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The reaction contained00 M NADH, 50 M ubiquinonel and 100 mM NacCl.
Changesinabsborance wer e f o Indoir@.22dnMadmh)3Att0itesn (€
for all mutant strains were significantly lowgg € 0 . 0 MWT intalhcanditions
tested, according to a omemy ANOVA analysis. Th&/ngrFYndh double mutant
activity was significantly lowe(p<s 0. 01, *) than the activities
mutants. Th&/ngrFYnuoGdouble mutant activity was significantly lemp<s 0. 05,
t) t h¥muoG/hdh mutant. Theé/ngrF single mutant activity was significantly
lower(ps 0. 01, * Vyities ofitherothdr tweisgla mutants...................cccc..... 40
Figure 3.4: Biofilm formation by wild type (PAO1) and singleletion mutants. (A)
Crystal violet retention was measured as tibtal amount of biofilm produced. WT
(grey), YngrF (cyan),YnuoG(yellow) andYndh2(dark blue) were diluted to Qfgy=
0.5 from an overnight culture, and grown in av@éll plate, withoutshaking for 6 h
(mid-attachment) or 24 hours (mature biofilm)y&tal violet retention of the biofilm
was examined at each time point through optical density at 600 nm. (B) Surface area
of the biomass from COMSTATZ2 analysis of images taken with-ghatm
microscope. For all panels, error bars indicate standard drtioe onean from three
biological replicates, and starsindicatem | ues < 0. 05 compared to w
a st uttest.r{Q) Average thickness of the biofilm was measured using propodium
iodide (30 M) stained biofilms grown on-&ell coverslipsfor 6 or 24 hours. The
fluorescence of the retained propodium iodide in the biofilm was measured with a two
photon microscope. COMSTATZ2 analysis was used for image analysis.................. 42
Figure 3.5: Pyocyanin production. Pyocyanin production in wild type PAO1 (dfegih
(dark blue),Y nuoG (yellow) and¥YngrF (cyan). The concentration (M) was
determined using the extinction coefficient for pyocyanin at 690 nm (4136rV).
ODsoo of the wild type and mutant cultures were similar at each time point, so data
representan accurate comparison of pyocyanimguction in the different strains.
Starsindicatev al ues fr ottheas tst<suderdts’,s compared to w
L0 L= o0 | PP PPRPUPPRPPRRPR 43
Figure 3.6: Transcriptome analysis of theqrF mutant strain compared to wild type
Differential expression of genes encoding NDH2, NUO, and the pyocyanin
biosyrthesis operons in thénqgrF mutant strain compared with wild type PAO1
during exponential and stationary phases. A positive value indicates an increased
expression iYnqrF compared to wildype. Stars indicate significant changes in
expression with a Walue <0.05 as determidevia the calculations outlined in
Materials and MEthOUS...........oiiiiieieeeee e e e e e e e e e e e e annne e es 45
Figure 3.7: Heatmap of gene expressionfif@® in the transcriptome profiles of three
biological replicates of th¥nqgrF and wild type strains in exponential and stationary
phase. Select genes include those emgpaliih, nuo operon pyocyanin biosynthesis
operon, extracellular polysacchariddg, psl, andpel operons, the genes coding for
the MexEFOrpN efflux pump ad related genes and the MexGBpmD efflux
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pump. All genes were normalized by gene length&ncansformed before analysis.
Most highly expressed genes were selected according to the sum of normalized counts
across samples. Genes were selected from DES& results and counts wese
transformed before analysis. According to thecore, color barms red correspond to
NIGNET EXPIESSION. ... ettt 46
Figure 3.8: Macrophage toxicity assay. Wild type PAYgrF, YnuoFandYndhmutants
were cocultured in a 1:1 ratio with RAW 264.7 macrophages for 6 hours before a LDH
assay was performed to determine macrophagedealh. A bacterifree control
group was included for reference. Data from three independent experiments are
represented as the average macrophage death, with error bars indicating the standard
error of the mean. Stars indicateypal ues < 0. Wil tygepthmqughrae d t o
SR O U0 < 311 A~ OO R USRRRPPPPPPRRY 48
Figure 3.9: Survival of mice inféed with wild type PAO1 andyngrF. (A) Survival of
BALB/c mice after intranasal aspiration of ~4 R10FU wild type orYngrF. The
survival curves were statistically different (p < 0.05; log rank test). (B) Bacterial
burden in the lungs. Lungs were haregstrom mice infected with5-6 x 1¢ CFU at
24 h postinfection, and the ratio of CFUs before inoculation and after death were
counted. There is no significant difference between the bacterial burden from wild
tYPE PAOL ANAYNGIF. ...ttt renes et e et e e nnee e 49
Figure 3.10: Complementation of NQR. (A) NADH:quinone oxidodse activities of
wild type (PAOL),YngrF, and ngcomplementation strain (pHERD28IQR).
Enzyme activity is defined as thenoles of NADH consumed per minute per mg of
membrane protein. The reaction contains: 18NADH, 50 M ubiquinonel and
100mM NacCl . Changes in absorbance were foll
mM-& m-1) . a dethydrbigriadeé deletion mutants. (B) Sig$(412%) of
partially purified NQR complex gxessed in the pHERD 288QR (20 mg) run in
Tris-glycine gel system stained wi@oomassie Blue. (C) Western blotting using-anti
His5X antibodies showing the NqrF sulttiumvhere the histidine tag is attached. (D)
Same gel as in (B) exposed to UV light before staining showing the fluorescent bands
corresponding to the NqrB and NqrC sualis of the sempurified NQR. E. Biofilm
formation quantified as crystal violet retemt at midattachment (6 hours) and mature
(24 hours) biofilm. (F) Pyocyanin concentratior) following 24 hours of growth,
measured at 690 nm (4130-%m?) and nomalized to culture OB ODsooOf the
wild type and mutant cultures were similar at each time point, ensuring that the data
represent an accurate comparison of pyocyanin produtiiween strains. Stars

indicatepv al ues frotihea ts.kudedi. . s.. ceeeeee D0
Figure 4.1: Comparison growth of wildypeP. aeruginosand single antlporter deletlon
mut ants. Growth curves of wil dt ynpadb (red) al

(pur pnhap() g r Aaehap2( y &l | o wmjpA(eyandl inLAB a't 170mM and
300mM NacCcCl conc et raantdi ENesQ . siafe PEH mMeasur ed
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Figure 4.2: Corparison of growth of wildtyp®. aeruginosand triple antiporter deletion

mutants. Growth curves of wildtype (red) and antiporter deletions mutants

AnhapAnhap2AmrpA ( p u r pnha@nhap2MnrpA ( g r e exlmAnhapnrpA
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Figure 4. 3: Growth of t h e nlpahdphnbgpNnerpAdA) |l et i on
Growth of wildtype PAO1red) compared with the growth of the quadruple antiporter
deletion mutant (purple) in conditions of 50 mM NacCl at pH 7.5. (B) Growth of the
guadruple antipaer mutant in varying external NaCl concentrations at pH 7.5. (C)
Growth of the quadruple mutant warying external NaCl concentrations at pH 8.5.

Each curve was constructed wusing two biolo

replicates aachdevwiatth osit &amda ul ated accordi
L= o T AP o - T S~ S PUPPSR 67
Figure 4.4: Michaelis menten emag saturation plot for the N&™ aniporters ofP.
aeruginosa Enzyme saturation plots with Michaelis Menten fitting for NhaB
(triangle), NhaP (circle), NhaP2 (inverted triangle) and Mrp (square) at pH 7.5 (A)
and pH 8.5 (B). Antiporter activity was measd in the presence of varying subsgr
(NaCl) concentrations and the resulting enzyme saturation plot was subjected to
Michaelis Menten model fitting using GraphPad Prism 6 software. Error bars represent
the standard error of replicate asSays.............ooviviiiiieeee e 69
Figure 4.5: K and Li" antiport activity in triple antiporter deletion mutants compdaxéth
wildtype. Li*/H" antiport activity (A) and K/H™ antiport activity (B) was measured
according to the fluorescence quenching method described previously (2.4.1.1) in
membranes from stationary phase cultures of wildtype PAO1 and each of the triple
aniporter deletion mutantsAntiporter activity was stimulated by the addition of
saturating concentrations of substrate ion (20mM) at pH 7.5 (red) and pH 8.5 (blue).
Antiporter activity is averaged from two biological replicates with 2 technical
replicateseach. Error bars repregdehe standard deviation between replicates........... 70
Figure 4.6: Antiporter activity in the wildtype andaglruple antiporter deletion mutant
AnhakAnhapAnhap2AmrpA (A) Fluorescence scans of Md* antiport activity in
wi l dt ype P ARRMnhapindapZntr@Amudiant whichs devoid of N&/H*
antiporters. Antiport activity was measured following the fluoreseequenching
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PAO1 a nndabdnHagnh@p2AmrpAmutant using Na(black), K (red)and Li
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Figure 4.7 Total number of differentlly expressed genes (DEGs) with significant changes
i n e xpr aewd\nhaptnhapZmrpdcompared with wildtype PAOL................. 73

Figure 4.8: Expression of PQS and pyocyanin synthesis pathways in
AnhalAnhapAnhap2AmrpA compared with wildtype during exponential phase
growth. (A Pathway view of expression changes during exponential phase growth.
Green indicates a pgative change in expression (lefiidchange) in the
AnhalAnhapAnhap2AmrpA mutant compared with WT. Images are rendered using
the Pathview function in Rstudio. (B) Henap showing levels of transcripts of
relevant genes in the quadruple mutant and WT dwxponential growth. Total reads
for each transcript were normalized and log transformed using the DESeq2 rlog
function in Rstudio and arescored by row. Columnalb el ed wi t h * Pa’ and
represent biological replicate growths.............oooeiiiiiiccci e 74
Figure 4.9: Expression of PQS and pyocyanin synthesis pathways in
AnhalAnhapAnhap2Amrpa compared with wildtype during stationary phase growth.
(A) Pathway view of expression changes during stationary phase growth. Green
indicaes a negative loglbld chang in expression and red indicates a positived0g2
fold change inaragnhapAnsg@gAocompared with WT. Images
are rendered using the Pathview function in Rstudio. (B) Heatmap showing levels of
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growth. Total reads for each transcript were normalized and log transformed using the
DESeg2 rlog functionin Rstudioandare cor ed by row. Col umns | ab
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Figure 4.10: Expression of PQS and pyocyanin synthesis pathways in
AnhalAnhapAnhap2Amrpa compared with wildtype during stationary phase growth.
(A) Pathway view of expression changes during stationary phase growth. Green
indicates a negative log@ld charge in expression and red indicates a positive-log2
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Figure 4.11 Transcriptional changes in quorum sensing, virulence trait production and
biofilm formation i n nhatAnhapMhap2AmrpA mutant. (A) Pathway view of
expression changes during exponential phase growth. Green indicates a negative log2

Xi


file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679866
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679866
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679866
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679866
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679867
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679867
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679868
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679869
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679870
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679871
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679871
file:///C:/Users/saraf/Dropbox/BBLab/Sara/Dissertation/Dissertation_FINAL%20Edits_6_SF.docx%23_Toc56679871

fold change in expregon and red indicates a positive leigdd change in expression

relative to WT. Images arendered using the Pathview function in Rstudia.76......... 76
Figure 4.12: Transcriptional changes in quorumsgey, virulence trait production and

biofi |l m f or nhabhnhapimhap2ZimrpA niutant. £4A) Pathwa view of

expression changes during exponential phase growth. Green indicates a negative log2

fold change in expression and red indicates a positivefliigZhange in expression
relative to WT. Images are rendered using the Pathview function in Rstudio........... 78
Figure 4.13: Heatmap showing levelstadnscripts of relevant genes in the quadruple
mutant and WT during exponential growth. Total reads for each transcript were
normalized and log transformed using the DESeq2 rlog function in Rstudio and are

scoredby r ow. Columns | alkal ed ewirtels enPa’bi @ahnadgi @

O OWENIS ettt e e e e eme e et ettt e e e e e e e e e e e e e e amnne e e e e e e e e e e 79
Figure 4.14: le¢atmap showing levels of transcripts of AlEyulated genes in wildtype
a n dnhal\nhapAnhap2AmrpA during exponential phase growth. Total reads for

each transcript were normalized and log transformed using the DESeq2 rlog function

in Rsudio and are-scora by row. Columns 1, 2, and 3 are WT biological replicate

growths and columns 4, 5, and 6 are quadruple deletion mutant biological replicate

[0 0111, 1 USRS 81
Figure 4.15: Glycerol and choline metabolisnPinaeruginosa(A) Simplified pathways

representing the metabolism of glyskeand choline irP. aeruginosaalong with the

relevant transporters. Dihydroxya¢ one phosphate (DHAP)

(G3P), f-bisR(FloedsR)-(B) H&atmap showing levels of transcription of

the significant DEGs related to glycerol arbkne utilization inP. aeruginosaTotal

reads for each transcript were normatizand log transformed using the DESeq2 rlog

gl yc

function in Rstudioandares cor ed by r ow. Columns | abel ed

represent biological replicates from expondrftay) or stationary (stat) growth phase.

(C) Growth of wlatArhapynipap2An{rpAgutple) im MOdninidnal

medium at 50mM NaCl supplemented with 20mM glycerol. (D) Growth of wildtype

( r e d)nhaddmhpArhap2ZAmrpAin M9 medium +glucose at 0vM NaCl with

2mM choline (purple) and without (blue). Growth curves are the gesraf three

technical replicate growths, with error bars calculated accordingly.................cc.eecee. 83
Figure A.1: Growth curves of wild type PAOL1in LB (A)and SCFMBh an g e 8oo0i n

were measured using a Tecan Infinite

oD
M10O0O

growth wittMB7continuous orbital shaking at

constructed using two biological repl i

cates

standarodh ceicaitliat ed accordi ng.l.y..and.107epr es e

Figure A.2: NADH:quinone oxidoreductase activity in wild type (PAO1) using NADH and
deamineNADH as a substrates. Membranes were hagdest exponential and
stationary phase. Enzyme activity -is
NADH) consumed per minute per mg of membrane protein. The reaction contained:
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100uM NADH, 50 &d 1L0BmMVgNaCl.niCbhamges in absorbance were
followed at 340nmeQapn= 6.22 mMtcm™). Stars indicate w al ues of < 0.
compared to WT according td 81 d e Hest....S.....leeeeiiiiieecee e 109
Figure A.3: Surface images of biofilm at mattachment. Representative surface images
of Dbiofil m pr oddh(cE)huoGA:) ,WTaa(RKD) At théehour
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Figure A.4: Surface images of mature biofilm. Representative surface images of biofilm
produced bngh(BTYnudGAX, , LqaR(l) atdhe 24hour timgooint...... 111
Figure B.1: Exponential phase expression of the peptidoglyicaynthesis pathways in
t h ehalAnhapAnhap2Amrpa mutant compared with \dtype during exponential
phase growth. Heatmap showing levels of transcripts of relevant genes in the
quadruple mutant and WT. Total reads for each transcript were normalizedgand lo
transformed using the DESeq2 rlog function in Rstudio andzawmored ly row.

Columns | abeled with “Pa’ and ' Quad. .ll4 epr es:¢

Figure B.2: Pathway view of expression changes of the peptidoglycan biosynthesis
p at h wanhalAnhapAnhAp2Amrpacompared with wildtype during exponential
phase growth. Green indicates a negative -foy® change in expression and red
indicates a positer log2f ol d change inhaldehapinha®smrplon i n A
compared with WT. Images are rendered using the Pathview function in Rstudio.115

Figure B. 3: Expressi on of nhadnteapAnNapDnipad e hy dr o0 g €

compared with wildtype during exponential phase growth. Heatmap showing levels of
transcripts of relevant genes in the quadruple mutant and Wal feads for each
transcript were normalized and log transformed using the DESeq2 rlog function in

Rstudio ad arezs cor ed by r ow. Columns | abel ed with

biological replicate groWthS...............uuiiiiiiiii e 116
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ABSTRACT

Pseudomonas aeruginoss a remarkably ubiquitous microorganism featuring an
extensive environmental presence, broad infectious profile, and -drulj resistanceThis
pervasiveness is a productPf. a e r uapilityntmaslaptirsthe face of environntal stress.

At the cellular levelenvironmental stress comes in the form ofaldleH* and N& concentrations.
Thus,survival across microbial habitats necess#tedsponse to and regulation of these idie
primary proteinsresponsible foH™ and Na regulation areshe NADH dehydrogenases NP

NUO and NQR andNa’/H* antiportes NhaP, NhaP2, NhaB and Mrpogethertheseenzymes

are responsible for the generation of energy efficient electrochemical ion gradients and the
maintenance otellular pH ad Na homeostasisin addition, theseransporters have been
previously implicatd in the viability and infectious successRhferuginosaindicating that they

may play agreaterrole in cell physiologyat large

To define the cellular utility ghbossessg such complementary transporters and determine
their contributions to the adtiye physiology of the cellthis work investigatesthe kinetic
parameters angurvival phenotypgin a sdes of gene deletion mutantslADH dehydrogenase
activity is measured spectrophotometrically via the monitoringADH consumption Antiport
activity is measured as a function of subststtmulated H flux. Cell survival is assessed via
growth under a variety of conditions of pHJisdy, and nutrient availabilityand the impacts of
transporter absence on cell physiology are protedugh trans@ptome analysis by RNA
sequencingObserved deviations from tlaetivity and growth profiles of wildypeP. aeruginosa
are attributed tohe absentransporteroutlining the contributions made by each enzyme.

Growth defects range in intensitgndphendypic changes vary by mutant, however the

results of this characterizatigoint to a greater role for these ion transportetberreglation of
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pathogenesis ifP. aeruginosa This study revealdNQR asthe major NADH dehydrogenase
employed byP. aerugin@a and an important player in infectierelevant virulence traitOur
findings suggest thaegulation of cellular NADHmay convey virulence ques i aeruginosa.
We define the four NaH* antiporters present iR. aeruginosand characterize thghysidogical
impacts of the deletion of all for antiporters from Eh@eruginosagenomeTheprofiles revealed
in this stug begin to outline the roles played by eatthese enzymeas P. aeruginosand inform

our understanding of ion regulation in this roige.
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1. INTRODUCTION
1.1 Pseudomonas aeruginosa

Pseudomonas aeruginoss a prevalent bacterium of thgammaproteobacterigass of
bacteriawith a rod-shaped morphologgnd a single, polar flagellurh? It is native b many
traditionalterrestrialand aqutc environmentgncludingsoil, vegetationfreshwater and saltwater
habtats, buthas also been isolated franore extreme settings including uranium mines and deep
sea thermal venf® P. aeruginosas acommonmember of the skin microbiota of most hamns
and can be foundlobally in nearly all manrmade environments including reputedly sterile
hospital setting$

In addition to itswidespreadenvironmental presence’. aeruginosais a harmful
opportunistic pathogen with a broad infectious profile. Sistent with its environmental
versatility,P. aeruginosacan inhabit a wide range of hosts and host infection sites in both plants
and animalé.In humansP. aeruginosanfection carresult inlife threatening colonization of the
lungs, urinary tract, denal burns and wounds, ears, eyes and j@ntsis the primary cause of
mortality in cystic fibrosis patients!® These infections are frequently hospiahuired P.
aeruginosais the 4" most common nosocomial pathogand is oftentimes encountered by
immunocompromisedr otherwiseafflicted patiens, in which P. aeruginosanfection becomes a
fatal comorbidity'?

Theenvironmentahnd medicaprevalencef thisbacterum demonstrates a kdgature of
the specieghe ability tonot only withstand, bieffectivelyproliferate ina remarkably wide range
of habitats.To do this P. aeruginosamug adaptto maintain essential cell processa#sspite
variable, and often inhospitable external conditidnsacteria, this requirdbe maintenance of

efficient energy processing and favorable internal conditionsupportcell biochemistry two



features whichP. aeruginosas uniquelyequipped to uphold.
1.2 Metabolism and Metabolic Adaptations in Pseudomonas aeruginosa

P. aeruginosdias several attributes whiginovides the species its intrinsic resilience and
durability. A large6.3Mbp genomavith more than 5000 open reading frames (ORFs) and a large
repetoire of regulatory genes providBs aeruginosavith an impressive adaptive and regulatory
capacity which is thought toprovide much of its environmental tolerart¢eAnother notable
attribute ofP. aeruginosads its highly adaptable metabolisti. ' The respiratory chain oP.
aeruginosais one of the most diverse among bactériicis composed of a varietyf enzymes
with varying substrates, substrate affinities, energetic efficiencies and membrane gradient
contributions the assortmenbf which isrepreserdtive of the adaptability which is built intd.
aeruginosd s c ent r a.lP. asregin@sdan liilizesamange of reducing agents to initiate
respiratiorvia its 17 predicted dehydrogenasesican terminate respiratia@t one ofive terminal
oxidases offive terminal Nreductasesby way of thecytochromebc: complex providing P.
aeruginosahe flexibility necessary to respond to and tolerate dynamic environmental conditions.

Maintainingsuch a diverse collection of respirat@yzymes has been documentethé¢o
advantageout P. aeruginosaallowing the bacteria to fine tune its respiratory patjsvto best
suit its environmental conditionExpression of central metabolic enzynies been found to be
alteredin responséo different condition®f oxygen availability}”*® nutrient and micronutrient
availability,**?° temperatur@® and pH.2> When faced with varying oxygen concentratior,
aeruginosawill alter the expression of its five terminal oxidases to optimize oxygemtafand
energy conservation efficiency relative to the environmental oxygen availabtfitgimilarly,
when grown inthe presence of different carbon souréesaeruginosawill modify its metabolic

pathwaysvia changes in carbon flux and the expression of its respiratory enzgmegximize



the efficiency of nutrient catabolism and energy generaliovas recentlghown that cells grown
with acetate as the sole carbon source featured a substantial enaretesyminal oxidase
expression, as well as an increase in expression of enzymes of the denitrification p#tfiisys.
is a notable result as the denitrificatipethways have been previously believed to be reserved for
growth under anaerobic conditignsoweverthis instance of theerobic utilizationof these
pathwaysdemonstrateB. aeruginosa s a b deplaydiffgrent respiratorgnzymesas a means
of resppnding to external conditions

In addition to enabling its environmental ubiquistich a@aptations are particularly
relevant toP. aeruginosgathogenesis as colonization of infection sites, specifically of the cystic
fibrosis (CF) lung, will presenthe cell with nutrient and oxygen challenggdn fact, P.
aeruginosd s hi ghl y traldnatagbblianb hag recentlypen directlyimplicated inits
pathogenesi Perinbam et. al. have identified a shift in the central metabolism which is associated
with the onset of virulence iR. aeruginosaspecifically in relation to the cycling of NADHt
was found that cells transitioning into a virulent state would feature a greater proportion of
enzymebound NADH and increased production of both NAdhd NADH, indicating that this
redox pair plays a role in tlanset andegulation of virulence i®. aeruginosa?

1.2.1 NADH Dehydrogenases of Pseudomonas aeruginosa

In its respiratory chairR. aeruginosahas three different NADH dehydrogenasdsch
are responsibléor the oxidation of cellular NADH: two typENADH dehydrogenases, NUO and
NQR, and oneypell NADH dehydrogenase, NDi2.2° All three NADH dehydrogenases serve
as a point of entry for electromgo theelectron transport chgiaccepting electrons frodADH
and passing them to the quinone pdtbwever, these enzymesfer in their ion punping and

energy conservation propertj@gving rise toa functional divergence at this primary stegdPin



aeruginosaespiration.

NUO, encoded foty the nuoABDEFGHIKLMN operon,usesthe free energy ofthe
NADH:quinoneredox reactiorto translocate pronsacross the cell membrane to the periplasmic
space?® NUO is a multisubunit protein completftomologous tdhe mitachondrial compled and
the stoichiometry is bedived to b&@H*/e, contributingto the generation of a proton gradiéht

NQR, encoded for by theqrABCDEFoperon similarly conserve energy by coupling the
electron transfer to the translocation of ions across the memiiraweyer theidentity of the
substrate ion has been a paifitontention in recent literatuf&?® In all other instances in which
NQR is present in a bacterial species it has been characteridatHaanslocating® however the
ion translocation oPaNQR has yet to be defiively characterizedPreliminarydataindicate that
the NQR inP. aeruginosas Na'-translocating, but a more complete characterization is regifired
In either caseNQR will also contribut to the establishment of an electrochemical membrane
potentialwhich can be utilized by the cell.

NDH2 catalyzes the transfer of electrons from NADH to quinone without ion pumping or
energy conservatioNDH2 is a common respiratory enzyme among bactansome higher
order organismslt is encoded for by a single geaad is anchored to the membranesinygle
transmembrane helix, with the bulk of the enzyme residing atytaplasmicsurface of the
membrané?! Although this dehydrogenase does not dbate b the electrochemical membrane
potentialits activity has ben implicated in a resctredox system than carelp tobalance the
NAD*/NADH ratio.®

Given thedemonstratedunability of the respiratory pathways P. aeruginosait is
possiblehatthevariety ofNADH dehydrogenasegach with distinct functional ppertiespffers

an adaptive advantade P. aeruginosaHowever,the unique iorranslocating properties of



these kindred enzymes indicates thay changes in thie expresion or utilizationwill also
impactthedynamics of ion management in the cellkerefore, ifP. aeruginosanodulates the
expression and utilization of ttiMADH dehydrogenasdike it does its other respiratory enzymes,
it may provide a means of regulating not only energetic efficiency, but also ion homeostasis, in
response to environemtal conditions.This relationship between bioenergetics and ionic
homeostasis at a criticdkep inP. aeruginosaespiration represents a critical intersection between
these two cellular processes and may indieatether facet of metabolic flexibilityn this
bacterium

1.3 lon Regulation and Utilization in Pseudomonas aeruginosa

One important addive advantage of this microbe is the ability to employ more than one

chemiosmotic coupling iofin bacterial physiologyions play two rolesThey can both cdribute
to cell bioenergetics and threaten cell survival if not maintainguegise internahnd external
concentrationsin bacterialiere are two main types of enzymes responsible for the translocation
of ions across the membrangrimary ion transpoers such as the NADH dehydrogenases
described aboveind secondary ion transporters. Primarytransportersouple the translocation
of ions toexergonic reactions, enabling ttransport of ions against their concentration gradient
and subsequentliyyansformingthe kinetic chemical energy into potential energy in the form of
electrochemical ion gradiemt$ Theresultingelectrochemicaion gradientscan be used to fuel a
variety of cellular processes, includidg P synthesis, cell mobilt nutrient upake,and drug
efflux.32% In addition secondary ion transporterdso khown as antiportersyefueled bytheion
gradientsas wel| in many cases acting as an interface betyeesilel ion circuits as demonstrated

in Figure 1.1.
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Figure 1.1: Representation of the Na* and H* ion cycles across cell membranes.

Secondary iortrangortersaresomeof the mosimportant andubiquitous tools ircellular
H* and N& homeostasi&* Na'/H" antiporters ardaransmembrane transport protiiound in
prokaryotic and eukaryotic systems alikdey are responsible for the exchange of intradatlu
Na' (and other alkali metal ions) for extracellulat. th bacterial cells, these proteins provide (i)
extrusion oftoxic Na, (ii) intracellular pH regulation under alkaline conditions, and (iii) cell
volume controf® Additionally, the N& extrusioncatalyzed by thantiporterswill also contribute
to the generation af Na'-motive force. Therefore, by virtue of theictivity, antiporters not only
play a role in homeostasis, but also in cellular energdtiese are four known NAH* antiporters
in P. aeruginosaNhaB2® NhaP3’ NhaP2® and Mrp3® Each of these transportecatalyze the
exchangéNa" and H across the membran@ywever they differ in their properties of ion affinity,
stoichiometry, an@nzyme kineticsTogether withthe ion translocahg NADH dehydrogenases
NUO and NQR, these enzymesnstitute the ion circuits presentin aeruginosgFigure 1.2)
As a central feature of most bacterial energetics, these ion circuits simultaneously satisfy both

bioenergetic and homeostatic requirersasitthe cell however thenechanismsinderlyingtheir



coordinated management and interpolation remain unclear.
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Figure 1.2: Representation of the NADH dehydrogenases and Na*/H* antiporters in P. aeruginosa.

1.3.1 Single Gene Product Na*/H* Antiporters

Of the four previously identified N&H* antiportersin P. aeruginosathree are encode
for by single genes. NhgRencoded byPA3887,was the firstNa’/H* antiporteridentified inP.
aeruginosa’ Upon cloning and characterization in an antiporter defsicherichiacoli strain,
NhaP wasproposedto feature optimal activity around pH 7.5 with strict sélety for Na
transport with very little affinity for Li*.3” lon exchange by NhaP is thought to be electroneutral
(INa’/1H"), suggestig that this enzymenay primarily contribute tocytosolic pH homeostasis
and cell volume regulatiort® This antiporterremains unique t®. aeruginosawith very little
homology to any known antiporteand is thought to be only a minor contributor to total/Na
antiportin the bacteria.

Researchers went on to discover the NhaB antiporter, encodeAd182Q sharing %

identity with itsE. coli counterpart. This antiporter, likewise cloned iocoli, was found to



feature a broader pH profile compared with that oBRhwith maximum activity recorded at
higher pH values, and displayed greater activity with not biflybut N& as well*® The E. coli
homolog of this transporter was reported to be essential under alkaline pH and was determined to
exchange 3H2Na", sugyesting potential electrogenic activityfhaeruginosatt

The final single gene encoded antipgrighaP2, encoded for by P3021, is the most
recently proposed irP.aeruginosa® There is little characterization for this transporter in
P.aeruginosa howeverit shares 65% identity with the previously assessed NhaPZboio
cholerae The VANhaP2 homologvas defined as having optimal activity at lower pH values, a
notable complemenb the above transporters, and features specific activity for electroneutral
exchange of Krather than Na*> However,a P. aeruginosanutant strain featuring the deletion
of the NhaP2 antiporter suffered a growth defie¢he presence of 406M NaCl compared with
wildtype, indicating that this enzyme does contribute to thkerance as well iR. aeruginosa®

1.3.2 Multiple Resistance and pH Antiporter

Researchergent on to disover the Mrp antiporter, a member of Heiltiple resistance
andpH family, alternatively designated SbaMnh. This antiporter is unique from the previously
mentioned enzymes as it is a nigléne encoded proteaomplex composed of ubunits inP.
aeruginosa(PA1054PA1059)% This monovalent cation transporter is found in a wide range of
microorganisms and has been shown to play an important role in the physiology of those bacteria
which possess £ Like NUO, theMrp antiporter shares considerablentology withcomplex |
asshown in aecent structwal determinatiorcompleted witlthe Mrp homolog fromf\noxybacillus
flavithermus(~35% homology}* Thesequence and structure, as wekbageral key residues, are
highly conservedetween the MrpA, Mrpand MrpC subunits and tiduoL, NuoN and NuoK

subunits, respectivelyProbabé Na" and H translocation pathways were identified and the



stoichiometry of exchange was proposed to bé&/DRE", suggesting thaMrp may play an
important role inalkaline pH lomeostasié* The Mrp antiporter irP.aeruginosawas found to
have a strict optimal pibr Na'/H* antiport activity functioning best from pH-8.53° Deletion
strains featuring insertional inactivation of tmepAsubunit(PA1054)showed greater sensitiyi

to Na than those lacking NhaP, indicatingr@ater relative importander Mrp rather than NhaP

in Na' tolerance irP. aeruginos&® A summary of the functional parameters of each of the four

Na‘/H" antiporters preseim P. aeruginosas located inTable 1.1.

Table 1.1: Functional properties of the Na*/H* antiporters present in P. aeruginosa.

Originally Proposed
Discovered Stoichiometry

NhaB Escherichiacoli 3H/2Na"? Na“, Li* 7.09.00

Antiporter Substratdon  Optimal pH

NhaP P. aeruginosa 1H/INa' Na' 7.5
NhaP2 P.aeruginosa Unknown Na", K* 6.0-7.5
Mrp Bacillus 2H*/1Na ¢ Na* 8.08.5°
halodurans

2As determined irE. colihomolod®

bAs determined foP. aeruginosaprotein expressed if. col83739
°As determined iV. cholerad

dAs determined i. flavithermu$'

1.4 History of NADH Dehydrogenases and Na*/H* Antiporters in

Bacterial Pathogenesis

In addition toplaying acentral rolan bioenergetics and ion homeostasis in many bacteria,
these transportetrsavealsobeen shown to play important roles i nfectious success many
prominent pathogen# Vibrio cholerae virulence traits antbxin production have beemewn

to beintricately linkedto sodium bioenerges® Inhibition of NQR inV. choleraeresulted in



decreased toxin production by thackeria, a trait which is central e infectious success of the
pathogerf® In Mycobacteriunuberculosisnutants with disruptions in NUO or NDH2 were found
to have attenuated virulence in both intravenous and aerosol mouse fhodabidition absene

of the nuoG subunitspecificallywas shown to significantly redudé. tuberculosisvirulencein
mice andwas proposed to play a key role in the inhibition of cell apoptosis in infected cells, a
critical step in M. tuberculosis virulence®* The loss ofthe energycoupling NUO in
Pseudomonas fluoresceimas been cited as causing a competitive disadvantageotip
colonization® In Staplylococcus aureysabacteriumwhich does not possess afiype-| NADH
dehydrogenasegts NDH2 and Mrp homologs welmthfound to be important during infection.
Mutants havingone orboth of the Typell NADH dehydrogenaseseletedfeatured reduced
virulence traitproductionincluding biofilm formation and toxin production, as wellaaseduced
colonizationof mouseorgans® Deletion of one of th&.aureusMrp homologsmnhA1 led to a
significant reduction invirulence towards mice, althougteletion ofa second Mrp homolog,
Mnh2, had no impact of.aureusvirulence® And in Yersinia pestisits two N&/H* antiportes,
NhaA and NhaB, were found to be essential for survival and infectious suoces,>

underscoring the importance of ion managenrepathogenesis.

There is evidencthat thesdransportersare importantn P. aeruginosavirulenceas wel.
A mutart lacking a functional NUO was shown to have attenuated virulence in both an insect
(Galleria mellonelld and plant (lettuce) modet indicating a relationship between thetivity of
the NADH dehydrogenases and successful virulencantiporter mutanstrains, the absence of
NhaP2 was shown to reduce virulence towards barley in a seed germimiaition modef? and
a mutant lacking a functional Mrpad attenuated virulence & mousemodel of pulmonary

infection, as well as reduced colonizationhw tungs®® Evidence collected in our lab suppdhs

10



relationship between these transportensl infectious success . aeruginosahowever the

mechanisms by whictinese two cell procesare related remains unclear.

In P. aeruginosavirulence is comblled by acomplex chemical signal cascadalled
guorum sensingrhis system is composed ohatworkof cell-to-cell communication enabling.
aeruginosao detect changes in local cdinsity and coordinate single cell physiology to benefit
and prolowg the longevity of the populatioAs cell density increasethe concentration of quorum
signaling moleculeswill increase untilreaching a critical point, at which time the bacterial
comnunity will initial a coordinated physiological transititgadingto virulence factor production
and biofilm formatior?® P. aeruginosawill then produceand excretéoxinsincludingpyocyanin,
elastases and rhamnolipjtiswhich will helpto fend off host immune defenses and competing
bacterial species. In additioR, aeruginosaforms acomplex extracellular polymeric mati
known as biofilm which encapsulate the cells, providing physical protection and fostering the
‘“shag’ of community r es ou? Theeaxisténgeof thesdcdmplexwi t hi n
communitybehaviordn P. aeruginosawhich dictate the physiology of not only single cells, but

entire communities of cellgslemonstrateghat the resilience of thikacterium goes beyond the

capacities of singles cells

1.5 Project Overview

The versatility of this baterium has made. aeruginosanot only an interesting case study
in bacterial adaption, but also a prominent threat in its capacity as an opportunsigepafl he
adaptability of this microbe iselieved to contribute to its infectious success andrzake treating
P. aeruginosanfection increasingly difficultAlthough pathogenesis Pseudomonas aeruginosa
has been extensively investigated, less is known about the role of energic and homeostatic
adaptations during infectio@o probe theole of ionsystems irP. aeruginosghysiology we
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here analyze the individual and collective rotdsthe three NADHdehydrogenases and four
Na‘/H" antiporters employed by this microbe.

To define the cellular utility ofmaintaining such complementary transporterada
determine their functional contributions to the adaptive physiology of thetgelork will focus
on the characterization of the kinetic parameters, expression profilsuavigal phenotypdan a
series of NADH dehydrogenase and"MH antiporter @&letion mutant strains d¥. aeruginosa
In developing a comprehensive profilietbe enzymeactivities andohysiological contributions of
each,this work looks to define howP. aeruginosautilizes adaptation of its ion transporting
networks to respond @nd withstand environmental streas well as regulate pathogenicityis
critical to understand the rélanships between ion management, biochemistry and pathogenicity
in this bacterium as our findings demonstrate how interconnected these mechaeisie a
interrupt one aspect &. aeruginosghysiology is to induce significant changes in the resulting
phenotype, and to efficiently target this pathogen, it is necessary to understaadafitieve
mechanisms which it employEhis knowledge will contitbute to a more complete picturelmfth

P. aeruginosghysiology angrokaryoticbioenergeticsat large
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2. EXPERIMENTAL METHODS AND PROTOCOLS
2.1 Growth and Maintenance of P. aeruginosa

2.1.1 Growth Medium

All bacteria were grown in LuriBertani (Lennox) broti{LB) (10g tryptone, 5g yeast
extract, 5g NaCl per litenyinless otherwise specifieffor mutants suffering increased sodium
sensitivity, the Naconcentration itheLB medium was adjusted appropriatedg indicated when
necessaryMinimal medium adaptkfromsynthetic CF sputum mediurBCFMY’ containing 0.2
M NaHPQ, 0.2 M NaHPQ4, 2.28 mM NHCI, 14.9 mM KCI, 10 mM MOPS, 27{M K>SQq,
2.5 g/L casamino acids, 1.754 mM Cg@.606 mM MgC4, 36f M FeSQ, 3 mM glucose and
the desired concentration of NafZas used to assegsowth in nutrient linted conditions

2.1.2 Bacterial Growth Curves

The growth of bacterial strains was mong following a method adapted from that
reported previously? Medium containing 10 g/L tryptone, 5 g/L yeast extract and 60 mM bis tris
propane was prepared and adjusted to feature the desired pH dhddhtditions to be tested.
Overnight culturesveregr own i n 5mL LB for 16 houc Cutureat 37
density was measured via absorbance at 500 nm and cell susp&reiewliluted to an Of3o of
1.0 using fresh LB broth of the corresponding pH and minimum][tdabe tested. 10 uL of ¢h
diluted culture was used to inoculate 190 uL of fresh media®6well plate (Costar transparent
flat bottom)to astartingOfoo f 0. 05. Pl ates were covered and
orbital shaking at 217 rpm (Tecan Infinite Magellan MQ@Pro). OB was measured every 30
minutes over 20 hours ofontinuous growth. OBy values were corrected for background
absorbance and averaged across two biological replicates with three technical replicates each, with

standard deviation for each tipwnt calculated accordinglypoubling times and the related
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statistical analyses were calculated in R using the groatds package with the easy linear fitting
method®®>°
2.2 Mutant Generation

To assess thandividual andcollective properties of the ioftransporting enzymes &f.
aeruginosawe obtainednd/orgeneateda collectionof mutant strainslesigned tonterrupt the
expression, anby extension the function, of select enzymes inRhaeruginosagenome.The
construction of these mutant straalkows for thefunctional isolation of the enzymes of interest,
enabling thenvestigation other individual properties.

2.2.1 Summary of Mutant Strains

The wildtype P. aeruginosastrain PAO1 was obtained frorthe Unversity of
Washingtof® and used as théackground strain for all subsequentitationsunless otherwise
indicated Mutation of the genes of interasasachieved by two methods: (fansposon insertion
to disrupt gene expression or (@gnedeletion fran the chromosom@ell transposon insertio
mutants were purchased from the University of Washington transposon.fibrary

2.2.1.1NADH Dehydrogenase Mutant Strains

Mutant strainswhich featured disruptiorand/or deletionof one or more of the

NADH:guinoneoxidoreductasenzymes are summarizbdlow in Table2.1

Table 2.1: NADH dehydrogenase mutant strains.

Strain Description Source of Reference
AngrF PW6010,nqrF-G08::I1Slacz/hah 60
AnuoG PW5420,nudG-C11::1SphoA/hah 60
Andh PW8644ndhF12::1SlacZ/hah 60
AngrFAnuoG Chromosomal deletion aigrF in theamuoG this study
background
AngrFAndh Chromosomal deletion afgrF in theaadh this study
background
AnuoGAndh Chromosomal deletion afdhin theaauoG this study
background

14



The single deletion mutant strains were purchased freiTwoAllele Library® The
double deletion mutant strains were generatedhieygene deletion protocol outlindskblow
(Section 2.2.2)using theindicatedsingle deletion mutant strairas background€?rimersand
vectorsusedin the creation and maintenancetbé NADH dehydrgenase mutant strains are

summarized imMable2.2and Table2.3, respectively

Table 2.2: Primers employed for the design and confirmation of NADH dehydrogenase mutants.

Primer Description Sequence 5°-3°
nqrF_cfrm_R1 For confirmation of theangrF strain. cgtgatcggaticgagattt
lacZ_cfrm gcgtagatacgacgcacca
Used with above lacZ_cfrm primer for
ndh_cfrm_R1 confirmation of thesmdhmutant. ctacccatcagattgeceat
nuoG_cfrm_F1 tatccacgtagacggcaaga

hah138 cfrm
PaNqrKO_HR_Down_
F
PaNgrKO_HR_Down_
R

PaNgrKO_HR_UP_F
PaNgqrKO_HR_UP_R
F_NgrKO_Scrn

R_NgrKO_Scrn
Down-HR-F1

Down-HR-R1
Up-HR-F1
UP-HR-R1
Up-HR-F2
Up-HR-R2

UP_Ndh2_Seq F

Ndh2_upGene_R

For confirmation of thesmuoGmutant.
cgggtgcagtaatatcgecct

For amplification of Downstream gggcccgaagactagaccagc

Homologous RecombinatigidbHR) arm for gagaatatcctgctgga
deleting NQR operon frorR. aeruginosa | gggcccgaagactatcgcgaac
genome. gttgcggtascgec

For amplification of Upstream Homologou¢ gggcccgaagactattgccgtag

RecombinatiofUHR) arm for deleting NQR ctcaccgcggcattg
operon fromP. aeruginosagenome. gggcccgaagactaggtccagg
acgttttatcttg
For anplification of sequence
-1049 bp to +1022 bp of NQR operoninth  tggcgatcatcatgtictce
P. aeruginosa&hromosome for confirmation
of operon deletion. gtcatggacgttcteetigg
gggcccgaagactagacccgal
For amplification of DHR arm for deleting cacgcctcaagctgc
ndhfrom P. aeriginosagenome. gggcccgaagactagtcgtattg
ggccagcctcatge
gggcccgaagactattgcatcaa
For amplification of UHR arni for deleting tgctcagcctgaagg
ndhfrom P. aeruginosagyjenome. gggcccgaagdacctcggggct
cagtcggctggaca
gggcccgaagactagaggacc
For amplification of UHRarm-2 for deleting cagaaggtcgagcag
ndhfrom P. aeruginosayenome. gggcccgaagactaggtccgac
tcacgatgcgatgg

For amplification of sequence
-395 bp 6 +198 bp ohdhlocation in theP.
aeruginosachromosome for confirmation of
gene deletion.

cctggaaaagcacatcgacca

cgcttcatcaatctcgtcgacg
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Table 2.3: Vectors employed for the design of NADH dehydrogenase mutants.

Plasmid Description Source of Reference

PEX18Gm sacBcounterselectable suicide vector Gm this study
PEX18Gm vector containing thegrF gene
deletion assembly
pEX18Gm vector containing threlhgene
deletion assembly

pPEX18Gm-nqrFKO this study

pPEX18Gm-ndhKO this study

2.2.1.2Na"/H* Antiporter Mutant Strains

Mutant strains whie featured disruption of one or more of the'/Ré antiporterenzymes
are summarized below Trable2.4. In the case of the three singjene encoded antiportei¢haB,
NhaP, and NhaP2, single genes PA1820, PA3887, aB@XBArespectively, werdeletedfrom
the genome. For the mukubunit antiporter Mrp, the gene encoding the MrpA subunit, PA1054,
was removed from the genongmutation which has previously bedmogn to be sufficientfor
the inactivation of the compleX

Table 2.4: Na*/H* antiporter mutant strains.

Strain Description Source of

Reference

Anhab Chromosomal deletion ¢tA1820 this study

Anhap Chromosomal deletion ¢1A3887 this study

Anhap2 Chromosomal deletion ¢tA5021 this study

AMrpA Chromosomal deletion ¢tAA1054 this study
Chromosomal deletion alfie nhap, nhap2, and .
. . h

AnhapAnhap2AmipA mrpAgenes to isolate the NhaB antiporter. this study
Chromosomal deletion of théhal nhap2 and :
. . h

AnhabAnhap2AmrpA mrpAgenes to isolate the NhaP antiporter. this study
Chromosomal deletion of thehaly nhap and .

. ) this stud

AnhabAnhapAmrpA mrpAgenes todolate the NhaP2 antiporter. y
i h d .

AnhabAnhapAnhap? Chromosomal deletion of thehalh nhap an this study

nhap2genes to isolate the Mrp antiporter.
Chromosomal deletion of thehalh nhap nhap2
AnhabAnhapAnhap2AmrpA | andmrpAgenesgenerating a otant strain having  this study
no N&/H* antiporters
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Primers and vectors used in the creation and maintenance of i€ Hatiporter mutant

strains are summarized Trable 25 and Table2.6, respectively.

Table 2.5: Primers employed for the design and confirmation of the Na*/H* antiporter mutant strains.

Primer Description Sequence 5°-3’
nhab Up E For amplification of UHR arm for | taaaacgacggccagtgccaccgcgtaggtiu
—-P- deletingnhabfrom P. aeruginosa tgac
nhab_Up_R genome aatgactgacgatggactccacggcaag
nhab_Down_F For amplification of UHR arm for | ggagtccatcgtcagtcattggctttgagcgtcg
deletingnhabfrom P. aeruginosa
nhab_Down R genome agtcgacctgcaggﬁg;gcagcggcgctgac
nhabKO cfrm F , . ccgatgtcgatctccttgat
nhabKO cfrm R For confirmation othe amhabmutant. tcaacgigatcatcctgete
hapKO_cfrm_F
nhapKO_cfrm_ For confirmation of thesmhap mutant. gaageggtegataatggige
nhapKO_cfrm_R gagttcaacggagcactcgac
nhap2KO_cfrm_F For confirmation of themhap?2 ctacttcctgacctggrpg
nhap2KO_cfrm_R mutant. gtgaatgcaggttagtggtg
IrpiO cfrm_F For confirmation of theamrpA mutant. caagatcgaaggcaccaag
mrpKO_cfrm_R gatcgagcatgagcacgatg

Table 2.6: Vectors employed for the design of the Na*/H* antiporter mutant strains.

Plasmid Description Source of Reference
PEX18Gm sacBcounterselectable suicide vector Gm this study
pPEX18Gm vector containing thdabgene
pPEX18Gm-nhabKO deletion assemb)yas constructed using the this study

NEBuilder assembly protol
pPEX18Gm vector containing thidapgene

PEX18Gm-nhapKO . Genewiz
deletionsequence

PEX18Gm-nhap2KO pPEX18Gm vector_ containing thilhap2gene Genewiz
deletionsequence

PEX18GM-mrpAKO pEX18Gm vector containing thrarpAgene Genewiz

deletionsequence
2.2.1.3K*/H*" Antiporter Mutant Strains

Mutant strains which featurea@ltionof one of the probable ¥H* antiportergenes from

the P. aeruginosagenomeare summarized below iTable 27. Each of the identified probadbl

K*/H* antiporters are single gepeoducts, tha thesingle genes PA3660 and PA3786re deleted

from theP. aeruginosagjenome.
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Table 2.7: K*/H* antiporter mutant strains.

Strain Description Source of
Reference

APa3660 Chromosomal deletion dlfie PA366Q this study
APa3739 Chromosomal deletion ¢tA3739 this study

Primers and vectors used in the creation and maintenance of/tiedftiporter mutant

strainslisted in Table 2.are summarized imable 28 andTable 29, respectively.

Table 2.8: Primers employed for the design and confirmation of the K*/H* antiporter mutant strains.

Primer

Description

Sequence 5°-3°

3660_Up_F

3660_Up_R
3660 Down_F
3660 _Down_R

3660KO _cfrm_F
3660KO_cfrm_R

3739 Up_F

3739 _Up_R
3739_Down_F

3739 _Down_R

3739KO0O cfrm_F
3739KO _cfrm_R

For amplification of UHR arm for
deleting3660from P. aeruginosa
genome

For amplification oDHR arm for
deleting3660from P. aeruginosa
genome

For confirmation of the3660mutant.

For amplification of UHR arm for
deleting3739from P. aeruginosa
genome
For amplification oDHR arm for
deleting3739from P. aeruginosa
genome

For confirmaion of theas8739mutant.

taaaacgacggccagtgccagatgaatcgtcg
tgc
tcagccagcttaggcagctatccgacattc
tagctgcctaagctggetgaccaatcge
agtcgactgcaggcatgcatgctacagcgaac
acttc
gtagcgatcaggtcattggtg
ctacagcgaactctacttcgac
taaaacgacggccagtgccaggmagcacttc
gag
agtcggcgatgttctggtccatcgaggattc
ggaccagaacatcgccgactagacttcaal
agtcgacctgcaggcatgcacaggtcgatctgt
ag
gcaatagcgatagaagccacg
ggcaatgcgaatattgtcgaage

Table 2.9: Vectors employed for the design of the K*/H* antiporter mutant strains.

Plasmid Description Source of Reference
PEX18Gm sacBcounterselectable suicide vector Gm This study
pPEX18Gmvector containing deletion mutant
A3660_pEX18Gm sequence foPA366Q constructed using the This study
NEBuilder Assembly Protocol.
pPEX18Gm vector containing deletion mutant
A3739_ pEX18Gm sequence for PA3739, constructed using thi This study

NEBuilder Assembly Protocol.
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2.2.2 Overview of Gene Deletion Design and Construction

Geneknockoutmutant strains generated for this study were constructed accordiry to a
step allelic exchange protocalapted from that previously outlinég Hmelo et. aP* To achieve
gene deletionsequences flanking the gené interestin the P. aeruginosachromosomewere
identified and clonedogetherto effectively* s pl i c e’ t he gthenceromodomei nt er ¢
sequenceThe region®f homology flanking the gene of interestreassembledsa continuous
sequencén an allelic exchangsuicide vector, as visualized ifrigure 2.1, in effect deleting the
identified gene The mutant vector was théransformednto a conjugative donor strain, in this
case S1E. coli andsubsequently introduced into tdesiredP. aeruginosabackground strain
via biparental conjugatior-ollowing successful conjugationpimologous recombinatiowill
initiate a first crossover evenindicatedin Figure 2.1B resulting inthe integraton of the vector
sequenc@to theP. aeruginosa&hromosomeTheresulting straircan be selected for by antibiotic
resistance via thantibioticresistance cassette located in the vector sequ&rseond cross over
eventwill follow, resulting in the removal of the vectsequence and theeamlessntegration of
the gene deletion mutant sequence intdPthaeruginosa&hromosomeCells having undergone a
second crossover event @gelated by sucroseskection, with those callstill harboring the vector
sequence having sensitivity to sucrose duthéopresence of sacBpromoter/gene paiSecond
crossover strains are then screened for successful mutation via PCRyositike mutants
featuringthe integration of theflanking homologousregionsas a continuous sequenitethe
chromosomeeffectively excising the gene of interestid producing a mutant lacking the gene
product.

Homologous recombinatioregionswere selectedpstream and downstreamtbk gene

to be déeted indicated ashe upstream homologous recombination (Ulgjijonand downstream
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homologous recombination (DHR) regsofFig. 2.1A). The optimal length for the homologous
regions ranging from 50800 bps in lengthwas selected reti@e to the length of the gene to be
deleted to ensure maximum crossover efficiétiqyEX18 mutantvectors vereobtained by two
methods:(i) constructionby Genewiz or (ii) via the NEH@Ider Assembly protocolFor those
vectors construed in this studyprimers were designed with the help of the NEBuildssembly
Tool (Version 2.3.0}o includesequence extensiomgich enabled theloning ofthe UHR and
DHR regions intdhe pEX18 vectaVectors contained gentamycimesistance cassette and SacB

promder/genepair to enableantibiotic and sucrose selectibh.

]
A. B. K
- ~
P. aeruginosa Chromosome " \
——— sseil 7/
]i Upstream rjov?dogous!?egign | Gene of Interest I Downstream Homologous Region' o ‘:,5- -ﬂ":-:?’
%/_/ R{—/ ﬂ First Crossover
— — =] - o= -1 =
\ / ﬂ Second Crossover
.- R e Ga-& -4
-’
N\ y
l/ Allelic Exchange \ R - : :
\ Vector 2 / — . o
3
-
@- - ﬂ
m—

Gene Deletion Product

Figure 2.1: Overview of cloning procedure. (A) Design of the mutant allelic exchange vector. In the case of
this study the vector is the pEX18 plasmid harboring a gentamycin resistance cassette (green) and a sacB
promoter/gene pair (orange/purple) to enable antibiotic selection and sucrose sensitivity counter-selection. (B)
Scheme demonstrating the process of two step allelic exchange.

2.2.3 Cloning Protocol and Mutant Confirmation
2.2.3.1Transformation of S17 E coli
The conjugation capabke. coli, strain S17, wagrownin 50mL LB inoculated with 1mL
of an overnight culture. Cells were growo mid-logarithmic phas€~3-4 hourg at 37°Cwith

shaking at 200 rprand subsequently harvested via centrifugaaioh200 rpnfor 30 mins at 4°C.
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Pelleted cells were rinsed with -2 mL of chilled 10%(v/v) glycerol to removesalts and
centrifugationwas repeatedA second wash of 1 mL of 10%/v) glycerol was performed and
cellswere pelletechit 1000xg for 30 mins at 4°CCells were then resuspended in 1 mL of 10%
(v/v) glyceroland divided into 102 00 pL al i quot s25 ow Ltheddéatt r opor
plasmidsamplewereadded intaa chilled aliquot of S1E. colicells and mixedriefly. Plasmids
weretransformed into electrocompetent S.7coli cellsvia electroporatiorby applying 2.5 to

the cell/plasmid mixture andmediately transferring to 1 maf SOC medig20 g/L tryptone, 5

g/L yeast extractt0 mM NaCl, 2.5 mM KCI, 10 mM MgCl}, 10 mM MgSQ, 20 mM glucose)
Electroporated cells were thgnown for 1 houiat 37°Cwith shaking at 200 rprand 561 0 0 L
of the resulting culturewere plated orlLB agar plates containing0 py gmL gentamycinand
incubated overnight at 37°C. Thesulting colonies were screened for successful plasmid uptake
by PCR and plasmitiarboring strains were cultured and staaedlycerol stocks at80°C.

2.2.3.2Biparental Conjugation

The E. coli S17 strain harboring the mutant plasmid of interemtd the desired.
aeruginosabackgroundstrainare cultured to be crossed. Cultures®imL of nesalt LB (NSLB)
are inoculated fronanovernight cultureE. coli cultures arggrownat 37°C with shaking at 200
romin the presence of 25 0  p géntarbicin to maintain the mutant plasnid.aeruginosa
cultures are growat 42°Cin orderreduce the production of antibacterial effectors gederate
cells with aremore amendable to matinBoth cultures are grown tan ODsoo ~0.50.6. Once
cultures reach the desired dendit$ mL of theE. coli culture and 0.5 mL of thB. aeruginosa
culture are harvested via centrifugation at 10,000for & minutes. The supernatant is discarded
and the remaining pellets are resugfshin ~50u Lof fresh LB. TheE. coliandP. aeruginosa
cell suspensions atheen mixed briefly by pipettingamtie posi t ed i nto a cont ai

prewarmed LB agar plate. Tpel at e i s | eft open to allow the
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after whid the plate is incubated overnight at 30°@mnable the exchangé thhe mutant plasmid
from theconjugative donoE. colistrain to theP. aeruginosastrain

Ther es ul t i n gocultune is datadpped from the plate using a pipet &pd
resuspended ih mL of sterile 1Xphosphate buffered salifeBS containingl37 mM NaCl 2.7
mM KCI, 8 mM NaHPQi, 2 mM KHPQy, pH 7.4.The resuspension mixture then platedn
varying amounts (5@ L , 100 pdntoVodedbBonngr minimal mediumBMM ) agar
plates supplemented with pOg / mL g e YiBMM mgargsisupplemented with 10 mM citrate
as a carbon source aodn beused to select against colidue toits inability to utilized citra¢ as
a carbon source during aerobic groAtGentamicin isused to select for the cells which have
successfully undergone the first cross over event. Platésfiar@ incubateaerobicallyovernight
at 37°C. The resulting colonies are screenedstarcesful plasmid integration angositive
colonies areultured in~ 5 0 ONSuB_supplemented with55 0 p g/ mL Jhecultueesni ci n.
are grown for 8.0 hours at 37°C with shaking at 200 rpRollowing growth, the cultures are
seriallydiluted relative to thepparent densitgnd the dilutedell samples arplated ontdNSLB
agar plates supplemented with 15% sucrose. The plates are left to incubate overnight at 37°C and
the resulting colonies are screenedrfartant sequence integration and succesgfok deletion
via PCR using the designated confirmatiomnais listedn Tables 2.5 and 2.&uccessful mutants
were cultured were cultured and stored as glycerol stoclaE. Single gene deletiorstrains
wereverified via sequencing of the confirmation prodbgtEurofins(Louisville, KY, USA). The
triple and quadrupleeletion strains summarized in Table 2.4 were verified via whole genome
sequencingerformed in the CBIS genomics core by Dr. Yang Bai.

2.3 Membrane Preparation

2.3.1 Membrane Fragment Preparation

Cultures were inoculated froavernight cultures to a starting @of 0.05in 1 L LB and
22



grown aerobically until migexponential (6.5 hours) and stationary (22ity phases. Cells were
harvested by centrifugation in a Sorvall SEA00 rotor at 3860 x fpr 30 min at 4C and washed

with TCDG buffer Cells were lysed vithree passes through a microfluidizer cell disrupter at ~80
psiin the presence of PMSF and DNasel. Cell debris was removed from solution by centrifugation
at 5856.4 X dor 30 minat £C and the remainingupernatant was centrifuged for at least 5 h in

a Beckman Type Ti45 rotor at 185511.4 x g to collect the cell membranes. Membranes were
resuspended in a small volume of TCDG buffer and froze8GHC until needed. Membrane
protein concentration was detémad using the Pierce Rapid Gold BCA Protein Asgdty
(Thermo). Measurements were done in tripliGaid averaged.

2.3.2 Everted Vesicle Preparation

Cultures were inoculated from overnidi& cultures to a starting Qigbof 0.06in 1 L LB
and grown until statinary phasé~16hours) Cells were harvested veentrifugation at 4200 rcf
for 30 minutes a#°C and washed with'50 mL chilledTCDG buffer(10mM TrisHCI, 140mM
choline chloride, 10% glycerol and 0.5mM dithiothreitol, pH)7 Gentrifugation was then
repeated to rgoellet the celland the subsequentlpet was resuspended in 35m mL TCDG buffer
supplemented with PMSto inhibit proteases released upon cell lysis and DNaskgést DNA
released from the celCells weresimultaneouslyysedand evertediia a single pass through a
frenchpresaire cellat 10,000psi Cell debris was pelleted via centrifugationld®= x g for 30
min at4°C, followed by the harvesting of membranes by centrifugatid8s511.4. Membranes
were resuspendeaahd hanogenizedn a small volume of TCDG buffer and frozen-80°C until
analysis. Protein concentration was determined using the Pierce Rapid Gold BCA Protein Assay
Kit (Thermo). Measurements were done in triplicate 20 Hilutions and averaged.

2.4 Enzyme Activity Assays

2.4.1 NADH:Quinone Oxidoreductase Activity Assay
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NADH:Ubiquinone oxidoreductase activity was measured spectrophotometrically
following the changes in absorbance at B40EnaoH= 6.22 mM* cm™) as reported previousfy.
Assays wereonducted in 1mL reaction volumes containing & NaCl, 50y M u bi glui none
(UQL), and 250 g/ mL me mb r prepared ag auttinedbove (2.3.1)Reactions were
initiated by the addition of@Opy M NADH,pMrdd®m®mi noNADH (dNADH) wh
ard substrate absorbance was measured for 50 seconds following NADH addition.

2.4.2 Na*/H* Antiporter Activity Assay

Antiporter activity was measured via the monitoring of acridine orange fluorescethee i
presence of membrane vesicles as previously reporteBosgrt* 50ug aliquots of everted
vesicles were suspended in BTP Buffer (50mM BisTris Propane, 140mM Choline Chloride, 5SmM
MgClz,pH 7.0-8.5 with HCI) containing 1uM acridine orange. The cuvei#s placed into a Spex
Fluorolog Tau3 fluorescence spectrbptometer (Horiba) and allowed andnute incubation with
stirring at 25 . F-baked dueresnegce manitotin a@eformnedywitht | me
excitation at 490nm, emission at 525nm and 2.25nm slits respectively. The signal was monitored
for 100 seonds, after which@pu Lof 250mM Tris-Succinate was added to solution to stimulate
respiration and acridine orange resultingly became segeéstéhin membrane vesicles, causing
the quenching of measurable fluorescefige A period of 250 seconds iaved for the system
to reach steadgtate fluorescence, after which the desired concentration dfisNadded to
stimulate ion exchange acrog® membrane. As protons are translocated out of the membrane
vesicles, acridine orange molecule will followdaregain theipreviously quenched fluorescence
upon exiting the vesicle. The degree of fluorescence recaesmyiting fromNa“ addition
represats Na/H* antiporter activity( A QBluorescence dequenching is monitored for 100
seconds following the addition of the substrate ion, at which point 2mMCNsladded to solution

to reach aeference omaximum fluorescencmay). Cation/H antiport activity is calculated as
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follows: 4 @whx— Q) x 100 Michaelis Menten fitting and kinetjgarametecalculationwere

carried outwith GraphPad Prisré software (www.graphpad.com/ guides/prism/6).
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Figure 2.2: Overview of antiporter activity assay. Respiration is initiated by the addition of 2.5 mM tris-
succinate (A), resulting in the accumulation of acridine orange inside the membrane vesicles and subsequent
fluorescence quenching. Once a steady state is reached, the desired concentration of cation substrate (here
represented as NaCl) is added to initiate antiporter activity (B), represented as the fluorescence ‘de-
quenching’. Addition of ImM NH4ClI dissipates the H* gradient and establishes the 100% fluorescence
dequenching reference (C).

2.5 Transcription Profiling
2.5.1 Samples Preparation and Processing

Wild type andYngrF strairs were inoculated from overnight cultures (15 h) to a starting
ODeooof 0.02 in 50 mL LB medium containing 50 mNRCI. Three cultures of each strain were
grown aerobically at 37°C with shaking at 200rpmil mid-exponential (4 h) and stationary (15
h) phases. 1.5 x 10cells were harvested by centrifugation at 16,09dor 1 min at 4°C and rinsed

with 1mL of icecold phosphate buffered saline (PBS). The three pellets for each strain and growth
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phase were frozen with "RNRater" (ThermoFisherRNA extrad¢ion and processing, library
preparation, and lllumina sequencing were performed by GENEWIZ (South PlainfieldSKJ.
GENEWIZ processed the resulting data as follows: reads were evaluated for sequence quality and
trimmed usingTrimmomatic®® Trimmed reds were mapped to thR. aeruginosareference

genome littps://bacteria.ensembl.org/Pseudomonas_aeruginosa_paol/Infg/Indsixig he

Bowtie2 aligner and unique gene hiunts were calculated using featureCounts from the Subread
package®®’ Differential gene expression analysissaarried out usinPESeq2? TheWald test

was used to generate lofild changes and-alues.
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3. THE THREE NADH DEHYDROGENASES OF PSEUDOMONAS
AERUGINOSA: THEIR ROLES IN ENERGY METABOLISM AND
LINKS TO VIRULENCE

3.1 Introduction

Pseudomonasaeruginosais an opportunistic pathogencharacterizedby an almost
ubiquitousenvironmentapresenceand a broadinfectiousprofile.>8 This microbecaninhabit a
wide rangeof distinctnichesandgive riseto avariety of chronicinfectionsin humanhosts many
of which arelife-threatening? P. aeruginosas the 4th mostcommonnosocomiapathogerand
the primary causeof mortality in cystic fibrosis (CF) patierts.}??® The ability of this microbeto
proliferatein so many different, and frequentlyhostie, environmentshasbeenattributedto its
robustadaptability arisingfrom theflexibility of its metabolicprocesse**°

A key point where this metabolicflexibility is apparentis in the organizationof the
respiratorychain,whichis oneof the most highly branchedamongbacteria Therespiratorychain
of P. aeruginosancludesseveraldehydrogenasethe cytochromebc; complex,andfive terminal
oxidaseshatoperateat differentconcentrationsf oxygen? It hasbeenshownthatthis bacterium
selectively expressedlifferent respiratoryenzymes/pathwaydependingon the availability of
nutrients, oxygen, and other electron acceptors/?%¢° Such adaptatins are important for
colonizationof infectionsites particularlyin thelungsof patientssufferingCF, wherethebacteria
arechallengedvith low nutrientandoxygenavailability 22 Thereforethis respiratoryflexibility is
likely to beakey factorin thesucces®f P. aeruginosaasanopportunisticgpathogen.

Perinbanet.al. recentlyidentifiedadistinctshiftin NADH metabolismwhichis associated

with virulencein P. aeruginosa* At thebeginningof its respiratorychain,P. aeruginosahasthree

This chapter habeen submitted to: Hreha, T. N.; Foreman, S.; Diferedo, A.; Allen, J. P.; Diaz
Rodriguez, P.; Jones, J. A.; Ferrara, K.; Bourges, A.; Rodriguez, L.; Koffas, M. A. G.; Hahn, M.; Hauser,
Barquera, B. The Three NADH Dehydrogeses oPseudomonaseguginosa Their Roles in Energy Metabolisn
and Links to VirulencePLOS One2020.
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differentNADH dehydrogenaseshich areresponsibldor theoxidationof cellularNADH: NUO,
NQR, and NDH2.22° All threeof theseenzymescarry out the sameredox reaction,accepting
electrondrom NADH andpassinghemto the quinonepool, buttheydiffer in theirion pumping
and energyconservatiorproperties.NQR and NUO conserveenergyby coupling the electron
transferto the translocatiorof ions acrosshe cell membranecontributingto an electrochemical
membrangradient?®?®’O NDH2 catalyzeshesameaedoxreactiorwithoution pumpingor energy
conservationput its activity hasbeenimplicatedin a rescueredox systemthancanbalancethe
NADH/NAD™ ratio to avoid toxic effects of excessNADH.?%3! Given the highly branche
character of respirdory pathwaysin P. aeruginosa it is likely that the three NADH
dehydrogenaseawmakethe organismmore adaptableHowever little is known abouttheir actual
physiologicalroles.

Two previouspublicationshaveaddressedhesequestiams. Torreset. al. chaacterizeda
seriesof deletionmutantsand concludedthat NUO andNDH2 togetherarethe primary NADH
dehydrogenasaturingaerobicgrowthin rich medium(LB), while NUO is requiredfor anaerobic
growth and virulence in plant (lettucd and insect (Galleria mellonelld models®* They also
concludedhatNQR hasminimalactivity andplaysonly aminorrolein P.aeruginosghysiology.
In contrastLiang et. al. reportedthat NQR is the mostactiveNADH dehydrogenasia wild type
P. aerugnosa(PAO1) during aeobic growthin rich medium’* Theseinconsistenciesinderline
theimportanceof furtherstudyof therolesof theseenzymes.

Here,we havecharacterizetherolesof thethreeNADH dehydrogenasassinga seriesof
singledeletionmutants,eachof which lacksone of the enzymesanda seriesof doubledeletion
mutants eachof which hasonly oneof thethree.All of themutantstrainswereableto grow well

in both rich and minimal medium, althoughthe strain lacking NUO consistentlyshowedan
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extendedag phaseprior to enteringexponentialgrowth. In eachof the mutantstheenzymeshat
remain all contributedto NADH dehydrogeaseactivity, in both exponentialand stationary
phasesFrom this we concludedthat P. aeruginosadoesnot switch betweendifferent NADH
dehydrogenases different growth conditions.Instead,the presenceof three parallel enzymes
confersresilienceonits energyproductionsystemsSurprisingly we alsodiscoveredhat,in some
of the deletion mutants,the virulence factor pyocyanin, which is normally characteristicof
stationaryphasepegarto be producecearlier,andin muchlargerquantitiesghanin thewild type.
We testedone suchstrain,the onelacking NQR, in two modelhostsystemsmacrophageand
mice,andfoundthatin both caseshe mutantbacterishadbecomemuchmoreeffectivein killing
the mammalianhost cells. Thesefindings suggestha in P. aeruginosa NADH metabolismis

closelyinvolvedin the controlof virulence.
3.2 Methods and Materials

3.2.1 Bacterial Strains and Growth Conditions

The wildtype PAO1 and single mutastrains were purchased from the Falele
Library 89 All P. aeruginosastrainsused for this study are shownTiable 2.1 Additional bacterial
strainsand plasmidsised in this study are listed belin Table3.1. Strains were grown inuria
Bertani (LB)broth (Miller) unless otherwise specified. When used, antibiotic concentrations were
as follows:Escherichiacolst r ai ns were grown in 30 pg/ mL kat
25ug/ mL gentamicin, a n d Pla2rugpnasdtraibs werlglownrineS5thp h e n i «
Mg/ mL tetracycline, 100 Mg/ mL chMrerNMQRp heni c
complementation straipHERD28TFCm-His-NQR-Cm was grown in the presence of tImL
chloramphenicol and 0.2 % (w/v) arabinose as an inducer of expressiomaqf tgeron.

3.2.2 NQR Complementation
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The nqr operon was cloned into the pHERD28Mm-His-NQR-Cm using standard
molecularbiology protocols Tables 3.1 and 3)2The chloramphenicol resistance marker was
amplified from pKD320 and inserted into the pHERDZ28I5-NQR. pHERD28FHIS-NQR
backbone was ampiéfd using Herculase Fusion polymerase. Insert and backbone were purified
usng EZNA Cycle Pure Kit (Omega BioTek) and assembled using the Gibson Assembly kit
(NEB). The resulting mixture was transformed into Chemically Competent DH5alpha cells and

screenedia restriction digest. pHERD28Bis-NQR-Cm from DH5alpha was transformeto

Table 3.1: Strains and plasmids used in this study.

Strain Description Source
Escherichia coli
. thi pro hsdRhsdMrecARP42-Tc::Mu- .
S17Ipir KnR:Tn7(TpR SR, Sf) This study
fhuA2A argF-lac2)U169phoAginVv44
NEB 5-a @ 8 A [ac)M15 gyrA96recAlrelAl NEB
endAlthi-1 hsdR17
Plasmids
DEX18Gm sachounterseIg(r:rt]gblsu|C|devector This study
DEX18Gm_Bbs| sachounterseIg(r:rtlgblesu|C|devector This study
pPEX18Gm pEX18Gmvectorcontainingthe nqrF .
ngrFKO genedeletionassembly This study
pEX18Gm pEX18Gmvectorcontainingthe ndh .
ndhKO genedeletionassembly This study
PHERD28TFHis 6X-histidine araGpBAD, TpR 73
pHERD28TF ngr operonclonedinto the pHERD28F .
His-NQR His This study
pHERD28C PHERD28TFhis-NQR CmR replacing .
His-NQR TR This study
Sourceof the chloramphenicotesistant
PKD3 cassettéCnmR) 4
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Table 3.2: Primers used in this study.

Primer Sequence 5’ to3’ Description/used for
cttttctgtgactggtgagtttctcatcgcagte Amplification of the
Cm_FWDbw/Homology gttgtattc chloramphenicotesistance
cassettérom thepKD3
Cm_REVw/Homology gattcacaagaaggattcgacatggage plasmid
- aaatcactggatatacc
pPHERD28His_ FWDNoTn catgtcgaatccttcttgtgaatc Amplification of the
PHERD28TFHIS-NQR
pHERD28His_ REVNoTm gaaactcaccagtcacagaaaag backbone

wild type (PAOY) by electroporation, according to Choi ef%6 mL of an overnightwture was
centrifuged, washed twice with 1mL al i3quots o
mM sucrose. 300 ng of vect tentcellseancelectroprrated (2&i t h
uF, 200 Oh ms, maiiately after the valt&geas apblied, 1 mL of LB broth was

added to the cells, and they were allowed to recover for 1 hour at 37°C, before plating on LB plus
appropriate antibioticS hepHERD28T-HIS-NQR strains was grown in LB in the presence of 0.2

% (w/v) arabinose to induce tlepression of theqr operon. The expression of NQR was first

tested using a Western blotting using afistidine tag antibodies. The NQR complex was

partially purfied using a NNTA using a similar protocol as reported bef6re.

3.2.3 Pyocyanin Assay

Pyocyanin was extracted using a modified version of the protocol described by Koley et
al.’® 5 mL cell cultures were inoculated with 1 x®1€ells from an overnight culte and allowed
to grow at 37C in an orbital shaker operating at 200 rpm for the dddength of time. Following
growth, cells were removed by centrifugation and the cell supernatant was subjected to an organic
extraction using-B mL of chloroform. Therganic lower layer was transferred to a new tube and
centrifuged for 1 min at maximuspeed. The organic supernatant was transferred to a new tube
and dried under adMNstream until no solvent remained. The resulting pellet was resuspended in 1
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mL 50 mM Tris-HCI pH 8.0, and absorbance was measured atn®@®0The concentration of
pyocyanin vas determined using an extinction coefficient of 4,130 dvi’.”® For pyocyanin
production in the complementation strain, concentration was normalized by tfe @lhe

culture at the time of harvesting.

3.2.4 Biofilm Quantification

Biofilm formation wasassessed according to the method outlined by Tram .. al
Overnight cultures were diluted to an €bof 0.5 and transferred in 1@Q aliquots to a 9&vell
plate (Nunc)The plates were incubated at 37°C, without shaking, for 6 hours (mid attachment) or
24 hours (mature biofilm)’’® Following incubation, the supernatant was removed from each well,
and the attached biofilm was washed three times with water, then incubated2 O p L 1% ( w,
crystal violet (Fisher) for 15 minutes. Wells were then washezkttimes with water, and the
remaining crystal violet was extracted from the biofim with o0 of MBDS ( modi f i e
dissolving solution) consisting of 2@ (w/v) SDSand 80% EtOH. The resulting MBDS solution
was transferred to a new-9¢ll plate and absorbance at 60@ was read in a plate reader (Tecan
Infinite Magellan M1000 Pro).

For image analysis, overnight cultures were diluted to asnéd 0.5 and transfeed in
200puL al i gvalledverslig. Sampales weBe incubated at 3G or 24 hours. Biofilms
were washed twice with phosphdteffered saline (PBS) and fixed with 4%v/v)
paraformaldehyde in PBS. Fixed biofilms were permeabilized with(\t/v) TritonX-100 in PBS,
and then stained with 30 M pr opi di um eddbfilng evere wiashed 5 dirhea with
PBS before imaging. Images were captured by a Nikon eclipé imverted microscope,
equipped with a scan module, using a Nikon Plan FIOet 6.30 oil DIC objective lens, and an

infrared pulsed laser at 970 nm wélb30/43 nm emission filter-&acked images were collected
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over 10pm, and tuhme ximM&Hg2E56 i xiexavlas 20256 pixel s
using VistaVision softvare (ISS, Colorado Springs, CO). Biofilm analysis was done through

COMSTAT2 (www.comstat.uk 7289

3.2.5 Antibiotic Resistance Determination

Anti biotic resistance was deter mi cutde by 1 n
(ODeoo = ~0.5) into 1 mL of LB with appropriate antibiotic in a-24ll plate. Plates were grown
with shaking at 37°C. The MIC was determined to be the concentration at which no detectable

growth could be seen 24 hours after inoculation.

3.2.6 Macrophage Toxicity Model

Overnight cultures oP. aeruginosaNT and mutants were grawfrom a single colony in
Dul becco’s modified Eagl e’ (svVv)rhetaldbvinenserund (AESV ) ( Gi
(Hyclone) and 3¢ M F £ Gvernight cultures were diluted 1:1001i@é mL DMEM + 10% FBS
and grown for approximately three hours before 250¢@08 in a total of 200 L wer e added
the macrophages. RAW 264.7 cells from a murine macrophage cell line (ATCC, Manassas,
Virginia) were maintained in DMEM (Gibco) supplemeantgith 10 %(w/v) FBS. Macrophages
were plated at a density of 12,500 cellsfom 24well tissue culture polystyrene plates. After that,
cell monolayers were incubated for 6 hours &C3@nd 5% C@with bacterial suspensions using
a multiplicity of infedion (MOI) of 1. Additionally, the initial number of cells was assessed by
DNA measurement via PicoGreen assay (lnvitrog:¢
DNA (Sigma) was used as standard.

After the 6hour incubation, the supernatant wasextd, and macrbyages were washed

with DPBS (Lonza) and fixed with formalin 10% (Fisher) overnight at 4°C. The next day wells

were washed twice with DPBS and were imaged using a Zeiss Axiovert microscope. Cell toxicity
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was evaluated using the Cytotoxicetection KitPLLS (lactate dehydrogenase, LDH; Roche).
Supernatants were centrifuged at 2,500 rpm for 5 min at 4°C and assayed in duplicate following
manufacturer instructions. Absorbance was measured after 10, 20 and 25 minutes of reaction at

490 nm usig a plate readdBiotek).

3.2.7 Mouse Infection Model of Acute Pneumonia

P. aeruginosacultures were grown overnight in 5 mL of MINS medium at 37°C with
shaking (250 rpm), and then sabltured 1:100 into fresh MINS and regrown to exponential
phase. The bacterwere collectethy centrifugation and resuspended in PBS: fieightweek
old female BALB/c were anesthetized by intraperitoneal injection of a mixture of ketamine (100
mg/mL) and xylazine (20 mg/mL). Mice were infected intranasally with the indiczaukmhy-
forming wits (CFU) of bacteria in 50 mL of PBS. Bacterial inocula were confirmed by plating of
serial dilutions onto VogdBonner minimal (VBM) medium agaAll experiments were approved
by the Northwestern University Institutional Animal Carel &ise Committee.

For determination of the bacterial numbers in the lungs, mice were infected intranasally
with c. 56 x 1 CFU of bacteria. Mice were euthanized at 24 hpi and the lungs were aseptically
removed and homogenized in 5 mL of PBS. The bacteaal was determied following plating
of serial dilutions onto VBM agar and incubation at 37°C for 24 hours. The results are expressed
as the ratio of CFU recovered per lung (output) to the CFU present in the initial inoculum (input).
The data shown araa@uped from threéndependent experiments (n = 15 mice per strain). The
black line indicates the geometric mean for each group.

For survival experiments, mice were infected intranasally with c. 4°xCEU of the
indicated bacterial strain. In all expesnts, the mice we sacrificed when severe illness

developed and were scored as dead. Survival was monitored for 96 hours after infection. This

34



experiment was repeated twice, and the results shown are from a single experiment (n = 10 mice
per group). An egonentialrank test was used to analyze differences in mouse survivalvalye

< 0.05 was considered significant.

3.3 Results
3.3.1 NADH Dehydrogenase Mutants

To investigate the roles of the three NADH dehydrogenas&s aéruginosawe used
mutant strains, eadlacking one or me of these enzymes. We obtained three sidgletion
strains (ngrF, YnuoG Yndh from the University of Washington transposon libPargnd
constructed three doubtieletion strains, each of which retains only one of the three NADH
dehydrogenasesIQR (YnuoGYndh), NUO (YnqrF¥Yndh), andNDH2 (YngrF¥nuoG)

3.3.2 Growth of NADH Dehydrogenase Deletion Mutants

We examinedheeffectof themissingenzyme(spy comparinghe growthof eachmutant
with wild type in liquid cultures.We testedgrowth in a rich medium (Luria Bertani,LB) and
"SyntheticCystic FibrosisSputumMedium" (SCFM) a minimal mediumdesignedo mimic the
chemicalconditionsin the cystic fibrosis lung,?” which can provide insightsinto the growth of
thesestrainsin infectionrrelevantsettings.Sincesomeof the NADH dehydrogenasesonserve
energyby pumpingcaionsacrosghecell membranewe alsoassayedrowthattwo differentpH
values(7.0and8.0) andin two differentNaCl concentration$l70mMand300mM).

Growth of thewild type wassimilar acrossall of the pH and[Na*] concentrationsested.
Growthcurvesareshownin S1Figure.Doublingtimes,calculatedrom earlyexponentiagrowth,
arein Tables A.1 andA.2. Therearecleardifferencesn growth betweenLB andSCFM. In the
minimal mediumthedoublingtimesgenerallyarelongerandthefinal cell dersity lowerin SCFM.

In comparisonchangesn pH and[Na'] hadlittle systematieffect. However,at pH 8.0and300
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mM NacCl, thedoublingtimesin SCFMandLB arenot statisticallysignificantly different,andin
theseconditions,in bothLB andSCFM,the growth curvesshowmorethanonephase.

Growth curvesfor the singledeletionmutants(YngrF, YnuoG Yndh) togetherwith wild
typeareshownin Figure3.1 anddoublingtimesareshownin TablesA.1 andA.2. All of thesingle
deletionmutantswvereableto growwell in bothLB andSCFMandin all pH and[Na’] condiions.

Thedoublingtimeswere generallylongerthanfor thewild type,but nevertwice aslong.
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Figure 3.1: Comparison of growth of wild type and single deletion mutant strains. Growth curves of wild type
PAOL1 (red) and single deletion mutants ¥ngrF (cyan), YnuoG (yellow), and ¥ndh (dark blue) in LB and
SCFM media at 170mM and 300mM NaCl concentrations, at pH 7.0 and 8.0. Changes in ODsoo0 were
measured using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37°C with continuous
orbital shaking at 217 rpm. Each curve was constructed using two biological replicates with three technical
replicates each, with standard deviation calculated accordingly and represented as error bars.

Forthedoubledeletionmutants(YnuoGYndh), (¥YngrF¥Yndh), and(¥YngrEYnuoG) growth
curvesareshownin Figure3.2, anddoublingtimescalculatedrom earlyexponentiagrowthare
compiledin TablesA.1 andA.2. As in the caseof the singledeletionmutants all of the double
deletionmutantswere ableto grow well. This indicatesthat after deletionof oneor two of the
threeNADH dehydrogenaseshe energeticpathwaysavailableto the cells are still capableof

supportingrobustgrowth.
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Figure 3.2: Comparison of growth of wild type and double deletion mutant strains. Growth curves of wild
type PAO1 (red) and double deletion mutants ¥YnuoGYndh (green), YngrE¥ndh (orange), and YnqrFYnuoG
(purple) in LB and SCFM media at 170mM and 300mM NaCl concentrations, at pH 7.0 and 8.0. Changes in
ODsoo were measured using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37°C with
continuous orbital shaking at 217 rpm. Each curve was constructed using two biological replicates with three
technical replicates each, with standard deviation calculated accordingly and represented as error bars.

For both single anddoubledeletionmutants ratesandextentsof growth were sufficient
tha cell membranesould be obtainedfor subsequenbiochemicalanalysis(seebelow). The
responsesf thewild typeto changesn type of medium(rich vs. minimal), pH and[Na'] arestill
generallyobservedn the mutants.Thereare severalsmall differences betweenresultsfor wild
type andthe mutants We notethe following that could warrantfuture researchin all conditions
of medium,pH and[Na'] the mutantwith only NUO (YnqrF¥Yndh), underwentan extendedag
phaseafterwhich it wasableto grow strongly.In SCFMthis mutantappeargo undergodiauxic
growth, similarto whatis observedn thewild typeat pH 8 and300mM NacCl. In the mutant this
patternis mostmarkedat pH 8 where two distinctphasesanbediscernedwith aclearlag phase
between.The doubling time of the mutantwith only NQR (¥YnuoGYndh) showsa strongpH
dependencim SCFM,butnotin rich medium.Themutantwith only NDH2 (YngrFYnuoG)shows
adependaceon [Na’] in rich medium;if thereis asimilartrendin SCFMit is far weaker.
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3.3.3 NADH:quinone Oxidoreductase Activities in the Double Deletion
Mutants

Growth measurementshowthat any one of thethreeNADH dehydrogenases capable
of supportinggrowth The acivity measurementsonfirm thatall of the doubledeletionstrains
havesignificant NADH dehydrogenasactivity in both exponentialand stationaryphasesFor
example,n the extremecasethe mutantwith only NUO hasonly 15% of wild type activity. To
quariify the NADH:quinoneoxidoreductasactivity for eachof thethreeNADH dehydrogenases
we measuredhe enzymeactivity in membrane$rom the doubledeletionstrains,eachof which
hasonly oneNADH dehydrogenas&or eachmutantstrain,membraneswverepreparedrom cells
harvestedn bothexponentiaandstationaryphasesNADH:quinoneoxidoreductasactivity was
measuredy following the oxidation of NADH spectrophotometricallyand the activities were
normalizedaccordingto total membraneprotein concentration.Saturatingconcentrationsof
NADH andubiquinonel wereusedin orderto obtaininitial turnoverratescloseto Vmax (see
Materials and Methods). Use of doubledeletion strainsis the clearestavailable approachto
understandinghe contributionsof eachof the NADH dehydrogenasesnany of the inhibitors
typically usedin respiratorychainstudiesarenot sufficiently effectivein P. aeruginosadatanot
shown).Theonly selectivealternativesubstratedeamineNADH, wasusedto analyz acivity in
membrane$rom the singledeletionstrains(below).

Figure3.3A showsinitial activitiesfor exponentiahndstationaryphasenembranedn all
caseghe membranesetainedsignificant NADH dehydrogenasactivity indicatingthatthe one
remaining enzymewasexpresseandactive.Doubledeletionmutantsshowedsignificantlylower
ratesof NADH consumptiorthanthewild type.In exponentiaphas, the mutantwith only NUO

had 15% of wild-type activity, while the mutantswith only NDH2 andonly NQR had37% and
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48%, respectively(Table A.3). In the caseof stationaryphasethe mutantswith NQR, NUO, or
NDH2 only had 48%, 46%, and 49% of wild-type activity, respectively(Table A.3). NADH
dehydrogenasactivity wasconsistentlygreaterin membrane$rom stationaryphasecellsthanin
exponentiaphasemembranedyut thesedatasuggesthateachenzymeis actively contributingto
thetotal NADH dehydrogenasactivity in wild typein bothgrowth phases.

3.3.4 NADH:quinone Oxidoreductase Activities in the Single Deletion Mutants

We then carried out NADH dehydrogenasectivity measurementsn the three single
deletionmutants eachof which retainstwo of the threeenzymesThe resultsaresummarizedn
Figure3.3B. For all of the mutants activity waslower than in thewild type, for membranegrom
bothexponentiahndstationaryphasesln themutantthatlacksanactiveNQR (YnqrF) theNADH
dehydrogenasactivity was59% lower in exponentiaphaseand46% lower in stationaryphase,
comparedo wild type (TableA.3). Of the three singledeletionmutants YngrF hadthe greatest
loss of activity in exponentialphase,indicating that NQR is the major contributorto NADH
dehydrogenasactivity duringexponentiagrowth.

In the mutantlacking NDH2, activity in bothexponentiabhaseandstationaryphasewas
approximately62% relativeto wild type,a decreasef 38% (TableA.3). This is consistentwvith
theresultsfrom the doubledeletionmutantexpressingnly NDH2 (YngqrFYnuoG which retained
approximately37% of NADH activity during exponentialphase(Fig 3A). The contribution of
NDH2 canalsobeassessedirectlyin membrane$rom wild-typecellsby usingdeamineNADH
(dNADH) insteadof NADH asasubstratedNADH can beoxidizedby NUO andNQR butnot by
NDH2 8%8 Membranedromwild type cellsharvestedn stationaryphasehad38% lower activity
with dNADH comparedo NADH (FigureA.2). In membrane$rom wild type cells harvestedn

exponentiaphasedNADH activity was30%IlowerthanNADH dehydrogenasactivity. Although
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Figure 3.3: NADH:quinone oxidoreductase activities of membranes from single and double deletion mutants
compared to wild type. (A) Activity in membranes from wild type (WT) and double deletion mutants
YnuoGYndh (NQR only), YngrF¥ndh (NUO only), and ¥ngrF¥nuoG (NDH-2 only). (B) Activity in
membranes from WT and single deletion mutants YnqrF, ¥YnuoG, ¥ndh. Membranes were prepared from
cells harvested in the exponential phase (grey) and stationary phase (blue). Enzyme activity is defined as the
moles of NADH consumed per minute per mg of membrane protein. The reaction contained: 100 M
NADH, 50 M ubiquinone-1 and 100 mM NaCl. Changes in absorbance were followed at 340nm (enapH= 6.22
mM cm™). Activities for all mutant strains were significantly lower (p < 0.01) than WT in all conditions
tested, according to a one-way ANOVA analysis. The YngrFYndh double mutant activity was significantly
lower (p < 0.01, *) than the activities of the other two double mutants. The YnqrF¥YnuoG double mutant
activity was significantly lower (p < 0.05, +) than the YnuoGYndh mutant. The ¥ngrF single mutant activity
was significantly lower (p < 0.01, *) than the activities of the other two single mutants.

the almostexactcorrespondencef the numericalvaluesfor exponentialphasemembraness
probably fortuitous, theseresults are consistentin showing that NDH2 is responsiblefor a
significantfractionof thetotal NADH dehydrogenasactivity in both exponentiakndstationary

phases.
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3.3.5 Consequences of Deletion of NADH Dehydrogenases for the Physiology of
P. aeruginosa

Two notable virulence tre of P. aeruginosaare (i) the production of biofilnand (ii) the
secretion of pyocyanin. Both traits are controlled by quorum sensing and typically manifest
themselves during stationary ph&®@/e noticed that some of the strains constructed for tinity st
began to form biofilm earlier, and produced largerounts of pyocyanin, than wild type. Based
on these observations, we carried out a systematic study of biofilm formation and pyocyanin in
these mutants.

3.3.5.1 Biofilm Formation

Productionof biofilm was measuredoy tracking three different parameters(i) crystal
violet retention(a measureof total biofilm produced),(ii) biofilm thickness,and (iii) biofilm
surfacearea(see3.2.4. Samplesvereanalyzedat mid-attachmenphase(6 hours)and maturity
(24 hours)’""8 At mid-attachmentthe crystalviolet retentionvaluesfor ¥nqrF andYnuoGwere
1.55AU and1.43AU, respectivelycomparedo 1.12AU for thewild type (Figure3.4). Forboth
mutants thedifferencefrom thewild typeis statisticallysignificant. However,atthe 24-hourtime
point, therewasno significantdifferencebetweerthewild-type andmutantvalues.In contrastjn
the Yndh mutant, the crystalviolet assayshowedlessbiofilm thanthe wild type at both 6-hour
(0.94AU) and24-hour(1.68AU) time points.

To assesdiofilm thicknessand area, two-photon fluorescencemicroscopyimagesof
propidiumiodide-stainedbiofilm werecollectedat 6- and24-hourtime pointsandanalzedusing
COMSTAT2 softwae.”®° At 6 hours,the biofilm formedby the YnuoG strain,wassignificantly
thicker and covereda greaterareathanin the wild type. In the YngrF and¥Yndh strains,biofilm

thicknessandsurfaceareawereboth similar to wild type (Figure 3.4B, 3.4C andFigureA.3). At
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24 hours,noneof themutantsvasdifferentfrom thewild typein biofilm thicknessor surfacearea.
In the Yndhstrain,at6- and24-hours biofilm thicknessandsurfaceareawerevery similarto wild
type, but at both time points, the crystal violet assayshowedsignificantly lessretention.This

suggestshatthe biofilms formedby this mutant,althoughextensiveandthick, maybelessdense.
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Figure 3.4: Biofilm formation by wild type (PAO1) and single deletion mutants. (A) Crystal violet retention
was measured as the total amount of biofilm produced. WT (grey), YngrF (cyan), ¥nuoG (yellow) and ¥ndh2
(dark blue) were diluted to ODsoo = 0.5 from an overnight culture, and grown in a 96-well plate, without
shaking for 6 h (mid-attachment) or 24 hours (mature biofilm). Crystal violet retention of the biofilm was
examined at each time point through optical density at 600 nm. (B) Surface area of the biomass from
COMSTAT?2 analysis of images taken with two-photon microscope. For all panels, error bars indicate
standard error of the mean from three biological replicates, and stars indicate p-values < 0.05 compared to
wild type through a student’s t-test. (C) Average thickness of the biofilm was measured using propodium
iodide (30 M) stained biofilms grown on 8-well coverslips for 6 or 24 hours. The fluorescence of the retained
propodium iodide in the biofilm was measured with a two-photon microscope. COMSTAT?2 analysis was used
for image analysis.
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3.3.5.2 Pyocyanin Secretion

Pyocyaninis a toxin producedby P. aeruginosathat canreadily diffuse to targe cells,
whereit will causeoxidative stressPyocyaninis a vivid blue color andcan be identified by its
visible spectrumand measurean the basisof absorbancet 690 nm2* Pyocyaninproductionis
controlled by quorum sensingand is thus associatedvith stationaryphase.In wild-type P.
aeruginosain rich medium,productionof pyocyanin could be observedafter 16 hoursof growth
andtheconcentratiomeachedamaximumof 3.6 { M at 18 hours(Figure3.5). In eachof thesingle
deletionmutantspyocyaninproductiorbegarearlierandreachednuchhigherconcentrationgrig
35). TheYnqrF strain producedthe highestlevels of pyocyanin(43.5 mv at 20 hours post

inoculation),12 timesmorethanwild type.
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Figure 3.5: Pyocyanin production. Pyocyanin production in wild type PAO1 (grey), Yndh (dark blue), YnuoG
(yellow) and ¥nqrF (cyan). The concentration ( M) was determined using the extinction coefficient for
pyocyanin at 690 nm (4130 M-tcm™). ODeoo of the wild type and mutant cultures were similar at each time
point, so data represent an accurate comparison of pyocyanin production in the different strains. Stars
indicate p-values from a student’s t-test < 0.05, compared to wild type at each time point.
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3.3.6  RNASeq Transcriptome Analysis of the Strain Lacking NQR (AnqrF)

To understandhe physiologicalchangesakingplacein themutantiackingNQR (YnqrF),
we usedRNA sequencingo compareheir transcriptome# bothmid-exponentiabndstationary
phasesComparisorof themappedeadsin YnqrF comparedvith wild type, revealedsignificant
changesn thetranscriptionof thegenescodingfor enzymeghatmakeup the pyocyaninsynthesis
pathway.In exponentiaphasethe expressiorof eachof the pyocyaninsynthesiggenesvere~6-
8.5-fold greatetin YnqrF (Figure3.6, 3.7), aresultwhich is consistentvith the observedncrease
in pyocyann productionby this strain.Expressiorof theremainingNADH dehydrogenasdsUO
andNDH2 wasshownnotto changen ¥YnqrF relativeto wild typeat eithertime point, indicating

thatthe absenceof a functionalNQR doesnot affectthetranscriptionof the othertwo enzymes.
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Figure 3.6: Transcriptome analysis of the YnqrF mutant strain compared to wild type. Differential expression
of genes encoding NDH2, NUO, and the pyocyanin biosynthesis operons in the ¥YnqrF mutant strain
compared with wild type PAO1 during exponential and stationary phases. A positive value indicates an
increased expression in ¥ngrF compared to wild-type. Stars indicate significant changes in expression with a
P-value <0.05 as determined via the calculations outlined in Materials and Methods.
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Figure 3.7: Heatmap of gene expression profiles in the transcriptome profiles of three biological replicates of
the ¥YngrF and wild type strains in exponential and stationary phase. Select genes include those encoding ndh,
nuo operon, pyocyanin biosynthesis operon, extracellular polysaccharides alg, psl, and pel operons, the genes
coding for the MexEF-OrpN efflux pump and related genes and the MexGHI-OpmD efflux pump. All genes
were normalized by gene length and y? transformed before analysis. Most highly expressed genes were
selected according to the sum of normalized counts across samples. Genes were selected from the NOISeq
results and counts were x> transformed before analysis. According to the Z-score, color bars in red
correspond to higher expression.
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3.3.7 Changes in Antibiotic Resistance in Single Deletion Mutants

P. aeruginosais a multi-drug resistanfpathogerwith a wide rangeof intrinsic antibiotic
resistancePreviousstudieshaveshownthatdisruptionsof NUO andNQRin P. aeruginosaesult
in increasedesistanceo the aminoglycosidegentamicinandtobramycin®*#°> We examinedhe
resistancef thethreeNADH dehydrogenassingle deletionmutantsto the antibioticsavailable
in our laboratory,andour resultsrevealtha ¥ngrF, YnuoGandYndhall havedifferentresistance
profiles. Table 3.3 showsthe minimuminhibitory concentrationgMIC) for the antibioticstested
in eachof the singlemutantstrainsandwild type. Relativeto wild type, all the mutantsshowed
highersensitivityto chloramphenicobndtrimethoprim,but lower sensitivityto kanamycinand
gentamicineachto a differentdegreeln the caseof streptomycin¥YngrF andYndh showlower

sensitivity,while YnuoGis unchanged.

Table 3.3: Minimal inhibitory concentrations (MIC)? for wild type (PAO1), ¥ngrF, ¥nuoG, and ¥ndh.

Antibiotic WT YnqrF YnuoG Yndh
MIC (mg/mL)

Streptomycin 35 90 35 240

Chloramphenicol 300 60 <50 35

Kanamycin 90 175 140 >1000

Trimethoprim 900 160 90 300

Gentamicin 3 175 5 <1000

aMICs were determined by inoculating 4 L of an overnight culture into 1 mL LB + appropriate antibiotic
in a 48-well plate. Plates were incubated at 37°C, in aerobic conditions for 24 hrs before determining MIC.

3.3.8 Infection in Animal and Cellular Models
The enhanced pyocyanin production we observed, suggested that these strains might also
have altered virulence. We therefore testedleirce in two well established model systems:

macrophages and mice.
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3.3.8.1 Macrophage Model
In macrophages;omparedo a bacteriafree control,infection by the wild type, or any of
the threemutantstrains,producedat least3-timesasmuchcell death(Figure 3.8). The cellular
deathrate causedby YnuoG was approximatelythe sameas wild-type, while ¥ngrF andYndh

wereableto kill macrophage§- and7-timesmoreefficiently respectively.
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Figure 3.8: Macrophage toxicity assay. Wild type PAO1, ¥nqrF, ¥YnuoF and ¥Yndh mutants were cocultured in
a 1:1 ratio with RAW 264.7 macrophages for 6 hours before a LDH assay was performed to determine
macrophage cell death. A bacteria-free control group was included for reference. Data from three
independent experiments are represented as the average macrophage death, with error bars indicating the
standard error of the mean. Stars indicate p-values < 0.05 compared to wild type, through a student’s t-test.
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3.3.8.2 Mouse Model

Giventhatthe YnqrF strainexhibitsthe greateskilling capacityin the macrophagassay,
we assesad whetherthis mutantwas alsodefectivein virulencein mice. The ¥ngrF strainwas
comparedo wild type PAO1in anintranasakspirationmousemodelof acutepneumoniaMice
infectedwith ~4 x 10° CFU of the YnqrF mutantprogressedo prelethalillnessmorerapidly than
thoseinfectedwith wild-typePAO1(p <0.05)(Figure3.9A). A secontexperimentvas performed
to assesthebacterialoadin thelungsof infectedmice.To avoidrapiddeathof the mice,alower
bacteriainoculum(~5-6 x 10° CFU) wasgivento the mice,which weretheneuthanize®4 hours
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afterinfection. The lungswere sterilely removed homogenizedand platedto measuréacterial
loads.We found that the bacterialload was approximatelythe samein mice infectedwith wild
type PAO1 and¥YnqrF (Figure 3.9B). Thus, the higher lethality of YngrF is due to inherent

virulenceandnot simply a betterability to colonizeandproliferatein thelungs.
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Figure 3.9: Survival of mice infected with wild type PAO1 and ¥nqrF. (A) Survival of BALB/c mice after
intranasal aspiration of ~4 x108 CFU wild type or ¥ngrF. The survival curves were statistically different (p <
0.05; log rank test). (B) Bacterial burden in the lungs. Lungs were harvested from mice infected with ~5-6 x
10° CFU at 24 h post-infection, and the ratio of CFUs before inoculation and after death were counted. There

is no significant difference between the bacterial burden from wild type PAO1 and YngrF.

o

3.3.9 Intrans Complementation of NQR

To confirm that the observedphenotypeof the YnqrF strainis a direct effect of NQR
inactivation,we createda complementatiorstrain (pHERD28CGNQR), using the completengr
operon,with a C-terminal histidine tag, in the pHERD plasmid,undercontrol of the arabinose
(ara) promotor Membranessolatedirom this strain showedessentiallthesameNADH oxidation
activity as wild type (Figure 3.10A). After partial purification on a Ni-NTA column, the
preparationwasrun on an SDSgel, whereit showedthe two fluorescentbandscharacteristiof
the FMN cofactorsof the NgrB andNgrC subunits(Figure 3.10B,C,D).”® The strainalsoshowed

areversiontowardswild-type characteristic®f biofilm formationandpyocyaninproduction.As
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describedabove, the deletion strain lacking NQR, shows enhancemenbf some properties
asseiatedwith virulence:biofilm formation beginsearlierthanin the wild type andthe cells
producemuchmorepyocyanin.Crystalviolet retentionanalysisof mid-attachmenphasesamples
revealeda significantdeaeasein measurediofilm productionby the pHERD28CNQR strain

relativeto thatof YnqrF, representing.completaeturnto wild typecharacteristicéFigure3.10E).
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Figure 3.10: Complementation of NQR. (A) NADH:quinone oxidoreductase activities of W|Id type (PAOY),
YnqgrF, and ngr-complementation strain ()HERD28C-NQR). Enzyme activity is defined as the moles of
NADH consumed per minute per mg of membrane protein. The reaction contains: 100 M NADH,50 M
ubiquinone-1 and 100 mM NaCl. Changes in absorbance were followed at 340nm (sNADH= 6.22
mM-1 cm—1). and NADH dehydrogenase deletion mutants. (B) SDS-gel (4-12%) of partially purified NQR
complex expressed in the pHERD 28C-NQR (20 mg) run in Tris-glycine gel system stained with Coomassie
Blue. (C) Western blotting using anti-His5X antibodies showing the NgrF subunit, where the histidine tag is
attached. (D) Same gel as in (B) exposed to UV light before staining showing the fluorescent bands
corresponding to the NgrB and NqgrC subunits of the semi-purified NQR. E. Biofilm formation quantified as
crystal violet retention at mid-attachment (6 hours) and mature (24 hours) biofilm. (F) Pyocyanin
concentration ( M) following 24 hours of growth, measured at 690 nm (4130 M-cm™) and normalized to
culture ODeoo. ODeoo Of the wild type and mutant cultures were similar at each time point, ensuring that the
data represent an accurate comparison of pyocyanin production between strains. Stars indicate p-values
from a student’s t-test < 0.05.
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In the caseof pyocyaninproduction,at 24 hours post inoculation, pHERD28CNQR
producecanaveragef 851 M pyocyanin/ORoo(Figure3.10F). Thisis asignificantdecreasérom
the 117t M of pyocyanin/ORoo producedby ¥nqrF at the sametime point, but still muchmore
than producedby wild type. Even so, the reversiontoward wild type characteristicsupon
reintroductiorof NQR confirmsthatit is thedeletionof NQRwhichleadsto themutantphenotype.

3.4 Discussion

In this studywe havecharacterizetherolesof the threeNADH:quinoneoxidoreductases
of Pseudomonaseruginosa NQR, NUO, and NDH2. We usedsingle and doubledeletion
mutantsto assesghe importanceof eachenzme in the growth of P. aeruginosaand the
contributionof eachto the netNADH dehydrogenasactivity. Our resultssuggesiconnections
betweenthe deletionof theseenzymesand changesausually associatedvith the transitionfrom
exponentialto stationaryphase,including biofilm formation and pyocyaninproduction.Since
thesetraits areknown to be associatedvith virulence,this led to the discoverythat someof the
deletionmutantshaveenhancedethality in infectionmodelswith bothisolatedmacrophageand
mice.

3.4.1 Effects of Single and Double NADH Dehydrogenase Deletions on Growth

None of the single NADH dehydrogenaséeletion mutantscausedan insurmountable
defectin growth in any of the conditionswe tested,including rich medium (LB) and minimal
medum with glucose(SCFM), andatlow andhigh pH andlow andhigh [Na'].

Thedoule deletionmutantswvereconstructedvith theaim of havingstrainsin whichonly
oneof thethreeNADH dehydrogenasesould be presensothatthe contributionof eachenzyme
could be evaluatedseparately.All three doubledeletion mutantswere able to grow in all

conditionstested Theonly notabledifferencewasin themutantthathasonly NUO (YngrFYndh),

51



which hadan extendedag phasdasting severalhours,after which growth proceededormally.
Torreset al. reporteda similar lag in the growth of their doubledeletionmutantwhich expressed
NQR only (¥Ynuold¥ndh).>* In our handsthe correspoding mutant(YnuoGYndh) did not show
this lag andgrewnormally. We do not havean explanatiorfor this differencebut takentogether
theresultspointto the conclusionthat P. aeruginosas ableto grow fairly normally evenwhenit
hasonly one of the three NADH dehydrogenasesThis revealsa remarkablerobustnessn the
energyproductionsystemf this bacterium.

3.4.2 Assessing the Contributions of NQR, NUO and NDH2 in Exponential

Phase: NADH Dehydrogenase Activity in Isolated Membranes

In contrastto the growth curveanalysiswherenoneof the mutantscauseca pronounced
growthdefectwhenNADH consumptiorwasmeasuredh isolatedmembranesll of themutants,
single anddoubledeletion showedowerlevelsof activity (normalizedo total protein)compared
to thewild type In thesinglemutantsthatlack: NQR (YngrF), NUO (YnuoGQ andNDH2 (Yndh),
initial ratesof NADH oxidationwere41%, 67%, and62%, respectivelycomparedo wild type
(Table A.3). In the double deletion mutants that have only: NQR (¥ nuoGY ndh), NUO
(YngrF¥Yndh and NDH2 (YngrFYnuoG), initial rateswere 48%, 15%, and 37% respectively
(TableA.3). Whenactivity wasmeasuredh thewild type,usingdeamineNADH, which doesnot
reactwith NDH2, the initial rate was 70% comparedto the reacton of wild type with NADH
(FigureA.2). In thereactionwith deamineNADH, only NQR andNUO shouldbe active,sothis
is comparabléo theactivity of Yndhmutantwith NADH: 62%comparedo wild type.Theactivity
of wild type with deanino-NADH is 8% greder thanthe activity of the mutantlacking NDH2
( Adh). One possibleexplanationis that, althoughdeamineNADH is describedas not reactive

with NDH2, theremay actuallybe a smallamountof residualactivity with this substraté&®
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Onesignificantconclwsion from theseresultsis that, during exponentiaphase put of the
threeNADH dehydrogenasedlQR appeardo makethe largestcontributionto activity. Among
thesingledeletionmutantsthestrainwithout NQR (YnqrF) showsthelargestrelativedecreasén
activity (59%decrease(TableA.3). Similarly,amongthedoubledeletionmutantsthetwo strains
that havelost NQR (¥YngrFYndh andYnqrFYnuoG showthe largestloss of activity (85% and
63%decreaseespectively) Takentogetheytheseresultsshowthat,duringexponentiagrowthin
P. aeruginosa NQR likely accountsfor the majority of NADH dehydrogenaseactivity. This
finding is in agreementwith the conclusionsof Liang et al. on the basis of in-gel activity
measurements. Torreset al. alsostudied a seriesof NADH dehydrogenasdeletionmutantsin
P. aeruginosébut concludedhatNQR hasonly aminorrole > This differenceis likely dueto the
fact that their measurementaere madein essentiallysodiumfree conditions,wherewe would
expectthe activity of NQR to bevery low, sincethis enzymeis Na'-dependent.

3.4.3 Assessing the Contributions of NQR, NUO and NDH2 in Stationary

Phase: NADH Dehydrogenase Activity in Isolated Membranes

The samesetof measurementwas also carriedout in membranegrom cells harvested
duringstationaryphaselnitial ratesof NADH oxidation,for singledeletionstrainslacking NQR
(YngrF), NUO (¥YnuoG andNDH2 (Yndh), were54%, 53%, and 62% respectivelycomparedo
wild type (Table A.3). Initial ratesin the double deletion mutants, that have only NQR
(YnuoGYndh), NUO (¥YnqrF¥Yndh) and NDH2 (¥YnqrFYnuoQ, were 49%, 46%, and 48%
respectiely (Table A.3). Theseresultsdo not point to any one of the enzymesas having a
predominantolein NADH dehydrogenasactivity duringstationaryphaseln thewild type,when
deamineNADH was used,activity was 62% comparedo the reactionwith NADH, consistent

with a 38%contributionby NDH2. This compareso alossof 51%of NADH activity in thestrain
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whereonly NDH2 is present.This discrepancys likely dueto the fact thatdeamineNADH is a
lessefficient substraté® This againsuggets thatthe effectsof the mutantson the physiologyof
the bacteriago beyondsimply subtractingpneor moreenzymes.

3.4.4 Consequences of Deletion of NADH Dehydrogenases for the Physiology of

P. aeruginosa

3.4.4.1 PyocyaninProduction andBiofilm Formation

Whenwe first begarto growthe NADH dehydrogenaseutantsve noticedastriking blue
color in theliquid cultures.In stationaryphase P. aeruginosaculturestypically take on a light
blue hue, but the color we observedappearecearlier and was much more intense.The blue
chromophoravaseasilyidentified aspyocyaninon the basisof its visible spectrumPyocyanins
a toxin, producedonly by P. aerwginosa,that actsby causingoxidative stressin neighboring
cells® Its productionis controlledby quorumsensingandusualy startsin stationaryphase put
all of the NADH dehydrogenasenutantsbeganmaking pyocyaninearlier, during exponential
growthphaseandin muchlargerconcentrationthanwild typecells.Pyocyanirproductionbegins
first in the strainwithout NDH2 (¥ndh), about6 hoursafterinoculation,but reacheghe highest
levels—about12 timesasmuchaswild type—in the strainwithout NQR (YnqrF). Thefinal step
in the pyocyaninsynthesigpathwayis catalyzedby the enzymePhzSin a reactionthatrequires
NADH asareductant® Our RNASeganalysisshowedthat,in the mutantwithout NQR (¥ngrF),
expressiorof genescodingfor the pyocyaninsynthesigpathway includingphzS wereelevatedas
much as 8.5-fold comparedto wild type. The elevatedpyocyaninproduction in the deletion
mutantscouldbedueto theirdiminishedNADH dehydrogenaseapadiy or to the higherlevelsof
PhzS,or both. Complementatiorof the strain lacking NQR (¥YnqrF) with the nqr operonon a

plasmid,resultedin a decreasen pyocyaninproducton, butit did not fully restorethe levelsin
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thewild type.This suggestshatgene dosageeffectsareplayingarole, sincethe plasmidis likely
presenin multiple copies.Also, expressions underthe control of anarabinosgromoter Either
of these could causehigherthannormallevelsof production.

3.4.4.2 Changes inAntibiotic Resigance inSingle Mutants

Eachof the singledeletionmutantsshowedincreasedensitivityto chloramphenicoand
trimethoprim. This is likely due to changesin expressionof an antibiotic efflux pump. Our
RNASeganalysisof the YngrF mutantshowedthat expressionof MexEFROprN, anefflux pump
relatedto resistancegainstheseantibiotics,is downregulated®-fold in exponentiaphaseand5-
fold in stationaryphase(Table A.4).8%% The mechanisnof this connectiorbetweendeletionof
thegenecodingfor NQR andchangesn expressiorof MexEFOprN is not known.

All of thesingledeletionmutantsalsoshowedncreasedesistancéowardskanamycirand
gentamicin,and ¥ ngrF and ¥ ndh showed increasedresistancetowards streptomycin. The
RNASeqdataon YnqrF do notsuggest clearmechanisnior thesechangesHowever alterations
in antibiotic resistancerelatedto NADH metabolismin P. aeruginosahave been reported
elsewhere Aminoglycosdes, suchas kanamycin,gentamycinand streptomycindependon the
protonmotiveforceto enterthecell °+°* Someof theNADH dehydrogenasgeletionmutantamay
affection transporfproviding a possibleexplanatiorfor our results.

3.4.4.3 Infection Mockls

Since pyocyaninis a virulence factor, we decidedto evaluatewhetherthe NADH
dehydrogenaseutationscausedchangesn the ability of P. aeruginosato infect cells andthe
outcomesof the infections.For this, we chosetwo well-characterizednodelsof P. aeruginosa
infection: macrophages cell cultureandwholemice.

In the caseof macrophagessingle deletion strainswithout NQR (¥nqrF) and NDH2
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(Yndh) were both significantly more effectivein killing macrophagesyhile the strain without
NUO (¥nuoG was approximatelythe sameas wild type. Although the currentwork doesnot
establisha directcausalconnectiorbetweernpyocyaninandthe deathof macrophagest is worth
notingthateffectivenessn killing correlateswith the total amountof pyocyanin producedrather
thanthe time whenpyocyaninproductionbegins.Although pyocyaninproductionbeginsearlier
in the strainsthat lack NUO (¥YnuoGQ and NDH2 (¥ndh), the strain that lacks NQR (YnqrF)
produceghe highestconcentrationsf pyocyaninandis alsothe mosteffectivein killing.

Fortestswith mice,we choseto usethe singledeletionmutantsthatwasmosteffectivein
killing macrghagesthe strainthat lacks NQR (YnqrF). Testswere carriedout using an acute
pneumonianfection modelwhich tracked progressiorto prelethalillnessovertime. The strain
lacking NQR (¥YnqrF) killed the mice at a significantly fasterratethanwild type. However,at 24
hoursafterinfection, the bacterialloadsin the lungsof mice infectedwith eithermutantor wild
type wereapproximatelythe same.This suggestshatthe increasedethality of the strainlacking
NQR (¥YngrF) is notdueto faster,or more efficient, proliferationin themousdungs,butratherto
enhanced/irulenceof theindividual cells. It is possilbe thatthis is dueto the higherpyocyanin
productionin the strain. Pyocyaninhasbeenshownto induce neutrophilapoptosisand play a
critical role in the establishmenandsucces®f airwayinfectionsin mice %>% Strainsdeficientin
pyocyaninhavebeenfoundto be clearedmorerapidly from thelung andresultin higherlevelsof
recoveryrelativeto wild type. °>%

This putativerole of pyocyanindoesnot appeaito applyto all P. aeruginosamodethost
systemsFor example,inactivationof pyocyaninproductionhadno effect on the virulenceof P.
aeruginosaon thesilkworm Bombyxmori.®” Similarly, Torresetal. testecthevirulenceof their P.

aeruginosaNADH dehydrogenasgeletionmutantsn two modelsystemsa plant(lettuce)andan
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insect(Galleria mellonelld andfoundno significantchanges?

Theoverall picturethatemergegrom this studyis consistentvith the conclusionfrom a
seriesof studieson unusuallyvirulent strainsof P. aeruginosaoundin CF patientsamplesThey
found that manyhigh virulent strainsproducedpyocyaninandothervirulencefactors(including
LasA protease;see Table A.4) earlier and in larger quantities than the less virulent strains.
However,the causeof this vanation was attributedto changesn the quorumsensingcontrol
mechanism&%1%° The currentwork suggeststhat there may also be a connectionto energy
metabolismandNADH utilization. We planto furthertestthis hypothesidy constructinga series
of double mutantsin which the genesinvolved in pyocyaninsynthesishave beendeletedfrom
strain that lack one or more NADH dehydrogenase§.hesedouble mutantswill be testedfor
virulence in comparisorwith wild type anda pyocyaninsingledeletionmutant.We expectthat,
if pyocyaninis thedirectcauseof enhancedirulencein theNADH dehydrogenaseutantsthese
doublemutantswould be no morevirulent thanwild-type P. aeruginosa.

3.5 Conclusion

P. aeruginosdas three different enzymes: NUO, NQR and NDH2, all of which carry out the
same redox function but have different energy conservation and ion transport properties. In order
to better defindghe roles of these enzymes, we construtiedseries of mutantgi) three single
deletion mutants, each of which lacks one NADH dehydrogenase and (ii) three double deletion
mutants, each of which retains only one of the three enzymes. All of the mutants grew
approximately as well as wild typehen tested in rich andinimal medium and in a range of pH
and [N4d] conditions, except that the strain with only NU¥n§rEYndh) has an extended lag
phase. During exponential phase, the NADH dehydrogenases contribute to totgpeigttivity

in the folowing order: NQR > NDH2 > NUO. Some mutants, including the strain without NQR
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(YngrF) had increased biofilm formation, pyocyarproduction, and killed more efficienttijan
wildtype in both macrophage and mouse infection mod&isistent with thisyngrF showed
increased transcription of genes involved in pyocyanin produdtferelationship between NQR
and pyocyanirproducton is proposed to bene of redox balancing in the cell. Upon deletion of
the major NADH dehydrogenase, an excess of NAdy acumulate due to the absence of NQR
activity. We propose here that this excess of NADH expertehgehe cellis redirected tohe
pyocyanin biosynthetic pathway, the final step of which is NAd#pendent. In this wae cell
can reestablish auitable NAD*/NADH ratio, however theconsequence of this physiological
adjustment is the generation of a hypervirulent strairnther wok needs to be done to characterize
the relationship between NQR and pyocyanin production, as well as the role for NADH isogrule
regulation inP. aeruginosahowever the evidence provided hetggests that NQR, by virtue of

its oxidation of NADH, plays central role ifP. aeruginosgathogenesis.
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4. NA* MANAGEMENT IN PSEUDOMONAS AERUGINOSA:
CHARACTERIZATION OF THE NA"/H" ANTIPORTERS

4.1 Introduction

The fundamentals of cellular survival rely on the maintenance of efficient energy
processing anthvorable internal conditions supporting essential cell biochemistry. Meeting these
basic requirements entails continuous remodeling ofuleel metabolism and homeostatic
processes to best suit changing external conditions. Two of the most importanstifditiencing
cell physiology, and those which feature the most environmental variability, "assmdHNd&
concentrationg® Although essetial for cellular life and proper functionality, fluctuations of these
ions to concentrations which are too highaw tow threaten cell viabilit§° Consequently, cells
have evolved robust mechanisms for the precise regulation and processing of tredsatpons.

One of the most ubiquitous tools time regulation oH™ and Na ion systems is the N&ad*
antiporter These secondary ion transporters usedhgradients generated via cellular respiration
to fuel the translocation dfla” (and other ionshcross the cell membranin bacteria, these
transportergprovide (i) cytoplasmic pH regulation, (ii) tolerance to fluctuationsalkalinity and
osmotic pressurdiii) efflux of toxic levels of substrate ions, and (iv) cell voluragulation®*3
In addtion, Na'/H" antiportersact as annterface between the™HandNa" electrochemical ion
gradients both of which can be used to flly cell process in bacteriiacluding ATP synthesijs
cell motility, uptake ofamino acids and essential nutrients, atfidbebf toxinsand antibiotics

As a central feature of mostacterial energeticdNa” and H ion circuits need to be
maintained to satisfy bothioenergetiand homeostatic requirements of the &&llTherefore the
activity of the Na/H* antiporters ismportant tahe maintenance of both ionic homeostasis as well
as efficient cellular energeticklowever,the ways in which these systems a@ordinated and

coregulateda feature which is likely criticab bacterial growtln dynamic environmentsemans
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poorly understoodro bettercharacterizéhephysiology of Naand H ion circuits in bacteria, we
have investigated their function in theevalent pathogeRseudomonas aeruginasa

Pseudomonas aeruginosaa remarkably ubiquitous granegative protebacteriknown
for its extensive environmentalrgsence and robust metabolic adaptabflifihe systems that
transport Naand H across the cell membrane bh aeruginosaare of central importance for
enabling this bacterium to survive and proliferiata wide range of habitgtand have even been
shown to contribute to the virulence of thimthogenPreviously implicated ifP. aeruginosa s
survival and infectious success, its four antiporters, NhaP, NhaB, Mrp, and NhaP2, are thought to
feature distinctharacteristics of ion specificity, substrate stoichiometry, and condigpendent
activity and expressioft.>®

NhaP was the first NAH" antiporter identified ifP. aeruginosalt is thought to catalyze a
1Na&/1H" exchangeand have little affinityfor any other ions’ NhaB was the second antiporter
characterized fror®. aeruginosaSharing62% identity with itsE. colicounterpartthis antiporter
has been shown to feature maximum activity at high pHisedpable of transporting both Na
and Li" acoss the membrart.The stoichiometry of exchange the NhaB fromE. coli is
3H/2Na" and is thought to be the sametieP. aeruginosaransportef! NhaP2 ofP. aeruginosa
sharing 65% homology with théibrio choleraeNhaP2*? is believedo transpot both N& and
K* and has been shown ¢ontribute toP. aeruginosavirulence towarddarley3® In addition, as
a notable complement to NhaB, NhaP2hought to feature maximum activity at lower.fH

The fourth and final W/H* antiporter inP. aeruginsa, Mrp, is unique form the previous
three transporters. NhaP, NhaB and NhaP2mceded foby singles genesA3887, PA1820 and
PA5021, respectivelyMrp however, a member of tiMdultiple resistance angH family, is a

multi-subunit protein complex enced for by 6 gene@A1054PA1059) inP. aeruginosaThis
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antiporter is believed to be the majda” extruder inP. aeruginosaand mutantsacking the Mrp
antiporter were found to have attenuated virulence in mouse middiggestingthat this
transporteplays a critical role ifP. aeruginosahysiology during infection.

The utilization of theséunctionally divergent enzymes is thought to produce a spectrum
of adaptive techniques enabling finely tuned ion management across the many variable habitats in
which P.aeruginosais found. Althoughsome of the characteristics of these antiporters hasm be
described previouslythere is a lacking in understanding of how thé&mnsporters work in
coordination with each other ammbntribute toP. aeruginosaphysidogy. This work seeks to
construct a comprehensive characterizatibthe physiological roles and kinetic parametefs
each of the individual N#H™ antiporters of.aeruginosa.

4.2 Results

4.2.1 Generation of Na*/H* Antiporter Deletion Mutants

To investigate thghysiological roles and kinetic parameters of each of the fotiH{a
antiporters present iR. aeruginosawe constructed otantstrains featuring the chromosomal
deletion ofone or more of thantiporterencodinggenes.in the case of the three singiene
encoded antiporterdNhaB, NhaP, and NhaP2, single genes PA182®B8BA, and PA021
respectively, werealeletedfrom the genome. For the mu#iubunit antiporter Mrp, the gene
encoding the MrpA subunit, PA1054, was removed from the genammeytation wich has
previously been shown to be sufficient for the inactivationhef complex® Single antiporter
deletion mutants have just one of the fouf/Naantiporters deleted from the chromosome. Triple
antiporter deletion mutants have three of the fou¥iaantiporters deleted from the chromosome,
allowing for the functional isolation afach individualNa’/H" antiporter A quadruple NaH*

antiporter mutantsghhakenhapmahap2anrpA) was constructed which has all four of the"/RE
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antiporters deleted from the aeruginosahromosomeSingle deletiormutantswereconfirmed
for gene deletion andequence homologyia sequencing of the confirmatid®CR product by
Eurofins Genomics(Louisville, KY, USA). The tripleand quadruple mutants designed in this
study were confirmedor successful gene deletion and sequence homdiggyGS genomic
sequencingdata not shown)

4.2.2 Deletion of Individual Na*/H* Antiporters Results in Range of Growth and

Activity Impacts. Growth of Na+/H+ Antiporter Deletion Mutants

To assess the imptof antiporter deletion in the series of mutants designed for this study
we screenethe pH and [N tolerance of these strains by measuring thesgh in a range of
pH and [N4] conditions Rich medium (LB) containing the specified conditions of Nand pH
was inoculated with the strain of interest anthsequengrowth was monitored for 20 hourBhe
resultinggrowth profiles of the series singleantiporter deletion mutanésn B,a an h a2, @a&n h a
and Zecompgared with wildypePAO1 are shown below in Figure 4.1

The most dramatic growth defect is observed in the strain lacking the Mrp antiporter. In
conditions of relatively low salt (50mM) and neutral pH (7.5) this sttamngrow as well awild-
typeand all of theothersingle deletiormutants. But when the [Njpor pH are increased outside
of that range, severe growth defects are immediately observed, in somappeEssaagdo be fatal
to the cells.The lag phasés sigrficantly prolongedas pH and [Ng are increasedwith this
mutantseemingly unable to groin conditions of pH 8.5 300mM Nand up. Howeveifollowing
a significant lag phase, ttemr pnAtantdoes eventually begin to groméapproach a final
density comparable to wildtyptn theaen h anfutant, the predominaeffecton growth isseen
during late stationary phase. Under conditions of pH 8.5 and NaCl concentrations of 300 mM and

alove, theeen h ahBs2a sustained growth defect. However, in all other conditions thehgobwt
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Figure 4.1: Comparison of growth of wildtype P. aeruginosa and single antiporter deletion mutants. Growth
curves of wildtype (red) and antiporter deletions mutants Anhab (purple), Anhap (green), Anhap2 (yellow)
and AmrpA (cyan) in LB at 170mM and 300mM NaCl concentrations, at pH 7.0 and 8.0. Changes in ODsoo

were measured using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37°C with
continuous orbital shaking at 217 rpm. Each curve was constructed using two biological replicates with three
technical replicates each, with standard deviation calculated accordingly and represented as error bars.
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this mutant does not significantly diverge from wildtype until the cells reach stationary phase, at
which point the dnsity of theeen h ac@#lt@re is consistentllower that wildtype. In the remaining
two single mutantsen h anBaen h ,ahBeffectof the antiporter deletion is less pronounced. The
growth of theeen h mWRant does not deviate from that of wildtype in ahthe conditions tested,
indicating that tle absence of this transportexrs no negative impact on growth in the conditions
presented. In theen h mBant strain alightgrowth defect can be seen in several of the medium
conditions during stationary phageowth, however the severity and onsetto$ defect appears
to vary across different conditions of pH and Na

To investigate the pH and Naolerance provided by each individual transporter, we
measured growth of the triple antiporter deletion mutants, each retaining only one of the four
Na‘/H" antiporters, in a range of pH and [J&onditions. The growth of the triple antiporter
deletion muants amhaphapzanrpA (NhaB only) amhalkemhab2enrpA (NhaP only)
amhalenhamanrpA (NhaP2 only) andamhakenhamahap2(Mrp only) compared with wildtype
PAOL1 are shown in Figure 4.2.

From the resulting growth curves, we can see that the presence of just theefour
Na‘/H" antiporters can support growth at pH 7.5 in" Mancentrations up to at least 0.5 The
only notable growth defect appears in the form of a prolonged lag phase and reduced exponential
phase growth rate in tteenhatemhapeamrpA (NhaP2 only) mwnt in conditions of 500 mM NacCl
at pH 7.5althoughthis mutant does eventually reach statior@rgise culture density comparable
with the wildtype strainAt pH 8.5, howeverthe mutant strains show more unique growth defects.
TheanhapmnhapzanrpA (NhaB only) andamhalenhapahap2(Mrp only) mutants can support
normal growth at pH 8.5.heamhakemhapanrpA(NhaP2 only) andmhalemhapzenrpA(NhaP

only) mutant strains on the other hand both show significant growth defects. In the mutant retaining
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Figure 4.2: Comparison of growth of wildtype P. aeruginosa and triple antiporter deletion mutants. Growth
curves of wildtype (red) and antiporter deletions mutants AnhapAnhap2AmrpA (purple),
AnhabAnhap2AmrpA (green), AnhabAnhapAmrpA (yellow) and AnhabAnhapAnhap2 (cyan) in LB at 170mM
and 300mM NacCl concentrations, at pH 7.0 and 8.0. Changes in ODsoo were measured using a Tecan Infinite
M1000 Pro plate reader during 20 hours of growth at 37°C with continuous orbital shaking at 217 rpm. Each
curve was constructed using two biological replicates with three technical replicates each, with standard
deviation calculated accordingly and represented as error bars.
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only the NhaP antiporter, the presence of NhaP alone cannot support growth in concentrations of
300 mM NaCl and above at pH 816.conditions of 170 mM NaCl and pH 8.5, the NhaP2 only
mutant strain again has a prolonged lag phase, a phenotype whichtaimesli@sthe Nd
concentration of the growth medium is increased to 300 and 500 mM Na€tesults indicate
thateach transportdeatures a uniqueapaciy to support growthsuggesting the uniqueoperties
of each enzyme.

The quadrupleantiporter deletiormutant strain(amhakesnhapmhapZanrpA) featuring
the deletion of genesncodindgessential for théunctional expression of all four of the known
Na‘/H" antiporters inP. aeruginosawas assayed for growtind found tademonstrate severe pH
and Na sensitivity The quadruple mutant has a significant defect throughout growth in even the
mildestcondition of 50 mM NaCl at pH 7.5, as shown in Figure 4.3A compared with the growth
of the wildtype strain. Decreasing the [0 approximately 0 mM does not improvestgrowth
of the mutant, as is shown in Figure 4.3B, indicating thatidfect expegnced in this strain is
not limited to conditions of Nastress At pH 7.5, the quadruple mutant cannot maintain growth
at NaCl concentrations above 50 miM.pH 8.5 the gadruple mutant is 10X more Nsensitive,
with the strain being unable to grow begdamM NaCl.The growth of this mutant demonstrates
the lethal effect okvenmoderate to low [Ng when the cell lacks Neeffluxing antiporters
However the ability togrowin up to 50 mM NaCat pH 7.5 indicates thahe cell ismaintainng
Na" homeostasiby some other means in these conditions. To understand theffNix properties
of each of the mutant strainaddeterminevhether the quadruple deletion mutant &iag Na+/H

antiport activity remainingwe proceeded to characterize the/Na antiport activity.
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Figure 4.3: Growth of the quadruple deletion mutant AnhabAnhapAnhap2AmrpA. (A) Growth of wildtype
PAOL1 (red) compared with the growth of the quadruple antiporter deletion mutant (purple) in conditions
of 50 mM NacCl at pH 7.5. (B) Growth of the quadruple antiporter mutant in varying external NaCl
concentrations at pH 7.5. (C) Growth of the quadruple mutant in varying external NaCl concentrations at
pH 8.5. Each curve was constructed using two biological replicates with three technical replicates each,
with standard deviation calculated accordingly and represented as error bars.
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4.2.3 Na*/H* Antiport Activity and Enzyme Kinetics

Previous efforts have been made to characterize the kinetic parameters of/the Na
antiporters ofP. aerwginosg howeversuch approaches relied on the expression of Ehe
aeruginosaenzymes in a N@H"-void strain ofE. col, thus removing the enzymes from their
native organism.ln this work we have undertaken the challenge of characterizing these
transportes in their native organism, providing what we consider to banatysis with greater
fidelity to thekineticsof the® enzymes if®. aeruginosa

To assesshe kinetic parameteisf eachof the individualNa“*/H* antiporter we measured
antiporter activityn evertednembraneesiclepreparedrom each othe tripleantiporterdeletion
mutantswhichretain only one N@H* antiporter Everted membrane vesicles were prepareuh
cells grown to stationary phaaad lysedvia a single pass through a Frenchssure cellNa'/H*
antiportactivity was measuretly the acridine orange fluorescence quenching method described
previousy®4and the activities were normalized according to total membrane protein concentration
By varying the concentration efibstratdNaCl added to stimulate N&* antiport we constructed
enzyme saturation curves for each of thé/Naantiportersand performedichealis Menten
model fitting usingGraphPad Prism 6 softwar€he corresponding plots aridnetic parameters
are summarizediFigure 4.4 and Table 4.1, respectively.

From this analysis we can see that each of the transpbidge unique properties of ion
affinity and maximum velocity of ion transporAt pH 7.5, &cording to the maximurturnover
rate the transporters indigiual capacities to transport Nare orderd as follows: NhaP > NhaB
>NhaP2 >MrpAs i t e x nhabknbap2AnmrpAtripleedeléion mutant, NhaRas found
to havethe greatest Vmaxf 62% fluorescence dequenchiag pH 7.5 However,the NhaP

antiporter was also found to hathee highest Kmvalue at pH 7.5 indicating thatof the fou Na'-
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Figure 4.4: Michaelis menten enzyme saturation plot for the Na*/H* antiporters of P. aeruginosa. Enzyme
saturation plots with Michaelis Menten fitting for NhaB (triangle), NhaP (circle), NhaP2 (inverted triangle)
and Mrp (square) at pH 7.5 (A) and pH 8.5 (B). Antiporter activity was measured in the presence of varying
substrate (NaCl) concentrations and the resulting enzyme saturation plot was subjected to Michaelis Menten
model fitting using GraphPad Prism 6 software. Error bars represent the standard error of replicate assays.

Table 4.2: Kinetic parameters of Na*/H* antiport in P. aeruginosa.

pH 7.5 pH 8.5
Antiporter ( r};rlcl) P ( :;rl\r/]' | P
NhaB 0.7+0.2 44 1.0x0.1 46
NhaP 6.7+£0.6 62 2.3+0.7 43
NhaP2 3.3x1.7 25 -- 12
Mrp 2.6+0.5 22 3.3x05 31

a\/max; % fluorescence dequenching

transporters, NhaP h#se highest maximumate of substrate turnover, khe lowest affinity for

Na" at pH 7.5When ordered according tpeatest affinity for Naat pH 7.5 the transporters are
ranked as follows: NhaB > i > NhaP2 > Nhap. Intestingly, thetrends observed in triple
deletionmutant growthat pH 7.5were found to follow a similgprogression, suggesting that'Na

affinity is of greater importance than maximum turnover natgvo during growth at pH 7.5
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At pH 8.5the Vmax of NhaP isdown to 43% fluorescence dequenching, supporting the
previous observation that Nhds optimal activity at pH 7.5owever the Km value for NhaP
at pH 8.5 is less than hdHat of pH 7.5, indicating that NhaP has much greatérMmity at pH
8.5 comm@red with pH 7.5The Km and Vmax values for NhaB and Mrp do not vary significantly
between pH conditions, although bothlues are greater at pH 8.5 compared with pH The.
mostnotable pHdependencw/as experienced by the NhaP2 antiporter, @ithaximum turnover
rate significantly lower than pH 7.5 anal Km value which was determined to be too low for
reliable measurementhis result again appears to support previous observations that the NhaP2
antiporter is of greater importance at low ffH.

Given thedifferences in substrate ions between the four transporters, we also assessed the
K* and Li" antiport activityin the triple deletion mutantdaximum antiport activies under
saturating conditions ofubstrate ion are summae in Figure 4. All of the triple deletion

mutans had lower Kand Li" antiport activitycompared tavildtype. In  t mhapAnAap2AmrpA

A. Li* Antiporter Activity B. K' Antiporter Activity

50% - 50% 1 mpH 7.5
OpH 8.5

Antiporter Activity
(% Dequenching)
>
N
Antiporter Activity
(% Dequenching)
>
N

0% - i’_}‘ iﬂ 0% -

WT NhaB NhaP NhaP2 Mrp WT NhaB NhaP NhaP2 Mrp
Only Only Only Only Only Only Only Only

Figure 4.5: K* and Li* antiport activity in triple antiporter deletion mutants compared with wildtype. Li*/H*
antiport activity (A) and K*/H* antiport activity (B) was measured according to the fluorescence quenching
method described previously (2.4.1.1) in membranes from stationary phase cultures of wildtype PAO1 and

each of the triple antiporter deletion mutants. Antiporter activity was stimulated by the addition of
saturating concentrations of substrate ion (20mM) at pH 7.5 (red) and pH 8.5 (blue). Antiporter activity is
averaged from two biological replicates with 2 technical replicates each. Error bars represent the standard
deviation between replicates.
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mutantthe majority ofLi*/H* antiport activityis still presenat both pH 7.5 and pH 8.6onfirming
that NhaBis the primary Li-extrude in P. aeruginosaBoth NhaP and Mrpalso had measurable
Li*/H* antiport activity, although to a lesser extenk. h enhadnhapdmrpA mutanthad no
measurable LiH" antiport indicating thatNhaP2is unableto transport Li. Each of thetriple
deleton mutants hdappreciablek*/H™ antiport activity, with NhaP2 notaphaving the greatest
K*/H* antiport activity at pH7.5. However, we have identified additional probabK*/H*
antiporters in the?. aeruginosagenome suggesting that the *kransport ativity measured in
these mutants @n accumulatia of activities rather than the independent activitthefindicated
Na‘/H" antiporters.

4.2.4 Cation/H* Antiport Activity in AnhabAnhapAnhap2AmrpA

To assess the Naxtrusion capacity af h @haAnhapAnha@AmrpA strain as well as
probe for additional antiporters . aeruginosacation/H antiporter activity wasneasured in
this mutant As described abey everted membrane vesicles were prepared from stationary phase
cellsand N&/H* antiport activity was measured by the acridine orange fluorescence quenching
method®* Fluorescence scans collected from this assay are shown in FigureTh®&Alack
arrowsindicate the addition of the NaCl solution to stimulate/Na antiport. As seen in the
wildtype trace, the addition of NaGlimulatesa largeresponse in fluorescence dequenching,
indicating a significant amount of N&l* antiport activity is taking plze. In the tracshown for
the quadruple deletion mutant, the addition of Haes not elicit the same responiset rather
induces a slight dmin fluorescence intensity followed by a slight recovery to the fluorescence
intensity prior to addition of theubstrate The assay is terminated by addition of 4IH to
establish aeference endpoint and ensure that the membrane vesiclpsopezly saled. The

absence ofluorescence dequenching following the addition of NaCl confirmsdheval of all
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Na‘/H" antiporters from the cellThe same result is achieved when LiCl is added sigbstrate,
confirming as well that all of the enzymes capableidfH* antiport have been removed from the
cell as well. However, when KCl is added as a substrate, therkk ¢@ssiderable K/H* antiport
activity (Figure 4.5B) indicating that there are additionaf/K* antiporters present. We have
identified threeputative K/H* antiporters remaining in the genomeA360, PA3739, and

PA5529, which are likely responsiblerfilnis activity.

A , AnhabAnhap B.
Wildtype Anhap2AmrpA i
100% B 20mM N+a
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Figure 4.6: Antiporter activity in the wildtype and quadruple antiporter deletion mutant
AnhabAnhapAnhap2AmrpA. (A) Fluorescence scans of Na*/H* antiport activity in wildtype PAOL and the
AnhabAnhapAnhap2AmrpA mutant which is devoid of Na*/H* antiporters. Antiport activity was measured

following the fluorescence quenching method outlined previously (see 2.4.1.1). (B) Cation/H* antiport
activity in wildtype PAO1 and the AnhabAnhapAnhap2AmrpA mutant using Na* (black), K* (red) and Li*
(grey) as substrates. Antiporter activities are averaged from three biological replicates and error bars
represent the standard deviation.

4.2.5 Transcriptional Changes in AnhabAnhapAnhap2AmrpA
To understand the physiologicabercussions of eliminiag all of the Na/H" antiporters from
P. aeruginosawecharacterized the transcriptome of the quadruple deletion mutant caiaptre
the wildtype strainCultures were grown in nutrient rich LB bro#t 50mM NaCl and cells were

harvestedduring mid-exponential (4 h) and stationary (15 h) phasésmparison ofthe
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transcriptome ovi | dt y phabArdapthhap2\mrpArevealed the gxressioAlevel changes

taking place in the quadruple mutant and provided insights intméasas by which this mutant
survives without and N#H* antiporters.As shown in Figure 4.7 he greatest transcriptional
changes are experienced during exponegt@iith, with202 genes having significantly increased
expression and 269 genes having significantly decreased expression in the quadruple mutant with
respect to wildtype. This is commar with only45 significantly increased and 17 significantly

decreasedenes during stationary phase growth in the quadruple mutant compared with wildtype.

OlIncreased
= Decreased

Number of Significant
DEGs
~ o
(3] o

| e
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Figure 4.7: Total number of differentially expressed genes (DEGSs) with significant
changes in expression in AnhabAnhapAnhap2AmrpA compared with wildtype PAO1L.

Among thosedifferentially expressed genes (DEG®&aturing significant changes in
expression in the quadruple deletion mutavere genes responsible for virulence dact
production, quorum sensiniofilm formation,and metabolism.

4.2.5.1PQSSignaling and Pyocyanin Production

Significant changes in expression of the genes encoding fBsthe@lomonaguinolonesignal
(PQ9- and pyocyain synthesis pathwaysere present indih exponential and stationary phase
AnhaAnhapAnhap2dmrpA cells. During exponential growtlgomponents oboth pathway$ad

significantly reduce@xpressiorcompared with wildtypeFigure 4.8Arepresents the logld
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Figure 4.8: Expression of PQS and pyocyanin synthesis pathways in AnhabAnhapAnhap2AmrpA compared with wildtype during exponential phase
growth. (A) Pathway view of expression changes during exponential phase growth. Green indicates a negative change in expression (log2-foldchange)
in the AnhabAnhapAnhap2AmrpA mutant compared with WT. Images are rendered using the Pathview function in Rstudio. (B) Heatmap showing
levels of transcripts of relevant genes in the quadruple mutant and WT during exponential growth. Total reads for each transcript were normalized
and log transformed using the DESeq2 rlog function in Rstudio and are z-scored by row. Columns labeled with ‘Pa’ and ‘Quad’ represent biological
replicate growths.



change of significant DEGs fno exponential phase cells overlaid onto the relevant KEGG
pathways. Genes highlighted in green are expressed at significantly lower levels in the quadruple
mutant compared with WT. From this figure, we can see that the gerwtirg the PQS synthesis
pathway, up until the2-heptyt4-quinolone (HHQ) intermediate, are expressed at significantly
lower levels in the quadruple deletion mutant relativeitdtype. This trend can be corroborated

by assessing thievels of transcri in each sample analyzeshavn here in Figure 4.8BThe

relative homogeneity between sampias be assessed as well, representeddserdor-codedz-

scores.

In the pyocyanin synthesis pathway, th® sets opphzAandphzBgenes responsible for
catalyzingearly steps in the pathwahave significantly reduced expressed, as wabheSwhich
encodes the last step of the pathWayhe genes composing the rest of the pathfedipw a
similar trend intotal transcripievelsrelative to WT (Figure 4.8Bhowever the changes do not
med thecriteriafor significance

During stationargrowth, there are again significant changes in the expression of these two
pathwaysUnlike the exponential phase cells, in the statignqdrase quadruple mutagspression
of the PQS synthesis pathwaysignificantly increased with respect to WHigure 4.9A) The
changes again are only up until the HHQ intermeditite final step in this pathway is catalyzed
by PgsH'? which isnot expressed at levetsgnificantly different fromWT. Expression of the
pyocyanin synthesis pathw&y/againdecreased with respect to wildtypéth the entire pathway
being significantly reduced in stationary phase cé&lss is a notable contrast é$s thought that
phenazine biosynthesis is positively regulatedP®§ which composes branch of the quorum
sensing systems iR. aeruginosa® However, in theAnhatAnhapAnhap2AmrpA mutant the

significant increase iexpression oéll thegenegpreceding thfinal PQS synthesis step does not
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Figure 4.10: Expression of PQS and pyocyanin synthesis pathways in AnhabAnhapAnhap2Amrpa compared with wildtype during stationary phase
growth. (A) Pathway view of expression changes during stationary phase growth. Green indicates a negative log2-fold change in expression and red
indicates a positive log2-fold change in expression in AnhabAnhapAnhap2AmrpA compared with WT. Images are rendered using the Pathview
function in Rstudio. (B) Heatmap showing levels of transcripts of relevant genes in the quadruple mutant and WT during stationary growth. Total
reads for each transcript were normalized and log transformed using the DESeq?2 rlog function in Rstudio and are z-scored by row. Columns labeled
with ‘Pa’ and ‘Quad’ represent biological replicate growths.



translate to increased pyocyanin synthesis, rhatiter this mutanhas significantly decreased
expression of that plaway.
4.2.5.2Virulence Traits

The Pseudomonasquinolone sigal (PQS) regulates many virulence traits iR.
aeruginosa pgs-null mutants have decreased biofilm development and reduoetlictionof
virulence factors, including pyocyanin, elastase, lectinraachnolipidsi®® Given tre changes in
PQSsynthesisye went on to investigate the expressiothiervirulence traits in the quadruple
deletion mutantPathwayanalysis revealesignificart changes in a variety @frulence traits and
some shifts in otlr quorum sensing pathwaysring exponential growt{iFigure 4.10)In addition
to thePQS signaling pathway, the quadruple mutant also has decreased expression ofRhe Lasl
guorum sensingystem The decreased expression of these two regulatory sysseiiely
responsible for the accompanying decreasexiponential phasexpression ofjenes encoding
lectin (ecB), rhamnolipids I(hIC) and elastasggxpression ofasA/B was decreased 2.6 and-1.7
fold, respectivelyFigure 4.11)

However, contrary tohie observed decrease in the production of virulence traits, biofilm
production in the quadruple deletion mutant is significantly increased with respect to wildtype.
Specifcally, genes encoding f@roduction of the Psl and Pel polysaccharides, bualgotate,
were expressed at significantly greater levels in the quadruple mftiris interesting that the
trend in biofilm formation runs contrary to that seen in tfagpction of other virulence traits, as
the production of biofilm is thought to begrdatedby the same QS pathwa3sThe divergence
in expression profiles indicates that the production of biofilm is being stimulated by other means
in the quadruple delein mutant, however the mechanisimderlying this process is not clear at

this time.
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Figure 4.12: Transcriptional changes in quorum sensing, virulence trait production and biofilm formation in
the AnhabAnhapAnhap2AmrpA mutant. (A) Pathway view of expression changes during exponential phase
growth. Green indicates a negative log2-fold change in expression and red indicates a positive log2-fold
change in expression relative to WT. Images are rendered using the Pathview function in Rstudio.
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Figure 4.13: Heatmap showing levels of transcripts of relevant genes in the quadruple mutant and WT during
exponential growth. Total reads for each transcript were normalized and log transformed using the DESeq?2
rlog function in Rstudio and are z-scored by row. Columns labeled with ‘Pa’ and ‘Quad’ represent biological

replicate growths.
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4.2.5.3ANRRegulon

Upon analysis of the genes with the greatest increasgraatest decrease in expression
i nnhakAnhapAnhapZAmrpAcompared with WT, we noted significant changes in expression of
the genes encoding the denitrification pathwasing exponential growtlan unexpected result as
our cells were grown in fully aeratednditions. Upon further analysis, it was noted that several
genes previouslghown to be regulated by the presence of oxygehsignificant changes in the
guadruple mutantThese genes are regulated ANR, and oxygen sensitive transcriptional
regulatorwhich is thought t@ontrol transcription of cellular components optimized for growth in
low oxygen and anaerobic conditiol8To assess the perceived relationship betvieedANR
regulonand the expressioprofile of our quadruple deletion mutant, wessreferenceshe genes
featuring si gnirfhadinBapdbhap2mepAtgoerses shawn tb liféeredtially
e X pr e s shAard. aerngin@sanitant

Of the 134differentially expressed genedentified in theAAnr mutant as regulated by
ANR,% 90 have significant changes in expression (log2FC > 1.5, adjustallip << 0.01)n the
AnhalAnhapAnhap2AmrpA mutant(Figure 4.2). Of the 44 genes which were not differentially
expressed in the quadruple mutant, 13 en@dymesesponsible for ahranilate metabolism
(antR antABG catR catABG xylXY2).1"108Thjs is notable, aanthranilate is the precursor of the
PQS synthesisgthway'°’ Given the observed decrease in the expression of the PQS pathway, it
is possible that the anthranilategadation pathways are presenas(i) a means of redirecting
anthranilate away from the PQS synthesis pathway and towards the TCAocyig)ethat the
reduced activity of the PQS pathway causes an accumulatiantlmfanilate necessitating the
expresn of the pathwaysatalyzingits degradation. This trend is revedsduring stationary

phase, with the expressionaitABCbeing signifi@antly reduced in the quadrupteutantand an
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Figure 4.14: Heatmap showing levels of transcripts of ANR-regulated genes in wildtype and
AnhabAnhapAnhap2AmrpA during exponential phase growth. Total reads for each transcript were
normalized and log transformed using the DESeq? rlog function in Rstudio and are z-scored by row.
Columns 1, 2, and 3 are WT biological replicate growths and columns 4, 5, and 6 are quadruple deletion
mutant biological replicate growths.
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increase in thexpressiorof the enzymes composing the PQS synthessisway.

For all 90 of the identified differentially expressed genaader ANR regulation the
changes iexpressiom n  nhanh@dxAnhap2AmrpAmutantfollowed the same trerasshown
for t h eanr mutant'®® suggesting that théNR transcriptional regulator may be similarly
disrupted in the quadruple mutaMany of the mossignificant changes in expression in the
guadruple mutant werfieund in the genes of the denitrification pathwayse genes encoding the
denitrification pathwgs in P. aeruginosatwo nitrate reductase(narGHJI, napEFDABG, a
nitrite reductaseind donor cytochromesg: (nirSMCFLGHJEN, nirQ, a nitric oxide reductase
(norBC), anda nitrous oxide reductageosRZDFLY) as well as cabperonicgenes encoding
hypothetical proteis, wereall expressed at significantly lower levels in the quadruple mutant than
in wildtype 2% Two of the five terminabxidase complexesytochromebks-2 (ccoN202P2Qp
and cytochromebos (cyoABCLE), are differentially expressedin the quadruple mutant
Cytochromecbks-2 is known for beingANR-regulated therefore the significant loss ata2
operon transcription is a filver indication thaANR is dysfunctional in this straif.

4.2.5.4Choline and Glycerol Metabolism

Significant changes were seen in the expression of choline and glycerol uptake transporters
in the quadruple deletion mutamanscriptome (Figure 43). This isnotable as both components
can yield osmoprotectants in the ¢&f!'%a feature which might be increasingly important to the
quadruple mutant. In the case of glycerol, it can itself act as an osmoprot&ttant,n the
process of choline degradatijdhe intermediate glycine betaine is produced which is known for
its role in osmoprotection irbacteriat!® Further, the activity othe P. aeruginosahemolytic

phospholipase (PIcH), a hydrolasevhich issecreted byhis bacteriunto degrade extracellat
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Figure 4.15: Glycerol and choline metabolism in P. aeruginosa. (A) Simplified pathways representing the

metabolism of glycerol and choline in P. aeruginosa, along with the relevant transporters. Dihydroxyacetone

phosphate (DHAP), glyceraldehyde-3-P (G3P), fructose-1,6-bis-P (F-1,6-BP). (B) Heatmap showing levels of

transcription of the significant DEGs related to glycerol and choline utilization in P. aeruginosa. Total reads
for each transcript were normalized and log transformed using the DESeq?2 rlog function in Rstudio and are
z-scored by row. Columns labeled with ‘Pa’ and ‘Quad’ represent biological replicates from exponential (log)

or stationary (stat) growth phase. (C) Growth of wildtype (red) and AnhabAnhapAnhap2AmrpA (purple) in
M9 minimal medium at 50mM NacCl supplemented with 20mM glycerol. (D) Growth of wildtype (red) and

AnhabAnhapAnhap2AmrpA in M9 medium +glucose at 170mM NaCl with 2mM choline (purple) and without

(blue). Growth curves are the averages of three technical replicate growths, with error bars calculated
accordingly.
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phosphatidylcholine (PC) and yield available choline and glycerol, has previously been implicated
in the stimulation of ANRactivity.*! Specifically, the stimulation oANR activity requires the

cell to be actively degrading chodinalthough the nehanisms governing this relationship have

yet to be defined*! In the quadruple deletion mutant, expression of plcH was not itself increased
in expression during exponential growth, but the expression of both the glycerol (glpF) and sn
glycerol3-P (glpT)transport proteins as well as two choline transport proteins (betT1, PA3888
3891 encoding protein complex OpuC) was significantly greater compared with their expression
in wildtype (Figure 4.2B). Upon further analysis, we found that tkatire suite of gnes
responsible for the glycerol degradation pathwWdwp until fructosel,6-bisphosphate (& ,6-

BP), were expressed at significantly higher rates during exponential growth in the quadruple
deletion mutant (Figure 43R). However, expession returned wildtype-levels during stationary
phase growth, suggesting that the quadruple mutant has some use for glycerol during exponential
growth specifically.

To assess the wutility onhalddghbpnbapnrpAwa nd ¢ h
conduced growth curvesidefined M9 minimal medium supplemented with both components. In
50mM NaCl M9 supplemented with 20mM glycerol as the sole carbon source (Figg(€a, 4tk
guadruple mutant was shown to have an advantage over the wildtype strain,mngratdbnger
expmential growth phase and reaching significantly higher stationary phase culture density. This
suggests that the quadruple mutant is utilizing glycerol more effectively that wildtype, a result
which is likely due to increased expressiontled enzymes compgog the glycerol metabolic
pathway. Furthermore, this growth shows a significant reversal of the pattern of growth shown in
rich LB medium. Even though the quadruple mutant is without its foidHNantiporters, this

strain can grow much better thanwgdtype counterpart in M9 medium with 50mM NacCl. It is
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possible that the quadruple mutant is better adapted to maintain efficient metabolism in-nutrient
limited conditions than the wildtype.

In M9 medium supplemented with 20mM glucose and 2mM cholirgmadar trend in
guadruple deletion mutant growth is found. Shown in FigurgDi.the presence of choline does
improve the growth of the quadruple mutant compared with its growth in the absemodirod,c
with +choline cultures having a slightly prolombexponential phase and reaching higher
stationary phase culture density. Notably, the quadruple again grows better than the wildtype in
the same conditions, although to a lesser extent than was gihglycerol supplemented medium.
Again it is possiblehat the increased growth in the quadruple mutant is a product of this strain
being better adapted to efficiently utilize the components provided in the M9 medium than
wildtype, however it is clear #t the presence of choline does benefit the quadruplenintd
some degree.

4.3 Discussion

In this study, we haveharacterized each of the four Wd" antiporters present iR.
aeruginosaand provided insight into the physiologicegpercussions of theloss. Through the
creation of triple antiporter deletionutants, we were able to functionally isolate each of the Na
transporters in their native organism and determinemizgme kinetics of Naranslocation. We
have also defined the l-extrusion pathways employed . aeruginosaand confirmed the
presene of additional K/H* antiporters in the genomé\ gquadruple deletion mutant was
generated which featured the deletion of all four/Na antiporters from theéP. aeruginosa
genome.Creaion of this mutant allowed us to confirm the absence of any addithdaaH"
antiporters in thé®. aeruginosggenome and provided the opportunity to assess the physiological

impacts that the deletion of all N&H™ antiporters has on the cellhis analys revealed
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connections between ion management amndlence trait prodction, quorum sensing, central
metabolism and\NR regulation in the cell. The profound impact of M#&" antiporter deletion
demonstrates the importance of these transpddemll functionality, but also provide infection
relevant insightinto P. aerugnosaphysiology.

4.3.1 Growth of the Single and Triple Na*/H* Antiporter Deletion Mutants

Single deletion mutantacking the NhB or NhaP antiportensere able to grow as well as
wildtype in all of the pH and [N4 conditions tested, indicating that the almerof these
transporters can bsufficiently compensated for by the remainiagtiporters in the growth
conditions assesseth the Anhap2 single deletion mutant, the absence of NhalAses a
stationary phase growth defect at pH ®ifh a progressive exponential phase growth defect a
the concentration of sodiursincreasedThemost significant growth defect experienced by the
AmrpAsingle deletion mutantn conditions of moderate pH and low sodium, this strain can grow
just as well as wildtype, but whetme pH or [N4] are increased the straexperiences a
significantly lorger lag phase arappeasunable to grow above 170mMaig| at pH 8.5However,
foll owing the pr ontpAmutpet dventuallpegipshoageow at ratedsienilaito
wildtype, indicating that this mutant does eventually overcome the absendanatianal Mrp
antiporterCompared with theuccessfugrowth ofthetriple antiporter deletion mutantef which
three similarly hadnrpA deleted in the same conditionsve believed that there is a period of
physiological adjustment taking place in thenrpA mutant that is not present in the triple
antiporterdeletionstrainshaving the same mutatioWhile the deletion of the MrpA subunit is
sufficient todisrupt Mrp N&/H* antiporter activity?® the remaindr of the Mrp operoris still
present in the genome and likely being transcribed at wildigypels. It is possible that ¢h

expression and partial assembly of the remgimMrp subunitgprolongs theorocess of the cell
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adapting to thdoss ofantiporterfunction accounting for the prolonged lag phas®l eventual
growthdemonstratethy theAmrpA while in thecloning ofthe triple antiporter deletion mutants
we have isolated strains whi@re adapted taolerate theloss of three of their four NAH*
antiporters, and are therefore primed to resporehtaronmental pH and [Nachallenge. Tis
hypothesis remains tme sulstantiatedhowevertheadaptive capacities of this bacterium mike
a possibility.

From the growth profiles of the triple antiporter deletion mutants we can begin to ascertain
the unique functional capacity of each of thdividual antiportersOnce & four of the N&a/H*
antiporters have been removed, as is the case in the quadruple antiporter deletionhawzlit,
becomes incredibly Naand pHsensitive jndicatingthat the attributeof Na" and pH tolerance
demorstrated in each of the tripleelktion mutants can be attributed to tia/H* antiporter
presentBoth Mrp and NhaB alone provide sufficient Wa" antiport activity to suppomormal
growth inall condtions tested, including those of pH and"N#&ressNhaP2 alone can provide
adequate Natolerance at pH/.5 maintaining normal growth up to 300 mM Na@Ilt high
concentrations of sodium and @b this mutant has arplonged lag phaselthough finakulture
densities are comparable to wildtygéie mutahthat has NhaP only is much less robust than the
previous three mutasitlt suffers a significant stationary phase growth defect at even 50mM NacCl
which progresseas the sodium concentration is increaseds firtutant isentirely unable to grow
in condiions of 300mM NaCl and above at pH 8&vealing that, on its own, NhaP cannot meet
the ionic requirements of the cellthese conditionslhe contrast between the ability of the Mrp
and NhaB antiporterto support growth in these conditions with thebiliig of NhaPto do the

samehighlights the differences in the properties of each of these transporters.
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4.3.2 Assessing the Kinetic Parameters and Physiological Contributions of the
Na*/H* Antiporters in P. aeruginosa

Whengrowth of each straimascompared \th the measured activity of eaadmtiporter
we identified a trend which might account for the greater pH afidddaance of NhaB and Mrp.
Analysis of the extrapolated kinetic parameters reveals #wording to Vmax, the NhaP
antiporter hashe highst rate of turnover of the four transporters pH 7.5, followed by NhaB and
NhaP2, with Mrp having the lowest rate of turnqwetrend which seems inconsistent with the
observedghenotype for each triple mutafitable 4.1) If we however considghe antipoters by
Km, we can see th#te pattern of Naefficiency better aligns witthe growth measured for each
strain. NhaB has the lowest Kof ~0.7 mM, followed by Mrp and NhaP2, with NhaP having the
highest Km and thus the lowest affinity for N@hetrends triple mutantgrowth at pH 7.5 suggest
thatNa" affinity, rather than a maximunate of turnoveris of greater importance ia*-tolerance
in vivoat this pH

Another notable differences between these antiporters is the proposed stoichmmetry
exchame catalyzed by eachlhaP catalyzes the exchange dfi'lfor 1 Na',*” while both NhaB
and Mrp are thought to catalyze electrogenic excha8tg&#qNa" and 2H/1Na', respectivelyfl44
In this case NhaB and Mrp will be much more efficienttderators of cytsolic pHwhen grown
in conditions of high external ptAt pH 8.5, NhaB has both the highest Vmax and the lowest Km
of the four antiporters, indicating that this transporter is welipgepa tosupport ion homeostasis
at high pH(Table4.1), as we are shawby the growth of this mutant at pH 8.5 500 mM NacCl
Howevetr it is followed by NhaP, which hasrear 3fold increase in Naaffinity at pH 8.5 and
then Mrp, which has the lowest nse@ed Na affinity at pH 8.5 Therefore, it is likely that during

growth at high pH, the efficiency gfH managemer(stoichiometry) becomes more important to
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cell survival than Naaffinity.

At pH 8.5, NhaP2 activity wasignificantly lower tlanat pH7.5. This is consistent with
results in NhaP2 homologshich indicate tht this antiporter is essential for growth at low3H.
The substrate binding curve generatedNhaP2 indicated that the Km for Nat this pH was
much lower than pH 7.8Figure 4.4, howeversubsaturating concentrations of NaCl were not
available for his assay, and thus the Km could not be reliably determinestiditionto Na'/H*
antiport, NhaP2s thought to catalyze #H* antiport as well. From this analysis it is difficult to
conclusivelyconfirmi t '*/BlI" a®ivity as the quadruple deletion mutdrad substantial KH*
antiport activityas well(Figure 4.6)likely performed by K-selective antiporters encoded for by
PA3660, PA3739 and PA5528lowever the inability of NhaP2 to transport kiiggests that the
binding site of this enzymeannot accmmodate the small Liion; a result which would be
expected fom transporter with a large substrate binding site designed to coordinate much larger
K* ions (Figure 4.7) Conversely, thesignificant Li'/H* antiport activity of NhaBhas inverse
implicationsfor the substrate binding site(s) available in this protetrich appear to be ideally
structured to accommodate the' lion size. The observed “Liactivity for each of theour
antiporters may provide insights into the size of eachz y substrate bidingsite (Figure 4.7)

4.3.3 Transcriptome of the AnhabAnhapAnhap2AmrpA Mutant: Implications in

Virulence

Antiporter activity measurements in the quadruple deletion matanrfirm that the strain
possess no NAH* antiportergFigure 4.6)andis therefore searely limited in itson management
capacities. To undeestd the impact that thadefect will have on cell physiologye analyzed the
transcriptome of this mutant in comparison with wildtype during both exponential and stationary

phase growthThe greateschanges in expression were measured during exponemtrehg with
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a total of 471 genes having significant changes in expression in the quadruple deletion mutant
(Figure 4.7) Given thepathogenicity ofP. aeruginosawe first investigaté the changesni
expression of genes known to contribut@®t@eruginosavirulence.

During exponential growth, the quadruple mutant has significant decreases in genes
encoding two of the four quorum sensing (QS) pathwaysP#sidomonaguinolone system
(PQS) and taLasl/R two component systeffigure 4.1).%° These QS pathways are responsible
for controlling the expression of several virulence traits includlagtases, rhamnolipidsnd the
characteristic pigmented toxin pyocyaffnConsequently, the expressiai each of these
virulence traitswas also sigificantly decreased during exponential growth in the quadruple
mutant.The production of biofilm, another characteristic traiPofaeruginosais also controlled
by these QS pathwaysoweverthe expressiorof gene encoding for the synthesis of the
extracellular polysaccharides which compose the biofilm méaskand Petf*were significantly
increased in expression in the quadruple muf@igure 4.1). This result is inconsistent with the
reduction of & signaling indicating that the production dfiofilm is being regulated through
other means. This mutant also kasignificant increase in tlexponential phasexpression of the
genes encoding for the peptidoglycan biosynthetic pati{aes Figure B.Tor pathway view)
This is notable as both presses obiofilm formation and peptidoglycan biosynthesépresent
an effort by the cell to fortify the barrebetween the cell and the exterior environmeerd have
been implicated in antibiotic resistange P. aeruginosa*>*'# |t is possible that these two
processes may be linked in this mutant, howeveutitiey of these processes in the face of'Na
and H imbalance is not clear.

During stationary pree growth, the expression of thene encoding tle PQSsynthesis

pathwayis significantly increased in the quadruple deletiontant, with the exception of the
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pgsH, which catalyzes the final step in the pathway and converts HHQ tovRCGH NADH
dependat reaction'®?> As explained above, the P@®nalng cascade is thought to regulate the
production of pyocyanin if. aeruginosaHowever, the expression of the genes encoding the
pyocyanin synthesis pathway rem@significantly decreased with respectitdtype, indicating
that, although the PQSgnding cascade is likely functioning, it is not eliciting the expected effect
on pyocyanin productionThe reduction in pyocyanin productiauring both exponential and
stationary phase growth in the quadeupiutantepresents an interesting correlatiorwastn the
guadruple mutant and tHenqrF mutant discussed in Chapter Although it remains to be
conclusively demonstrated, we believe that the NADH dehydrogenase NQR couptesdfer
of electrons from NADH to quinone with the translocation of Masout of the celllf this is the
case, itwould make thectivity of NQRvery important in the quadruple mutant, as it may be the
only means left by which the cell can extrude€ Na

The relaibnship between NQR and pyocyanin synthesih@\ngrF mutantis argued to
be a function of redox balancing by the cell, with excess NADH being shuttlpgottyanin
synthesis to restore the cellular NANADH ratio. Therefore, the reduction in pyocyanin
synthesis in the quadruple mutant may be evidence of an inkget®nship, in whichthe
synthesis of pyocyanin is sacrificed in favompodvidingNQR with NADH to support maximum
Na’ extrusion.In addition, the final step in the PQS synthesis patheatplyzed by PqsHs also
NADH-dependent® presenting that sibility that theexponential phasexpression of both
pathwaysis significantly reduced in the quadruple mutant for the sake of redirecting NADH to
NQR. There is some evidence for the pitiaation of NQR over its H-translocating counterpart
NUO in the quadruple mutant (seleigure B.2), however this trend in expression needs to be

corroboratedvith measurement of NADH:quinone oxidoreductase activiligs.role for NADH

91



in virulence regulatiornas been demonstrated previouéiowever therole for NQR and by
extension the Na+/H+ antiporters, has not been well defined. These sydtsst hat the
efficient management of cellular Nis critical toP. aeruginosagathogenesis.

4.3.4 Transcriptome of the AnhabAnhapAnhap2AmrpA Mutant: ANR Regulon

Another noable feature of the quadruple mutamanscriptome is theeduction in
expression of reportedANR-regulated genes. Upon cross referencing the quadruple mutant
transcriptome with the trangpgtomeof a P. aeruginos&anr mutant®® it was reveadd that no
only are a significant number of the DEGs shared between the two lists, but that the changes in
expression experienced in both straare analogous. Thicomplementaritysignals that the
guadruple mutant may be experiencing a disruptioANR activity, and trerefore the genes
controlled by this transcriptional regulator are not being expresbed.ole ofANR in the cell is
to work as a regulator @fenesequiredfor anaerobic growtf°® Similar to the FNR regulator of
E. coli, this proteinrequiresan assembled [4F4SF* clusterto dimerizeandbind DNA*®When
oxygen is present, the £ cluster will be oxidized and tH&NR protein will become inactive,
t hus * tur ni n gthemgénes withinitsregaditHowewer, thefcellsrgwn for RNA
sequencing were grown in fully aerated conditions, raising the question cAKBws active in
the oxicwildtype cells.

The changes to expression of &kié¢R regulon in the quadruple mutanticateshat some
consequence of N&H* antiporter deletions interruptingANR function. In addition to being
oxygen sensitive,he activiy of ANR is redox sensitiveas well!'® Given the proposed
compensatoryole of NQRin the quadruple mutant is possible thathe cell is suffering aedox
imbalance whichmpedesANR function.If this is the casgthese cells would likely be incapable

of anaerobic growth, however this hypothesis remains to be tékiadtheless thdisruptionof
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ANR has important implications fonetabolism andirulence inP. aeruginosaAmong the ANR
regulon are several respiratory enzymes, most prominently a series of terminal electron acceptors
including cytochromecbhs-2, cytochromebos, nitrate reductasenitrite reductasenitric oxide
reductasendnitrousoxidereductaseTheimplications forP. aeruginosaespiration are therefore
quite significant in the quadruple deletion mutdntaddition, gidence suggests that the ANR
regulonand related pathways aneportant taP. aeruginosadaptation and lonatermcolonization
of the CF away.”'*1kanr mutantswere shown tdawe significationattenuabn of virulence
during respiratory infection in micevith bacteria beingargely cleared from the mouse lujugt
24 hours posinoculation!!! Therefore the cellular processes infloiery and dictating ANR
activity may play a role in the progression Bf aeruginosanfection, making a case for the
importance oNa" and H homeostasit P. aeruginosgathogenicity.

4.3.5 Transcriptome of the AnhabAnhapAnhap2AmrpA Mutant: Choline and

Glycerol Degradation

Genes encoding choline and glycetrainsporters were expressed at significantly higher
levels in the quadruplageletionmutantcompared with wildtypelt is possible that this phenotype
is just an attempt by the cédl encourage the uptalof these compmds for the osmoprotection
that they providé® The deletion of all of the N&H* antiporters has likely left the celtaore
susceptible toosmotic stress and thus the increase in expression of the choline and glycerol
transporters maysiply be a meansf osmoadaptation in the mutaimhis is likely the casduring
stationary phase growtkVhile there are several genetated to choline and glycerol procesggin
which are increased in expression durxgonential growth, during stationagyowth the OpuC
transporterwhich has beeshown to play a primarily osmoregulatory rotehe specie$!® is the

only enzymestill being expressed at significantly greater levels in the quadruple mutant.
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However, during exponential phase growthe uptake of theseompounds can have greater
implications inP. aeruginosahysiology

Choline and glycerol uptakbas been shown to be importaniuring P. aeruginosa
colonization of the lungikely in relation to the activity of the hemolytic phospholip#s (PIcH)
secretedby P. aeruginosaPIcH catalyzes the degradation of extracellular phosphatidylcholine
(PC) into its component parts, including both choline and glycerol, which theiltetike in and
utilize.*® PC is the major phospholipid componeftpulmonary surfactant and is thought to be
an important nutrient fd?. aeruginosaluring lung colonization. Mutants having defective choline
and/or glycerol degradation pathways werewaimao have attenuated virulence in mouse lung
infection model$}® indicating the importance of the metabolism of these two components to
infectious success . aeruginosaGiven the results of quadruple mutant growth on both glycerol
and choline, it isclear that the mutant is primed to utilize these compondihis.increase in
expression of both choline and glycerol uptake proteins, as well as the genes encoding the glycerol
degradation pathwaynay suggest that thereasrelationship betweeNa" and H ion gradients
and the excretion and activity of Plcldr alternéively the cellsability to metabolze of the
products of PIcH activity.

In addition, @idence suggests that thetivity of PlcHandsubsequent choline degradation
by the cell areessentihfor the activation of ANR!! Specifically, it was found that & choline
degradation pathway needs to be activePinaeruginosato stimulate ANR.Although the
expression ofplcH is unchanged in the quadruple mutant, the relationship between choline
metabolism and ANR activity presents the possibility that the iner@asholine uptake proteins

may be in an effort to stimulate ANR activity in the AMNliefective cells.
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4.4 Conclusion

In this study we have shown tHat aeruginosgossesses four N&l* antiporters each
with unique properties of ion affinity, pependenceandion specificity. This work presents the
first enzyme activitycharacterization of the NhaP2 antiportePireeruginosa revealing that this
enzyme is unable to transport laind is likelya contributor to Naand K'-extrusion during growth
at low pH.In employingso many complementary enzymes,aeruginosaan maintain efficient
ion homeostasis across a wide range of [Mad pH conditions, an attribute which enables the
environmental ubiquity of this microb& addition to defining the propertied the individual
Na‘’/H" antiporters, we have also assek#ee role of ion management in the physiology and
pathogenesis d®. aeruginosaDeletion of all four of the N@H"* antiporters fronP. aeruginosa
resulted in significant transcriptional changeshi@ mutantmost notably in processes of quorum
sensing, virulence trait production, ANR activipd metabolism. The greatest changes in cell
physiology are seen during exponential phase, at which tieneethis expected tmetabolically
active.The changes experienced in the quadruple mutant suggest that the central metabolism of
the bacteriumis shifted significantly from wildtype The quadrupledeletion mutant has a
significant reduction in the expr@en of several cell traits that are thougitbe important to
infectious success the CF lung, indicating that then management provided by the four'i&
antiporters may bef increased importance during respiratory infectidreproposedelationship
between the N@H* antiporters, the NAB dehydrogenase NQR and pyocyanin production
presents a very interestimgtersection between ionic homeostasis and redox balahich has
important, infection relevant implications . aerugnosa physiology. Further investigation
should be carried oub better define this relationship addcern the role which is plays i

aeruginosgpathogenicity.
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5. CONCLUDING REMARKS AND FUTURE DIRECTIONS

In this study we have presentaccomplete characterization of teazymes responsible for
Na" and H gradient generation and regulationPseudomonas aeruginas&/e haveelucidated
the “hierarchy’ of NABD.HReruedsagind detegnmed AQRtsbefhe e s e n
major NADH cehydrogenase in this bacterium. We have identified the fotuiHNantiporers
present inP. aeruginosaand revealed that there are additionalHK antiporters present in the
genome which remain to be characteriz&dd most intriguingly, we have begun tmcover a
dynamic system oionic, metabolic and pathogenemoperation inP. aeruginosawhich may
provide infectionrelevant insights in the development of namtibacterial strategies agairit
aeruginosa From the data presented here, it appearsthigae is arelationship betweeion
regulation, NADHmetabolism, angbyocyanin productiorvirulencesignalingin P. aeruginosa
Upon deletion of NQR, there issignificant shift in the onset of virulente an earlier timepoint
and a significant increase the production of pyocyanin by the strain. It is hypothesized that this
shift in virulence activation and pyocyanin production is due to an imbalance of/NADH
introduced by the NQR deletion. Interestinglye phenotype in the quadruletiporter deletion
mutant is the inverse, with virulence trait production signifigackkcreased with respect to
wildtype. This is notable as NQR is believed to cougléetron transfer to the translocation of Na
across the membrane. In the quadrupleta mutant, which halest four of its primary N&
efflux enzymes, the activity of @R will be critical tocellular management of Nand therefore
it is proposed that NADH would be redirected to NQR tefgrentially fuel itsNa™-pumping
activity. Theproposal that NADH isegulating virulence initiation if?. aeruginosas supported

by the observedeciprocalp he n ot y p engr a in dnhatAhhapAnAap2AmrpA however
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further characterization of these mechanisms is requiredlyalefine this regulatgr mechanism
in P. aeruginosa

Tofurther test the proposed hypothesewill be beneficial to construct adble mutant strain
which hasboth NQR and the genes responsible for pyocyanin synthesis deheteibserve the
virulence and virulence trait production of this streincomparison with wildtype and drain
which retains NQR but is defective in pyocyarsynthesislf it is the cae that the increased
productonofpyocyanin is giving r i 9\.¢gstraim théanlwewohly per vi
expect this double mutant strain to be no more virulent than wildfperescencdifetime
imaging microscopy methods exist for the moriitg of NADH in P. aeruginosaMeasiring the
NADH dynamicsint h e wi had angAmteaAnhapAnhap2AmrpAmay provide insights into
the redox state of each mutant. Time based experiments may reveal the shifts in redux state
different time points in gmwth, which mayallow for the detenination of discrete virulenee
transitions for each mutant, providing evidence orrdigilation of virulence in each straifhis
information will provide insightritical to our understanithg of the relationships between ion

management, biochemistry apdthogenicity irP. aeruginosa
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APPENDICES

Appendix A Supplementary Information for Chapter 3: The Three NADH
Dehydrogenases of Pseudomonas aeruginosa: Their Roles in Energy Metabolism and
Links to Virulence

Al1lGr owtalr amet eor NADH Belydrogenase Mutants
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Figure A.1: Growth curves of wild type PAO1 in LB (A) and SCFM (B). Changes in ODso Were measured
using a Tecan Infinite M1000 Pro plate reader during 20 hours of growth at 37°C with continuous orbital
shaking at 217 rpm. Each curve was constructed using two biological replicates with three technical
replicates each, with standard deviation calculated accordingly and represented as error bars.
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Table A.1: Doubling times? for WT PAOL, single, and double NADH dehydrogenase deletion mutants in LB
medium®.

Growth Parameters in LB

pH 7.0 pH 7.0 pH 8.0 pH 8.0

170mM NaCl 300mM NaCl 170mM NaCl 300mM NaCl
Strain Doubling Time (min) Doubling Time (min) Doubling Time (min) Doubling Time (min)
PAO1 26.6 +1.8 222+23 249+14 306 +24
Andh 27.7+16 26.5+4.3 258 +1.7 328 +2.7
AnuoG 304 +2.9* 31.6 +6.6* 33 +3.2* 41.8 + 5.6*
AngrF 31.2+1.1% 33+ 1.5% 295+ 2.1* 39+ 2.1*
AngrFAnuoG 39.5+ 0.7 50.5 + 0.7** 442 £ 2.3* 59.1 £ 3.4*
AnqrFAndh 449 £ 1.7* 415 £ 1.7* 39.3 £ 2.2** 45.8 + 8.3**
AnuoGAndh 34.4 + 1.8* 34.8 + 1.8** 32.8 £ 2.3% 40.4 £ 3.7*

aMaximum growth rates and doubling timesre determined using the fit_easylinear algorithm provided in the
growthrates R package [32, 33].

® Above parameters calculated from growth curves depint€jures 1 and 2.

*indicatesP-val ue < 0. OPtyal*de iandd.c@Es

Table A.2: Doubling times? for WT PAOL, single, and double NADH dehydrogenase deletion mutants in
SCFM medium®.

Growth Parameters in SCFM

pH 7.0 pH 7.0 pH 8.0 pH 8.0

170mM NaCl 300mM NaCl 170mM NaCl 300mM NaCl
Strain Doubling Time (min) Doubling Time (min) Doubling Time (min) Doubling Time (min)
PAO1 404 + 3.8 39+7.7 38+24 32876
Andh 333+14 30.9 £ 3.9* 27.6 £ 1.0** 27.2 + 3.0*
AnuoG 40.7 + 3.6 359+26 38+1.8 344 +58
AngrF 37.9 £ 2.6* 349+49 32718 29.8+4.2
AnqrFAnuoG 421 +4.4 47.8 + 0.8* 379+28 42.8 t 4.6*
AnqrFAndh 424 +2.3 39.7£8.5 84.6 + 1.0** 794 £ 6.9*
AnuoGAndh 46.7 £ 1.6* 40.7 £1.0 46.4 = 2.4* 43.3 +3.3*

aMaximum growth rates and doubling times were determined using the fit_easylinear algorithm provided in the
growthrateR package [32, 33].

® Above parameters calculated from growth curves depictedyiurés 1 and 2.

*indicatesP-val ue < 0. OPtyal*de ind0.c@d®.s
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Figure A.2: NADH:quinone oxidoreductase activity in wild type (PAO1) using NADH and deamino-NADH as
a substrates. Membranes were harvested in exponential and stationary phase. Enzyme activity is defined as
the pmoles of NADH (or deamino-NADH) consumed per minute per mg of membrane protein. The reaction
contained: 100pM NADH, 50uM ubiquinone-1 and 100mM NaCl. Changes in absorbance were followed at
340nm (enapH= 6.22 mM™t cm™). Stars indicate p-values of < 0.01 compared to WT according to student’s t-

test.

Table A.3: NADH dehydrogenase activity?.

. Activity (% of WT);  Activity (% of WT);
Strain SHZyESpe sent Exponential Phase  Stationary Phase
Wild type (PAO1) NQR, NUO, NDH2 100% 100%
AnuoGAndh NQR 48% 48%
AnqrFAndh NUO 15% 46%
AngrFAnuoG NDH2 37% 49%
AngrF NUO, NDH2 41% 54%
AnuoG NQR, NDH2 67% 53%
Andh NQR, NUO 62% 62%

Wild t PAO1 NQR, NUO, NDH2*
i d el M L 70% 62%

w/ deamino NADH

aActivities for each strain represented as a percentage of wild-type activity (100%)
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Figure A.3: Surface images of biofilm at mid-attachment. Representative surface images of biofilm
produced by WT (A), Andh (B), AnuoG (C), and AnqrF (D) at the 6-hour timepoint.
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Figure A.5: Surface images of mature biofilm. Representative surface images of biofilm produced by WT (A),
Andh (B), AnuoG (C), and AngrF (D) at the 24-hour timepoint.
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Table A.4: Differential gene expression in the AngqrF mutant compared to WT in exponential and stationary

phases?.
. Log FC Log FC
Gene Function - P-value o2 P-value
Exponential Stationary
pelA 0.2673 0.05¢ -0.1790. 21
pelB 0.24770.09¢ 0.0470.79
pelC Encode nzyim 0.42210.09: -0.27((0. 33
pelD Pel exopoly 0.6675 0.00" -0.0010. 99
pelE biosynthe 0.306400D7' -0.1190.50
pelF 0.1011 0.49% -0.2980.009
pelG -0.185€¢€0.261 -0.06 0.67
algD -0.08540.62¢ -0.1070. 47
alg8 -0.025€¢€0.882 0.0140.93
alg44 0.16510.372z -0.1880. 39
algk 0.2386 0.18¢ 0.0560.79
algE 0.40800.01«4 0.0100. 95
algG Encode enzxyghl -0.03050.822 0.1490. 36
algX al ginate b 0.69600.00C 0.12830. 39
algLL 0.6004 0.00t 0.6190.01
algl 0.12410.39¢ -0.0660. 66
algJ 0.34050.051 0.0120.96
algF 0.3246 0.021 -0.040. 77
algA 0.4169 0.00z 0.0040.097
pslA 1.1199 4. 4 0.5380.00
psiB 1.3512 9.453 0.2330.15
psiC 1.2309 1.05B2 0.2120. 23
psiD 1.1257 1. 38 0.1310. 39
pslE Encode enzym 1.2221 3.64% 0. 2750.09
psIF Ps| exopol ) 1.3526 1.8122 0. 2950.06
psiG bi osynthe 1.1503 6. 012 0. 4450.01
psIH 1.2790 2. 714 0. 4340.01
psll 1.2347 1. 2B 0. 3920.02
pslJ 1.1545 1. 16 0.3660. 03
psIK 1.0559 1.9 0. 2990.09
psliL 1.1087 1. 88% 0. 306 0. 04

lasA LasA protase precursor 2.724534 8.12E20 -0.1253 0.315322

mexE 9.0118 O 5.518 0

mexF MeXEE?FH,'U\'um'M"“ 8.908€ O 5.062 0

oprN P 8.403€ O 4.903 0
Me x S, regul a

PA2491 opr N 3.3674 0 3.851 0
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mexG 3.2539 4.9/83 0. 4381. 46
mexH Me x GEBp mD RN 3.2204 1.824 -0.2830.009
mexI Effl ux Pu 3.0209 1.2838 -0.5050.00
opmD 3.7088 0 -1.11 1. 258
A positive value i ndi cratFeompaeedto wildype: Rvaluesengre e X pr e

determined using the calculations outlined in Materials and Methods.
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Appendix B Supplementary Information for Chapter 4: Na* Management in
Pseudomonas aeruginosa: Characterization of the Na*/H* Antiporters
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Figure B.1: Exponential phase expression of the peptidoglycan biosynthesis pathways in the
AnhabAnhapAnhap2Amrpa mutant compared with wildtype during exponential phase growth. Heatmap
showing levels of transcripts of relevant genes in the quadruple mutant and WT. Total reads for each
transcript were normalized and log transformed using the DESeqg2 rlog function in Rstudio and are z-scored
by row. Columns labeled with ‘Pa’ and ‘Quad’ represent biological replicate growths.
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Figure B.2: Pathway view of expression changes of the peptidoglycan biosynthesis pathways in
AnhabAnhapAnhap2Amrpa compared with wildtype during exponential phase growth. Green

indicates a negative log2-fold change in expression and red indicates a positive log2-fold change in

expression in AnhabAnhapAnhap2AmrpA compared with WT. Images are rendered using the
Pathview function in Rstudio.
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Figure B.3: Expression of the NADH dehydrogenases in AnhabAnhapAnhap2Amrpa compared with wildtype
during exponential phase growth. Heatmap showing levels of transcripts of relevant genes in the quadruple
mutant and WT. Total reads for each transcript were normalized and log transformed using the DESeq2 rlog
function in Rstudio and are z-scored by row. Columns labeled with ‘Pa’ and ‘Quad’ represent biological
replicate growths.
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