K.A. Hassan).
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0923-2508/© 2018 Published by Elsevier Masson SAS on behalf of Institut Pasteur.

These families include the ATP-binding cassette (ABC) superfamily,
the major facilitator superfamily (MFS), the resistance-nodulation-
cell division (RND) superfamily, the multidrug/oligosaccharidyl-
lipid/polysaccharide (MOP) flippase superfamily and the drug/
metabolite transporter (DMT) superfamily. In the last five years two
new transporter families that include bacterial drug efflux systems
have been identified; these are the proteobacterial antimicrobial
compound efflux (PACE) family and the p-aminobenzoyl-glutamate
transporter (AbgT) family [2—4]. Proteins from the PACE family
transport biocides such as chlorhexidine and acriflavine, whereas
AbgT family transporters transport sulphonamides.

2. The Aci bacter b ii Acel protein is a prototype
for the novel PACE family of transport proteins

Drug efflux systems, and drug resistance factors in general, are
frequently controlled by regulators that sense the transported drug
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substrates or their downstream effects in the cell. For example, TetR
controls expression of the tetB tetracycline transporter gene in
response to tetracyclines, and QacR controls expression of the
multidrug efflux pump gene qgacA in response to cationic antimi-
crobials [5]. For bacterial cells, this regulatory control means that
efflux pump gene expression will proceed only when the pumps
are required, saving cellular resources and preventing the potential
toxic effects of constitutive high-level efflux pump expression [6].
From a research perspective, this tight regulatory control of drug
efflux pump genes means that transcriptional changes may be used
to identify either efflux pumps that might recognise substrates of
interest, or novel factors that may be involved in drug resistance or
tolerance.

The Acinetobacter chlorhexidine efflux protein (Acel) was iden-
tified by analysing the transcriptomic response of A. baumannii to
the membrane active biocide chlorhexidine [2,7]. A. baumannii has
recently emerged as major cause of Gram-negative infections in
hospitals. Strains of A. baumannii are becoming increasingly resis-
tant to antibiotics. Consequently, carbapenem-resistant strains of
A. baumannii are listed as “Priority 1: CRITICAL” targets for devel-
opment of new antibiotics World Health Organisation [8]. Chlor-
hexidine is listed as an essential medicine by the World Health
Organisation, and is commonly used as an antiseptic in wound
dressings, hand washes and mouthwashes. The transcriptome of
A. baumannii ATCC 17978 cells exposed to a subinhibitory con-
centration of chlorhexidine, equivalent to half the minimum
inhibitory concentration, was compared to control cells. The major
gene expression changes were to genes encoding the AdeAB com-
ponents of the AdeABC multidrug efflux pump and a gene anno-
tated as encoding a hypothetical protein, A1S_2063 [2].

From its sequence, the A1S_2063 gene was predicted to encode
an inner membrane protein with four transmembrane helices
(Fig. 1A). The gene was cloned into an Escherichia coli expression
vector and was shown to confer significant levels of resistance to
chlorhexidine when overexpressed in E. coli. Deletion of the
A1S_2063 gene in A. baumannii ATCC 17978 and its orthologue in
Acinetobacter baylyi ADP1 halved the chlorhexidine resistance in
the host strain, demonstrating that the genes had a resistance
function in native hosts [2,9]. The Biolog Phenotype Microarray
system was used to screen over 200 additional antimicrobials
against A1S_2063 expressing E. coli. This analysis demonstrated no
significant hits apart from chlorhexidine, suggesting that chlor-
hexidine had an apparent specificity as a substrate [2].

When overexpressed in E. coli, the A1S_2063 protein was
identified in the inner membrane. The protein could be readily
extracted from the membrane by detergent solubilisation and pu-
rified. The detergent-solubilised protein bound to chlorhexidine
with high affinity (Kq in the low pM range) as determined by
tryptophan fluorescence quenching and near-UV synchrotron ra-
diation circular dichroism [2]. Transport experiments using ['C]-
chlorhexidine demonstrated that the A1S_2063 protein prevented
the high-level accumulation of chlorhexidine when expressed in
E. coli until the proton-motive-force across the membrane was
collapsed using a protonophore. The protein could also mediate the
efflux of chlorhexidine from E. coli cells preloaded with chlorhexi-
dine [2]. Together, these results suggested that the A1S_2063 pro-
tein was a novel chlorhexidine efflux protein and that transport is
likely to be proton-coupled. The protein was named Acel (Acine-
tobacter chlorhexidine efflux protein I).

3. PACE proteins are a family of multidrug efflux systems
conserved across many Gram-negative pathogens

Genes encoding proteins homologous to Acel are found in the
genomes of many bacterial species, including pathogens such as

Pseudomonas, Klebsiella, Enterobacter, Salmonella and Burkholderia
species. These genes are particularly common among Proteobacteria,
but can be found in some Actinobacteria and in a limited number of
other unrelated bacterial species. To determine whether, like Acel,
these proteins can mediate chlorhexidine resistance, more than 20
phylogenetically diverse homologues were cloned into an E. coli
expression system and examined by routine minimum inhibitory
concentration analyses. Most of the cloned proteins were expressed
at detectable levels, and about half could confer resistance to chlor-
hexidine [3]. Notably, at least two of the acel homologues found to
confer chlorhexidine resistance are also highly expressed in their
native hosts, Pseudomonas aeruginosa and Burkholderia cenocepacia,
in response to a chlorhexidine treatment [10,11].

Additional resistance tests were performed to determine whether
the antimicrobial recognition profiles of these homologues might
extend beyond chlorhexidine. Many of the proteins were able to
confer resistance to several additional biocides, including acriflavine,
proflavine, benzalkonium and dequalinium [3]. The substrate profile
of one pump, VP1155 encoded by Vibrio parahaemolyticus, was
investigated using the Biolog phenotype microarray system. In
addition to chlorhexidine, benzalkonium, proflavine and acriflavine,
VP1155 appeared to confer resistance to 9-aminoacridine, domiphen
bromide, guanazole and plumbagin [3].

The demonstration that many Acel homologues are able to confer
resistance to compounds such as proflavine and acriflavine pre-
sented the possibility of assaying transport by measuring their
fluorescence in real time [12]. These compounds intercalate into
nucleic acids, which leads to a quenching of their fluorescence. This
property facilitates a convenient assay for their transport in cells
expressing an efflux pump [13]. Cells expressing the protein of in-
terest can be loaded with proflavine or acriflavine in the presence of
a protonophore, such as carbonyl cyanide m-chlorophenylhydrazone
(CCCP), then washed and re-energised by the addition of an energy
source such as p-glucose. Fluorescence can be monitored before and
after energisation to examine transport [12]. These transport ex-
periments have been performed for a number of Acel homologues
and identified proteins that mediate transport of these compounds.
For example, the B. cenocepacia HI2424 homologue Bcen2424_2356
is able to transport acriflavine, whereas at least one other homo-
logue encoded by this strain, Bcen2424_5347, does not (Fig. 2).
Bcen2424_2356 has been previously shown to confer resistance to
chlorhexidine, benzalkonium, proflavine and acriflavine. The Biolog
phenotype microarray antimicrobial resistance tests confirmed
several of these phenotypes and suggested that Bcen2424_2356 also
confers resistance to benzethonium, 9-aminoacridine, methyl viol-
ogen, guanazole and plumbagin (Supplemental Fig. S2).

The observation that several Acel homologues can confer
resistance to multiple biocides and can mediate transport of the
fluorescent substrates proflavine and acriflavine led to their
designation as a new family of efflux pumps. This family was called
the Proteobacterial Antimicrobial Compound Efflux (PACE) family,
due to their abundance in Proteobacteria [3]. To date at least ten
putative substrates have been identified for PACE family proteins
(Fig. S3). Proteins from this family have been incorporated into the
Transporter Classification Database [14] under the original family
title, the proteobacterial chlorhexidine efflux (CHX) family (TCDB
number: 2.A.117), and are captured in the TransportDB 2.0 database
[15], which catalogues all putative transport proteins from
sequenced genomes in the NCBI RefSeq database.

4. Predicted topology and sequence conservation in PACE
pumps

All PACE family proteins analysed to date are predicted to
contain four transmembrane a-helices, organised into two tandem
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Fig. 1. Predicted transmembrane topology and conserved amino acid sequence motifs present in PACE family proteins. An amino acid sequence alignment of 47 diverse PACE family
proteins (Supplemental Fig. S1), encoded by a broad range of hosts, was used to identify amino acid sequence motifs that are conserved across the family (A) Predicted topology of
PACE family proteins. Upper case characters are conserved in greater than 90% of protein sequences and characters in lower case are conserved in greater than 65% but fewer than
90% of the aligned protein sequences. Conserved residues are coloured (red: negatively charged, blue: positively charged, orange: aromatic, black: others). The similar amino acid
sequence motifs in helices 1 and 3 (1A and 1B, respectively) are surrounded by purple lines, and the similar sequence motifs in helices 2 and 4 (2A and 2B, respectively) are
surrounded by green lines (B—E) Sequence logos, made using WebLogo 3 [24], showing conservation of amino acid residues in the four sequence motifs identified in PACE proteins;
error bars show an approximate Bayesian 95% confidence interval [24]. (For interpretation of the references to color/colour in this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 2. Acriflavine transport mediated by PACE family proteins encoded by the human pathogen Burkholderia cenocepacia HI2424. A) Transport experiments performed using E. coli
OmniMax cells expressing the proteins of interest, essentially as described previously [3]. The cells were preloaded with 5 M acriflavine in the presence of 10 uM CCCP. The cells
were washed and re-energised using glucose at the point marked with an arrow and transport monitored fluorimetrically. Acriflavine fluorescence is quenched when it is
intercalated into nucleic acids. Therefore, its transport out of the cell is associated with an increase in fluorescence. B) Western blot performed on the cells used in the assay, probed
using His-Probe-HRP. The B. cenocepacia HI2424 PACE family proteins Bcen2424_2356 and Bcen2424_5347 were expressed at easily detectable levels after the 1-h induction used
for this assay. Bcen2424_2356 promoted the rapid efflux of acriflavine, whereas Bcen2424_5347 did not promote acriflavine transport above background. The third PACE family
protein encoded by B. cenocepacia H12424, Bcen2424_5167 was not expressed and was excluded from the figure. Bcen2424_5167 and Bcen2424_5347 are phylogenetically distinct
from Bcen2424_2356. Error bars show the standard deviation of three replicate experiments.

bacterial transmembrane pair (BTP) domains (Fig. 1; pfam: and purification (Henderson et al., unpublished). When expressed
PF05232) [16]. Given their small size, it seems very likely that PACE in E. coli, these proteins localise to the inner membrane and can be
proteins function as oligomers. However, the oligomeric state of readily purified by extraction with a mild detergent such as n-
PACE family proteins remains unresolved. Several PACE family dodecyl-p-D-maltoside [2], or using a styrene maleic acid co-
proteins have been experimentally characterised by overexpression polymer (Supplemental Fig. S4) [17]. Analysis of the purified
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detergent-solubilised proteins by far-UV circular dichroism has
confirmed their high a-helical content and demonstrated that they
typically show structural stability to around 50—60 °C [2].

A high level of amino acid sequence conservation is apparent
between members of the PACE family. Based on an alignment of 47
diverse PACE family proteins from a variety of bacterial genera
(Supplemental Fig. S1), four amino acid residues appear to be
universally conserved across these proteins: a glutamic acid residue
within transmembrane helix 1, an asparagine residue in trans-
membrane helix 2, an alanine residue at the periplasmic membrane
boundary of transmembrane helix 4 and an aspartic acid residue at
the cytoplasmic membrane boundary of transmembrane helix 4
(Fig. 1A). The functional importance of the conserved asparagine,
alanine and aspartic acid residues has not yet been investigated, but
neutralisation of the glutamic acid residue in the prototypical PACE
family member Acel by substitution with a glutamine abolished
chlorhexidine resistance and transport [2]. This mutant (E15Q) was
still able to bind chlorhexidine with only slightly reduced affinity
compared to the parental protein. Furthermore, the mutant protein
was less thermostable than the parental protein in the absence of
chlorhexidine, but was significantly more stable than the parental
protein in the presence of a molar excess of chlorhexidine, sup-
porting a binding interaction. These results suggest that the glu-
tamic acid residue is not required for substrate binding. The high
conservation of this residue in PACE proteins that have different
substrate specificities suggests that it may be involved in an aspect
of transport common to these proteins, such as an energy coupling
reaction. The position of this residue within the transmembrane
region is consistent with this possibility. In other efflux pumps from
the MFS, SMR and MATE families, membrane embedded carboxyl
residues participate in coupling reactions [18—20].

PACE family proteins contain several highly conserved amino
acid residues in addition to the four universally conserved residues.
The amino acid sequence conservation is particularly strong close
to the predicted cytoplasmic boundaries of the transmembrane
helices, where four amino acid sequence motifs have been identi-
fied (Fig. 1). In line with the PACE proteins containing tandem BTP
domains, the amino acid sequence motif in transmembrane helix 1
(motif 1A; RxxhaxxfE, where upper case residues are conserved in
more than 90% of proteins and lower case residues in at least 65% of
proteins) is very similar to that in transmembrane helix 3 (motif 1B;
RxxHaxxFe) (Fig. 1B and C), and the motif in transmembrane helix 2
(motif 2A, WNxxy/fNxxFd) is very similar to that in transmembrane
helix 4 (motif 2B; Ytxxf/ynwxyD) (Fig. 1D and E). The notable fea-
tures of the sequence motifs in helices 1 and 3 are the membrane-
embedded glutamate residue (universally conserved in helix 1),
and histidine and arginine residues at the membrane boundary.
The motifs found in helices 2 and 4 notably contain several aro-
matic residues along one helical face adjacent to polar asparagine
residues, and an aspartate residue at the membrane boundary
(universally conserved in helix 4) (Fig. 1A).

Based on the distribution of charged residues within the loop
regions, the N— and C-termini of most PACE family proteins are
predicted to lie within the cytoplasm, but this is yet to be
experimentally tested (Fig. 1). Some PACE family homologues,
primarily from Acetobacter, contain predicted N-terminal signal
sequences, suggesting that the N-terminus is moved across the
cytoplasmic membrane and that they may exist in an alternative
topology, e.g. APA01_04520 and APO_1949 from Acinetobacter
pasteurianus IFO 3283-01 and Acinetobacter pomorum DMOO1,
respectively. Representatives of these proteins have been
expressed in E. coli, but as yet, no resistance or transport functions
have been identified (Hassan et al., unpublished). These proteins
may be part of a separate protein subfamily from those that
mediate drug resistance.

5. Conservation of PACE family genes

PACE family proteins are typically highly conserved in the
genome of the bacterial species in which they are found. For
example, genes encoding three different PACE proteins have been
identified in the A. baumannii pan-genome (based on the genomes
of 623 strains) [ 7]. Of these, two were conserved in 100% or close to
100% of the strains and can be considered to be part of the core
genome. The third gene was found in only two strains and is part of
the accessory genome. Similar to A. baumannii, P. aeruginosa iso-
lates have two PACE proteins encoded in the core genome and one
in the accessory genome, which is found in only a few strains, and
B. cenocepacia strains encode three PACE pumps in their core
genome [7]. This high level of conservation suggests that PACE
pumps are acquired vertically and have been maintained in their
host species since their divergence from related organisms. They
are thus likely to have an important core function that may be
unrelated to drug resistance. Indeed, the biocides that are recog-
nised by PACE family pumps have only been present in the envi-
ronment for 50—100 years, and are therefore very unlikely to be the
physiological substrates of these proteins.

In contrast to the species described above, E. coli do not encode
PACE pumps in their core genomes; four different genes encoding
PACE homologues were found among the genomes of 1986
sequenced E. coli strains, but these were each found in 0.2% of
strains or less [ 7]. These accessory genes are likely to move between
related species on mobile genetic elements. However, there is as yet
no strong evidence for how these genes are mobilised.

6. Evolution of the PACE family

The conservation of sequence motifs between the N— and C-
terminal halves of PACE proteins suggests that these proteins may
have evolved by a duplication event of an ancestral single BTP
domain protein. To investigate this further, the N— and C-terminal
BTP domains were compared between 47 diverse PACE family
proteins (Supplemental Fig. S5). The level of amino acid identity
between the N— and C-terminal BTP domains in these proteins
ranged from 6.6% to 33.3% (mean 23.3%). The presence of such high
levels of sequence identity between the N— and C-terminal BTP
domains across diverse PACE family proteins suggests that these
proteins may not have diverged significantly since the occurrence
of the duplication event(s). Along with the distribution of these
proteins almost exclusively within the Proteobacteria, and their
likely vertical acquisition, due to their presence on the core
genome, this may suggest that this protein family is relatively
young compared to other families of transport proteins, which
show lower levels of sequence conservation between domains that
are thought to have arisen via duplication [21].

To further examine the evolution of PACE family proteins, the
levels of sequence identity between the N-terminal and C-ter-
minal BTP domains of different PACE proteins were determined. It
was found that the N-terminal BTP domains of PACE family pro-
teins almost always have higher identity to the N-terminal BTP
domains of other PACE proteins than they do to their own C-ter-
minal BTP domain, or the C-terminal BTP domain of other PACE
family pumps (Supplemental Fig. S5). This suggests that a BTP
domain duplication event occurred only once in an ancestral gene,
and that there is little or no recombination between the N— and C-
terminal BTP domains in individual strains. The C-terminal BTP
domains of different PACE pumps typically show even higher
levels of sequence identity than the N-terminal domains
(Supplemental Fig. S5). The high conservation of sequence within
the C-terminal domain of different proteins may reflect the
involvement of the C-terminal domain in a core part of the
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functional mechanism, whereas the N-terminal domain may play
a bigger role in substrate recognition.

7. Concluding remarks

The PACE family of transport proteins is one of two transporter
families discovered only recently to mediate drug efflux. From
currently available analyses, PACE family proteins display some-
what restricted drug substrate recognition profiles, which include
primarily synthetic biocides such as chlorhexidine and acriflavine,
rather than the multitudes of diverse antibiotics and biocides
recognised by transport proteins from families such as the RND
superfamily. This may be a primary reason for the family being
only recently identified, 15 years after the first descriptions of
MATE family pumps [22,23]. However, PACE proteins are highly
conserved in a range of opportunistic Gram-negative pathogens,
including A. baumannii, P. aeruginosa, B. cenocepacia and Klebsiella
pneumoniae, and in serious human pathogens such as Yersinia
pestis, Francisella tularensis and Burkholderia pseudomallei. There-
fore, the role of these proteins in drug resistance warrants future
investigation.

As mentioned above, the drug recognition profile of PACE
pumps primarily includes synthetic biocides, most of which have
only been in the environment for 50—100 years. However, genes
encoding homologous PACE family proteins are found in the core
genomes of bacterial genera that diverged much earlier than this,
hundreds of millions of years ago. Therefore, these proteins are
likely to mediate an important core function and may have com-
mon physiological substrates that are yet to be described. The
importance of PACE family proteins is likely to extend beyond an
apparently fortuitous role in drug resistance.
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The era of antibiotics as a cure-all for bacterial infections appears to be coming to an
end. The emergence of multidrug resistance in many hospital-associated pathogens
has resulted in “superbugs” that are effectively untreatable. Multidrug efflux pumps
are well known mediators of bacterial drug resistance. Genome sequencing efforts
have highlighted an abundance of putative efflux pump genes in bacteria. However,
it is not clear how many of these pumps play a role in antimicrobial resistance.
Efflux pump genes that participate in drug resistance can be under tight regulatory
control and expressed only in response to substrates. Consequently, changes in gene
expression following antimicrobial shock may be used to identify efflux pumps that
mediate antimicrobial resistance. Using this approach we have characterized several
novel efflux pumps in bacteria. In one example we recently identified the Acinetobacter
chlorhexidine efflux protein (Acel) efflux pump in Acinetobacter. Acel is a prototype for
a novel family of multidrug efflux pumps conserved in many proteobacterial lineages.
The discovery of this family raises the possibility that additional undiscovered intrinsic
resistance proteins may be encoded in the core genomes of pathogenic bacteria.

Keywords: multidrug efflux
resistance, transcriptomics

bacterial tr pair, bacterial drug

Introduction

Multidrug efflux pumps are a significant obstacle preventing the control of infections caused
by pathogenic bacteria. Genes encoding these transporters have been found in all bac-
terial genomes sequenced, and the overexpression of just one can lead to the reduced
efficacy of a range of structurally and mechanistically unrelated antimicrobials (Ren and
Paulsen, 2007; Brzoska et al, 2013). Five families of transporters that include multidrug
efflux systems have been studied extensively, and include representative proteins that have

Frontiers in Microbiology | v

1 April 2015 | Volume 6 | Article 333

148

Appendix



al in pathogens

been characterized biochemically and by tertiary structural anal-
yses. These include the ATP-binding cassette (ABC) super-
family, the major facilitator superfamily (MFS), the resis-
tance/nodulation/division (RND) superfamily, the small mul-
tidrug resistance (SMR) family, and the multidrug and toxic
compound extrusion (MATE) family (Figure 1).

Significant longstanding difficulties surround identifying the
physiological functions of these multidrug efflux transport pro-
teins and determining which of the many pumps encoded
by bacterial strains actually contribute to antimicrobial resis-
tance (Piddock, 2006; Schindler et al, 2015). Studies have
shown that these efflux pumps often have overlapping substrate
recognition profiles (Tal and Schuldiner, 2009). Furthermore,
it is not uncommon for a bacterial genome to encode a
large number of efflux pumps that have predicted drug sub-
strates, e.g., strains of Bacillus cereus encode more than 100
of these pumps accounting for more than 2% or their pre-
dicted protein coding potential (Ren and Paulsen, 2007; Simm
et al, 2012). It is unlikely that all these pumps share the pri-
mary function of protection against toxic compounds, high-
lighting a need for higher throughput approaches to assess
the physiological roles of individual proteins, be they in drug
resistance, native housekeeping functions, or other cellular
roles.

MFS RND SMR

ATP synthase

(H)?
ABC PACE

FIGURE 1 | Schematic diagram showing the basis for the energisation
of multidrug efflux pumps operating in bacteria. The large oval
represents the bacterial cell. An electrochemical H* gradient
(proton-motive-force) across the cytoplasmic membrane is generated as a
result of respiration (green). Energy from the proton-motive-force is used to
power transport in secondary active transport systems, such as those within
the major facilitator superfamily (MFS), resistance/nodulation/division (RND),
and small multidrug resistance (SMR) (super) families. Sodium/proton
antiporters (orange) harness the proton-motive-force to generate a Na*
gradient that powers transport by other multidrug efflux pumps, including
those in the multidrug and toxic compound extrusion (MATE) family. ATP
production by ATP-synthase (pink) is also powered by the
proton-motive-force, and ATP is used to power transport by the primary active
transporters of the ATP-binding cassette (ABC) superfamily. Previously
characterized efflux pump (super) families are shown in red, whereas the
proteobacterial antimicrobial compound efflux (PACE) family is shown in blue.
The PACE family transport proteins are likely to be powered by the H+
gradient.

Efflux Pumps Participate in Intrinsic,
Adaptive, and Acquired Resistance

Bacterial drug resistance can be divided into three general cate-
gories, intrinsic, adaptive, and acquired (Fernandez and Hancock,
2012). Depending on their mode(s) of regulation and their
local genetic context, bacterial multidrug efflux pumps can be
geared to participate in any of these three resistance categories.
Intrinsic resistance stems from inherent properties of a bacte-
rial cell and can occur as a result of high constitutive expression
and activity of some multidrug efflux pumps. Adaptive resis-
tance is related to physiological alterations that are induced by
environmental changes and can occur when multidrug efflux
pumps are expressed in response to antimicrobial substrates.
Finally, acquired resistance can result from mutations promot-
ing constitutive expression of an ordinarily tightly controlled
endogenous multidrug efflux system, or when efflux pump genes
are acquired on a mobile genetic element, such as a plasmid
or phage.

Adaptive Resistance Responses
Identify Efflux Pumps that Mediate
Drug Resistance

High-level expression of efflux pumps can have a negative impact
on cell growth (Brzoska et al., 2013), resulting in a need to control
the timing of efflux system expression to coincide with specific
physiological requirements. As such, efflux pumps with physi-
ological resistance functions may be characteristically expressed
in response to drug substrates. These pumps may be part of
an adaptive drug resistance response or part of general stress
response regulons. For example, expression of the adeAB and
adelJK efflux pump genes in Acinetobacter baumannii (Hassan
et al, 2013; our unpublished data), the acrAB and acrF genes
in Escherichia coli (Shaw et al., 2003; Bailey et al., 2009), the
mexXY and mexCD genes in Pseudomonas aeruginosa (Morita
et al, 2014), the norA gene in Staphylococcus aureus (Kaatz
and Seo, 2004), and the bmr gene in Bacillus subtilis (Ahmed
et al., 1994), is induced in response to antimicrobial shock treat-
ments.

The mode of regulation and regulatory cues of most efflux
pumps are typically only investigated after their functional
characterisation. However, global gene expression profiles that
show heightened expression of putative efflux pump genes fol-
lowing drug or toxin shocks have provided the impetus to
assess the drug resistance functions of these pumps. For exam-
ple, members of our team recognized that an uncharacterised
MES exporter, BC4707, was expressed in response to bile salt
shock in the human food-poisoning associated pathogen Bacillus
cereus, and went on to characterize its role in drug resis-
tance (Kristoffersen et al., 2007). The gene encoding BC4707
is conserved in the core genome of B. cereus and its dele-
tion from B. cereus ATCC 14579 resulted in increased suscep-
tibility to norfloxacin (Simm et al,, 2012). Overexpression of
BC4707 in E. coli BL21 AacrAB resulted in increased resistance
to norfloxacin, ciprofloxacin, and kanamyacin and fluorescence
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transport assays showed that accumulation of norfloxacin
is reduced by BC4707 in an energy dependent manner
(Simm et al,, 2012).

Adaptive Resistance Responses
Identify a New Class of Drug Efflux
Pump

Extending from this work, we have exploited adaptive resis-
tance responses to identify efflux pumps that may mediate drug
resistance in hospital-acquired bacterial pathogens, with a focus
on biocide resistance. For example, in recent work we con-
ducted a transcriptomic study to examine the regulatory response
of A. baumannii to a shock treatment with the synthetic bio-
cide chlorhexidine (Hassan et al., 2013). Chlorhexidine is com-
monly applied in antibacterial soaps, mouthwashes and anti-
septics, and is listed as an “Essential Medicine” by the World
Health Organization. Chlorhexidine is a membrane active biocide
and as such, multidrug efflux pumps are commonly associated
with reduced levels of susceptibility (Russell, 1986; McDonnell
and Russell, 1999). In line with the discussion above, the most
highly overexpressed genes in our chlorhexidine shock treat-
ment encoded AdeAB, components of a major tripartite RND
multidrug efflux system in A. baumannii (Hassan et al., 2013).
This efflux system has previously been shown to mediate resis-
tance to a very broad range of antimicrobials and biocides,
including chlorhexidine (Rajamohan et al., 2009). The overex-
pression of genes encoding AdeAB in response to chlorhexi-
dine confirmed the role of this efflux system in adaptive resis-
tance to chlorhexidine in A. baumannii. Apart from the genes
encoding AdeAB, only one gene was highly (>10-fold) over-
expressed in response to chlorhexidine. This gene was origi-
nally annotated as encoding a hypothetical membrane protein.
Using biochemical approaches we showed that this protein is
in fact a chlorhexidine resistance protein that functions via
an active efflux mechanism (Hassan et al., 2013). We named
this protein the Acinetobacter chlorhexidine efflux protein I
(Acel).

The Acel Transporter is a Prototype for
a New Family of Bacterial Multidrug
Efflux Systems

The Acel transport protein contains two tandem “Bacterial
Transmembrane Pair” (BTP) protein domains defined within
the Pfam database (Finn et al., 2014). There are more than 750
protein sequences containing this domain architecture listed in
the Pfam database (version 27.0). Genes encoding these pro-
teins are particularly common among proteobacterial lineages,
but can also be found in the genomes of unrelated bacterial gen-
era, including the Firmicutes and Actinobacteria. We have not
yet identified these genes in the genomes of any archaeal or
eukaryotic organisms.

We have recently characterized more than 20 homologs of the
Acel transporter by heterologous expression in E. coli (Hassan

et al,, 2015). These studies have demonstrated that many Acel
homologs are able to provide resistance to an array of biocides
in addition to chlorhexidine. For example, the VP1155 protein
from Vibrio parahaemolyticus and Bcen2424_2356 protein from
Burkholderia cenocepacia each conferred increased resistance to
chlorhexidine, benzalkonium, acriflavine, and proflavine, when
expressed in E. coli (Hassan et al.,, 2015). Fluorescence trans-
port assays conducted on cells expressing these and other Acel
homologs that conferred resistance to acriflavine and proflavine,
demonstrated that these compounds are actively exported from
the cell by these transporters (Hassan et al., 2015). These results
corroborate our earlier findings that chlorhexidine is actively
transported by Acel (Hassan et al., 2013), and indicate that efflux
is the mechanism of resistance operating in this group of proteins.
Taken together all the observations suggest that these proteins
comprise a new family of multidrug efflux pumps common
amongst Proteobacterial lineages. We have named this family the
Proteobacterial Antimicrobial Compound Efflux (PACE) family
(Figure 1; Hassan et al., 2015).

PACE Family Proteins are Encoded
Within the Core Genome

Given that the PACE family represents a new class of resistance
determinants, we were interested in gathering basic information
regarding the mode of inheritance of these genes in bacteria. To
this end, we examined their level of conservation within represen-
tative bacterial lineages following the basic premise that highly
conserved genes within core bacterial genomes are expected to
have been inherited vertically, whereas those in the accessory
genome are likely to have been horizontally acquired.

We examined PACE family protein conservation in four
y-Proteobacterial species (A. baumannii, P. aeruginosa, V. para-
haemolyticus, and E. coli) a B-Proteobacterial species (B. ceno-
cepacia) and a member of the Firmicutes (Veillonella parvula).
Annotated protein sequences from all complete and draft
genomes of these species were downloaded from the NCBI
Genbank database (October, 2014) and were queried using the
BTP PfamHMM (Finn et al., 2014) in HMMER3 searches (Eddy,
2011). These searches determined that PACE family proteins are
encoded in the pan-genomes of all six species examined. To
determine the number of distinct orthologous groups of PACE
family proteins in each species we performed a clustering anal-
ysis based on sequence identity (cluster stringency >90%) using
cd-hit v4.6.1 (Fu et al., 2012). This analysis demonstrated that A.
baumannii had three clusters (100, 96.7, and 0.3% conservation
in 623 strains); P. aeruginosa had three clusters (99.5, 99.5, and
0.5% conservation in 197 strains); V. parahaemolyticus had one
cluster (90.1% conservation in 101 strains); E. coli had 4 clusters
(0.2,0.1,0.1, and 0.1% conservation in 1986 strains); B. cenocepa-
cia had three clusters (100, 88.9, and 88.9% conservation in nine
strains); and V. parvula had one cluster (100% conservation in
four strains).

These data demonstrate that the pattern of PACE family pro-
tein conservation is variable between the species. For example,
both A. baumannii and P. aeruginosa each encode two highly

Frontiers in Microbiology | www.frontiersin.org

April 2015 | Volume 6 | Article 333

150

Appendix



Hassan et al

Undi

al in pathogens

conserved PACE family proteins present in virtually all sequenced
strains, and one additional PACE protein encoded in one or two
specific strains. Whereas, V. parahaemolyticus and V. parvula
each encode only one highly conserved PACE protein, and B.
cenocepacia encodes three highly conserved PACE proteins. Most
E. coli strains do not encode a PACE family protein, although
a small handful of strains encode one of four PACE protein
variants. The highly conserved PACE family proteins encoded
by A. baumannii, P. aeruginosa, V. parahaemolyticus, B. ceno-
cepacia, and V. parvula are likely to constitute part of the core
genome in these species and to have been inherited vertically
rather than on mobile genetic elements. The almost complete
lack of genes encoding PACE family proteins in E. coli strains
suggests that these genes were lost early in the development
of the E. coli lineage, but after its divergence from other y-
proteobacteria. In the few cases where E. coli strains were found
to encode a PACE family protein, it was sometimes associated
with mobile genetic elements suggesting that it had been acquired
by horizontal gene transfer. The paucity of PACE genes in E. coli
strains confirms our previous conclusion that E. coli is an excel-
lent host to study the function of these proteins (Hassan et al.,
2013).

Physiological Substrates for PACE
Family Transporters

To date, the substrates identified for PACE family transport
proteins include synthetic biocides only, such as chlorhexi-
dine, dequalinium, benzalkonium, proflavine, and acriflavine.
The presence of these toxic biocides in the environments occu-
pied by Proteobacteria is likely to have been negligible across
evolutionary time, until perhaps the last 50-100 years when
these compounds were applied in various industries. Given that
the organisms encoding PACE family genes are likely to have
diverged long before the development of this potential selective
pressure, it is seems unlikely that biocides are the native physio-
logical substrates of PACE efflux pumps. Nonetheless, these genes
are transcriptionally responsive to at least one biocide, chlorhex-
idine in four species, A. baumannii, A. baylyi, P. aeruginosa, and
B. cenocepacia (Nde et al., 2009; Coenye et al., 2011; Hassan
et al., 2013), suggesting that chlorhexidine can serve as a mimic
of their natural physiological substrate for inducing efflux pump
expression.

Regulatory Proteins Acting on PACE
Efflux Pumps

In addition to antimicrobial resistance, the promiscuous sub-
strate recognition profiles of multidrug efflux pumps allow them
to participate in diverse physiological processes. For example,
efflux systems in Gram-negative bacteria function in cell adher-
ence, invasion, biofilm formation, virulence in animals and
plants, and resistance to host encoded factors (Piddock, 2006).
Consequently, the regulation of bacterial drug efflux systems can
be highly complex and responsive to a range of cellular and

extracellular conditions. Complex regulation may be particularly
apparent in efflux pumps, such as Acel and its homologs, which
are encoded within core bacterial genomes. These genes are likely
to have been present in these species for significant periods of
evolutionary time, allowing fine-tuning of their expression in
response to a range of environmental cues. A case in point, as
summarized within the EcoCyc database (Keseler et al., 2013),
transcription of the acrAB efflux system genes, within the core
genome of E. coli, is controlled by at least seven distinct regulatory
proteins, which are themselves subject to a range of regula-
tory pressures. These regulatory proteins are likely to integrate
efflux pumps into the adaptive resistance responses observed in
bacteria, as well as other pathways controlling their alternative
physiological functions.

Regulators mediating the most direct control of genes encod-
ing efflux pumps are often encoded locally - adjacent to and
divergently transcribed from the gene(s) encoding the efflux sys-
tem. These regulators, either activators or repressors, typically
bind a similar spectrum of compounds to their cognate efflux
pump with high affinity as a signal for transcriptional activation
or relief of transcriptional repression. Some well characterized
examples include AcrR, which controls transcription of the E.
coli acrAB efflux pump genes (Li et al., 2007), and QacR, which
controls gacA/qacB expression in S. aureus (Grkovic et al., 1998;
Schumacher et al., 2001).

The PACE family transporters that we have studied to date
are each encoded adjacent to a divergently transcribed LysR
family regulator. To determine whether these regulators con-
trol the expression of their cognate PACE family gene, we used
our established methods (Brzoska et al., 2013) to construct a

22048 1
1024 A
512 1

OADP1 _I_
HADP1 AACIAD1979

ACIAD1978 expression fold-change
(untreated/chlorhexidine shock
S

0.5 1 2
[Chlorhexidine] (mg/L)

FIGURE 2 | Expression of the PACE family gene, ACIAD1978, in
wild-type and mutant (AACIAD1979) A. baylyi ADP1 in response to
chlor idine shock Cells were grown in LB broth to

ODgoo = 0.6, then split, with one half of each culture treated with
chlorhexidine and the other half receiving no treatment. RNA was isolated and
assessed by gRT-PCR following our established protocols (Brzoska and
Hassan, 2014) to determine relative expression levels of ACIAD17978 in
chlorhexidine treated and untreated samples. Error bars show the SEM.
Changes in expression of ACIAD1978 were negligible in the ACIAD1979
mutant treated with 2 mg/L chlorhexidine, and thus the bar is difficult to see.

Frontiers in Microbiology |

frontiersin.org

April 2015 | Volume 6 | Article 333

151

Appendix



an et al

vered efflux potential in pathogens

deletion mutant of the regulator gene ACIAD1979 in A. baylyi
ADP1, which is encoded adjacent to the PACE family chlorhexi-
dine resistance gene ACIAD1978. We examined the expression of
ACIAD1978 in both the wild-type and the AACIAD1979 regula-
tory mutant in response to chlorhexidine shock treatments using
quantitative real-time PCR analysis (Brzoska and Hassan, 2014).
In the absence of chlorhexidine the expression of ACIAD1978
was similar in both strains. However, whereas increasing concen-
trations of chlorhexidine induced ACIAD1978 gene expression
in the wild-type strain, chlorhexidine addition failed to induce
ACIAD1978 expression in the AACIAD1979 mutant (Figure 2).
These results suggest that the ACIAD1979 LysR family regulator
functions as an activator of the PACE family gene ACIAD1978.
We are currently investigating the role of LysR family proteins
in controlling expression of PACE family pumps in other species
and are determining whether the spectrum of ligands recognized
by these regulators is closely linked to the substrate recogni-
tion profile of their cognate PACE family pump. It also remains
to be determined whether the PACE-associated regulators con-
trol expression of other genes, or if there are distally encoded
regulators that also modulate expression of PACE transporter
genes.

Conclusion and Future Directions

Transcriptomic analyses of antimicrobial shock treatments are
valuable in identifying the potential resistance mechanisms oper-
ating in bacteria, including multidrug efflux pumps participating
in the adaptive resistance response. Using transcriptomic analy-
ses, we have defined roles for new efflux pumps and identified the
PACE family of multidrug transport proteins, the first new family
of drug efflux proteins discovered in over a decade.

Transporters within the PACE family are currently enigmas.
We have identified drug substrates, such as chlorhexidine that
are common to many of these pumps. Furthermore, PACE fam-
ily gene expression is induced by chlorhexidine, a response that
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