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Abstract

Pseudomonas aeruginosa is a clinically important opportunistic human pathogen which is
of particularly relevance to cystic fibrosis (CF) patients where P. aeruginosa pulmonary

infections are the leading cause of both morbidity and mortality.

The CF lung provides a unique environment to the pathogen which induces the
overproduction of the exopolysaccharide alginate by the bacteria, resulting in a thick
biofilm which protects the bacteria from the host immune response and antibiotic
treatment, while contributing to the clogging of the lung. Furthermore, this switch from a
non-mucoid (minimal levels of alginate) to a mucoid (alginate over-producing) phenotype
is widely recognised as a poor prognosis indicator for patients, after which the infection
cannot be eradicated. The exact mechanisms responsible for this switch are unclear but
appear to involve a complex combination of transcriptional regulation, post translational

regulation and the mutation of hyper-mutable regions of the genome.

This thesis investigates the physiological role of alginate for P.aeruginosa as well as
several of the previously poorly understood steps in the biosynthesis and regulation of
this important virulence factor. The outer membrane pore, AlgE, responsible translocation
of alginate across the bacterial outer membrane was characterised. Interactions between
two uncharacterised proteins, AlgK and AlgX, were identified and two novel regulatory

networks involved in the control of alginate biosynthesis were identified.



Preface

The format of this thesis complies with the “Submission of thesis based on publications” as
described in the latest version of the Handbook for Doctoral Studies, version 6, published

by the Massey University doctoral research committee (January 2010).

The following sections of this thesis have been published or are submitted for publication
in internationally peer-reviewed journals. Publications do not appear in chronological

order.

Chapterl

Hay ID, Rehman ZU, Ghafoor A and Rehm BHA (2010). Bacterial biosynthesis of
alginates. Journal of Chemical Technology and Biotechnology 85: 752-759

Chapter II

Hay ID, Gatland K, Campisano A, Jordens JZ and Rehm BHA (2010). Impact of alginate
production on attachment and Dbiofilm architecture of a supermucoid

Pseudomonas aeruginosa strain. Applied and Environmental Microbiology 75: 6022-6025

Chapter II1

Hay ID, Rehman Z and Rehm BHA (2010). Membrane topology of outer membrane
protein AlgE, which is required for alginate production in Pseudomonas aeruginosa.

Applied and Environmental Microbiology 76: 1806-1812

Chapter IV

Hay ID, Remminghorst U and Rehm BHA (2009). MucR, a novel membrane associated
regulator of alginate biosynthesis in Pseudomonas aeruginosa. Applied and Environmental

Microbiology 75:1110-1120

Chapter V

Hay ID, Schmidt O, Gutsche ] and Rehm BHA (2011). Identification of a periplasmic
AlgK-AlgX-MucD multiprotein complex in Pseudomonas aeruginosa involved in
biosynthesis and regulation of alginate. Applied Microbiology and Biotechnology
(accepted June 10 2011)



Contribution IDH made to publications by are as follows:

Chapter I. This review was drafted by IDH with critical review from ZUR & AG and
finalised by BHAR.

Chapter II: Continuous flow biofilm growth, confocal microscopy and subsequent analysis
were done by IDH (with assistance from KG). Solid surface attachment experiments were

done by JZ] and AC.

Chapter III: algE deletion mutant and complementation vector were made by IDH.
pEX100T:AalgE was made by Uwe Remminghorst. Construct expressing AlgE with deletion
of extracellular loop 7 was made by IDH. FLAG tag insertions of algE were made by ZUR.
Alginate quantification was done by ZUR. Outer membrane protein isolation and

immunobloting was done by IDH. Manuscript was drafted by IDH , and finalised by BHAR.

Chapter IV: UR made the plasmids pEX100T:AmucR and pBBR1MCS-5:mucR. All other
work was done by IDH. Manuscript was drafted by IDH and finalised by BHAR.

Chapter V: Plasmid pEX100T:AmucD was made by ]JG. Strains PAO1AmucD, PAO1AalgX,
and PAO1AmucDAalgX were made by OS. All other work was done by IDH. Manuscript was
drafted by IDH and finalised by BHAR.

DNA sequencing and MALDI-TOF/MS were provided by external services.

This is to certify that the above mentioned work was conducted by lain Hay.

Signature Date Signature Date

Prof. Bernd H.A. Rehm [ain D. Hay



Acknowledgements

Thank you to everyone who has helped me over the past few years. There are too many

people to thank individually so I'll keep it short:

Thanks to the Ann, Cynthia and Pat for being great with helping out with various things
and not getting too angry when I inevitably forgot to hand in some important form. Also
thanks to Paul, Katrina and Tara for helping out with all the ordering and money stuff, and

to Chris for “lending” me equipment or chemicals numerous times.

Thanks to all the past and present members of the Rehm workgroup and to my supervisor
Prof. Bernd H. A. Rehm for his guidance and always pushing me towards the next

publication. Also, thanks to my co-supervisor Dr. Jan Schmid.

Thanks to Gemma for being awesome over the past few years. I couldn’t have done it
without you. Thanks to my parents for encouraging me to figure out how things work as a

child and bringing me up with an appreciation and passion for science.

Finally thanks to Massey and IMBS for funding.

“Extraordinary claims require extraordinary evidence”-Carl Sagan



Table of Contents

ADSTTACE .ceretreeeeeeeeeeseseesse st ss e ss e es s RS ER R R £ R AR R R ii
PIEEACE ettt bbb bR A R ARt iii
Contribution IDH made to publications by are as folloWS: ... iv
ACKNOWIEAZEIMEIIES ....ouieereeeceeeseeteeesssesssesssss st sesssessssess s b s s s bs bR bbb \4
TADIE OF COMEENTS..couceieureeeeueeretreeaseiete e s sees et e ssse s b bbb a e s bbb ettt vi
0 o o) G 7= L o LTS viii
LISE Of fIGUIES covvureeeeeeeeseeseeseerse s sees s seesseesse s s ss et e s s s s R R s X
CRAPTET Lttt eess st es e ees s b s bR R R R s R bbbt 1
gL 06 10 (ot [ ) o VOO 1
General INtroduction aNd OVEIVIEW.......eereemeeeesseessessseesseesseesssesssesssessssssssesssssssessssssssssssesssesssesssseens 2
TRESIS ATITIS c.ceieeeeeeeeteee et e s s es s s s s s R AR AR R 4
TRESIS FINAINES .o ierieereeeeeeeenseeseeseesse s sssesssesssesssssssssssssssss s ss st s s sssess e s s s et s ssssssssssans 4
LItErature REVIEW: ... ceeercesceseesesesesesses s ses s ss s ss s s s s s n s 6
Bacterial biosynthesis of algiNates....... e ses s 6
ADSETACE oottt te bbb b RS R R e 7
INETOAUCTION oottt ettt eea et s s R R s R Rt 8
Genetics of Bacterial Alginate BioSyNthesis. ... ssesseesseeseeans 9
BioSyNthesis Of AlGINAte. ..o seessees s ees s sssess s sssssssses s snsas 11
Regulation of Bacterial Alginate BioSyNthesis.......cnsennseseeseesseseeesseeseesessesseesseenas 14
Applications of Bacterial AlGINAtes ... seeesssssseesssessessssssesssssssssssssssssssssessessss 17
L0001 ) o PP 19
The impact of alginate overproduction on attachment and biofilm architecture of a
supermucoid PSeUAOMONAS ACTUGINOSA .cuveurrereereerserseesseesssssssssssesseessssssssssesssesssasssssssssssssssssssssssssssses 19
ADSETACE oottt b s R AR R R 20
50U 0 10 ot 11 ) o 0N OO 21
Quantitative analysis of attachment and biofilm formation........————— 21
BIOfIlM QNALYSIS .uueuieecceriereieceseeseiseeseesti e sssse s es et e s s e 24
L TS0 17 (o ) P 27
ACKNOWIBAGIMENES ....ceeveeeseeseeseesseesseessesssees s ssesssesssessssessseessse s sssesssesssessssess s s s sssasssessssessssessesens 28
00 0= 011> 1 U OO PP OO 29
Membrane topology of the outer membrane protein AlgE which is required for alginate
production in PSEUAOMONAS ACTUGINOSA....cueereenreerreernsersessseessesssessseesssssssssessssssessssssssssssssssessssssssessaes 29
ADSETACE .ottt ettt e et ea b s e b RS R AR Rt 30

Vi



| 015 06 L8 ox 5 (o) o NN 31

Materials and MethOAS ... ss s s bbb 33
RESUILS .ttt R s R R e AR 39
TS0 1] (o) 1 44
ACKNOWIEAGIMENLES ....eeeieeeeereieeseeasee s sses s ss et s e s s s a s bbb s bbb 46
CRAPLET IV s s s R e R 48
MucR, a membrane anchored diguanylate cyclase involved in alginate biosynthesis by
PSEUAOMONAS AETUGINOSA ccureureereenreersenrerasesseessessessesssssssssesssssessssassssassse s s sss s s bssessas s ssssssasessssasessnes 48
13 o i T v TP 49
INETOAUCTION oottt es e bbb bbb 50
Materials and MEthOAS ... ss et ss s s ss bbb s 52
RESULES c.vvvcvueeeeeeeeteeessessees s es s s s s es s SRR R R R RS E R 58
L L0103 o) ¢ PP 69
ACKNOWIEAZEIMENLS ...oovceeeeieeeeieeiseeseeee e seesseesses e s sss s s s s s s a bbb 72
CRAPTET V sttt s s s s s s b 73
Identification of a periplasmic AlgK-AlgX-MucD multiprotein complex in
Pseudomonas aeruginosa involved in alginate biosynthesis and regulation ..........ccoccoveeeveenees 73
o ) 0 = Lot PP 74
INETOAUCTION oottt e e esse b st s R R e e 75
Materials and MethOdS ... ss s s s s s 78
RESUILS ettt ss s s b s AR R 83
L T 1Y (o ) PP 94
ACKNOWIEAZEIMEIIES ..ovveeveercrereeseetsse et sesessssssses s e ss st s sssssssss bbb sssssenens 97
SUPPleMENLArY Material ..o eerreesrees e seeeeeseesseesse s seesssesss s sees s sssess s s ssssssssessesssse s snses 98
Conclusions aNd OULIOOK. ... sses s sessse s s s ess s s sesneaes 102
000} o o L 13 10} o 10PN 103
OULLOOK ettt ettt sttt et s s s R SRR s bR R bR ares 104
REEEIEIICES ...ttt es s s s s R R R AR s bR R 107
2N 0] 07=) 416 PP 122

Vii



List of tables

ChapterI

Table I: Genes involved in alginate biosynthesis and their function (or putative function)

Chapter II1

Table 1: Bacterial strains, plasmids and oligonucleotide used in this study

Table 2: Production of alginate and free uronic acids by AalgE mutants

Table 3: Alginate production of AalgE complemented with various epitope tagged AlgE

variants

Supplementary Table 1: Oligonucleotide used in this study

Chapter IV

Table 1: Bacterial strains, plasmids and Oligonucleotides used in this study

Table 2: Alginate quantification of various P. aeruginosa strains

Table 3: Rapid solid surface attachment assay

Table 4: 3-galactosidase and alkaline phosphotase activities of MucR fusion proteins in

various subcellular fractions

Chapter V

Table 1: Alginate production of AalgX and AmucD deletion mutants

Table 2: Alginate promoter activity and alginate production various alginate biosynthesis

gene deletion mutants

Supplementary Table 1: Strains plasmids and oligonucleotides

Supplementary Table 2. Protease activity of MucD in the presence and absence of AlgX or

other protein fractions that may influence the activity of MucD

viii



Supplementary Table 3: % dialysable free uronic acids of strains with multiple copies of

proteins related to alginate biosynthesis

Supplementary Table 4: Promoter activity, alginate production and dialyzable uronic acids

for AlgU and RpoN deficient strains



List of figures

Chapterl

Figure 1: Proposed alginate biosynthesis pathway in P. aeruginosa
Figure 2: Overview of alginate biosynthesis in P. aeruginosa.
Chapter II

Figure 1: SSA analysis of various P. aeruginosa strains

Figure 2: P. aeruginosa biofilm formation in a continuous culture flow cell after 4 days

from inoculation analysed using confocal laser scanning microscope
Chapter II1

Figure 1: Outer membrane profiles of the AalgE mutant and the AalgE mutant harbouring

various plasmids showing the absence / presence of AlgE

Figure 2: Predicted topology of the outer membrane p-barrel AlgE

Chapter IV

Figure 1: MucR is essential for the mucoid colony morphology

Figure 2: Multiple copies of mucR induce auto-aggregation and the formation of pellicles
Figure 3: Multiple copies of mucR lead to the formation of highly structured biofilms

Figure 4: Loss of mucR does not influence swarming motility but multiple copies of mucR

inhibit swarming motility
Figure 5: The outer membrane protein profiles of various P. aeruginosa strains

Figure 6: The alginate stimulating activity of MucR is dependent on the GGDEF and EAL

containing C-terminus

Figure 7: Subcellular localisation and purification of MucR



Figure 8: Proposed model for the MucR-mediated regulation of alginate biosynthesis in

P. aeruginosa

Chapter V

Figure 1: Purification of strep tagged AlgX and hexahistadine tagged MucD from various P.

aeruginosa strains.

Figure 2: Alginate promoter activity (as measured by 3-galactosidase activity) and alginate

production of strains overproducing various proteins involved in alginate production.

Figure 3: Alginate promoter activity (as measured by -galactosidase activity) and alginate

production B strains overproducing MucD.

xi



