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Pseudomonas aeruginosa is an opportunistic MDR pathogen

Leading cause of morbidity and mortality in
individuals with cystic fibrosis or
Immunosuppression.

Frequent cause of hospital acquired infections
(ventilator associated pneumonias, urinary tract
infections, device/graft infections).
Treatment is challenging due
to Pa’s ability to resist most

currently available antibiotics.



P. aeruginosa is intrinsically resistant to many types of antibiotics
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Can we identity all Pa gene products that
contribute to intrinsic resistance?
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Can we map chemical space to identify what

gets in and stays in P. aeruginosa? * 09
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1. Detecting compounds that perturb cell homeostasis
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Riboswitches (RNA elements)
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Riboswitches (RNA elements)
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— —
Specialized RNA structures ‘

located in the 5'UTR of i
' . erminator
certain bacterial mRNAs. stem loop OFF

Ligand O) \l They selectively bind metabolites:

conformational change

9 Transcription elongation

Gene expression regulation

(genes essential for viability and virulence)



Riboswitches monitor diverse biochemical pathways

and signaling processes

Amino Acids

Nucleotides/Precursors

Coenzymes/Precursors

glucose-6-P ——PRPP glutamine aspartate cysteine

cysteine glycine SCle SAH

serine tryptophan aspartate

glycine tyrosine glycine SAM
Ialanjne tphenylalanlne 2 glycine methionine
eucine < pyruvate
valine V\) THF
asparagine histidine dTMP AR Y"T cysteine
aspartate rosine
il arginine ATP« > TR  dUMP Y
threonine Nt Y HMP-PP
_melthionine gh‘l taar]?ﬁ:e ¢ ¢ preQ v
isoleucine : :

histidine adenine gggsg\e TPP PRPP
Elemental lons Signaling Molecules ”bmose'&pfho‘%phate
Stress GTP FMN —>> FAD
X X (— Signal _ AdoCbl/AqCbl
ATP C-dI'GMP ) )
Mg2* Mn2* Ni2*Co?* F-~ GTP c-di-AMP cobinamide
c-AMP-GMP Cysteine ATP
Others (P)PPGpp
?—»guanidine ?—»azaaromatic )
alanine Moco/Weo
Cell Wall Precursors SAM
UDP-N-acetyl-

glucose-6-P 7? glucosamine-6-phosphate —>»

glutamine glutamate

a-D-glucosamine

methionine GTP

Perkins KR et al., 2019



ZTP riboswitch reporter in P. aeruginosa

Constitutive

promoter ~

PexoT | ZTP riboswitch lacZ

4 N

\
m

Early terminator loop:
lacZ is not expressed.

ZTP sequence from
Pectobacterium carotovorum



ZTP riboswitch reporter in P. aeruginosa
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Riboswitch responses to trimethoprim (TMP) in the
presence vs. absence of efflux

Fold change of induction
(treated/untreated)
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Riboswitch responses to trimethoprim (TMP) in the
presence vs. absence of efflux
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Efflux-proficient vs. efflux-deficient strain responses

negligible
less effective efflux
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Beta-galactosidase assay vs LC-MS:
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Beta-galactosidase assay vs LC-MS:

Ormetoprim
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The levels of lacZ induction reflect levels of
compound accumulation within the cells.

Randy Hamchand, Crawford lab.



HTS to map chemical space to identify what

gets in and stays in P. aeruginosa * 09
O
O IR NN NN NN /'O
= ’
A” Which *
Which compounds are compounds
efflux substrates? can enter?

Which compounds

‘ remain inside?
gl
w J

o

;IIIIIIIIIIIIIII!IIIIIIII




ZTP Riboswitch High-Throughput Screen

L2 Diagnostics

Total number of

compounds

Libraries screened
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Libraries

Selleck (1,280)

LOPAC1 (1,280)

Prestwick3 (1,280)

Biomol4 -FDA approved (640)
Microsource1 (960)

NIH Clinical Collection1-2014 (320)
Tocriscreen Mini3 (960)
eMolecules (248)

Selleck Neuronal Signaling (1,280)
ChemBridge 2020 (36,256)
ChemiDiv7 (23,584)

ActiMol TimTec 1 (8,448)

Life Chemicals 1 (3,872)
Maybridge 4 (4,576)

Maybridge 5 (3,168)

ChemDiv 6 (11,264)

98,840 compounds

total
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HTS Hits
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Identifying structural modification that enhance absorption and retention

diaveridine (3)

& OH % OH Hz
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Alan Sutherland



HTS hit derivatives

PexoT-ZTP-lacZ activity
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HTS hit derivatives show altered activity and retention

PexoT-ZTP-lacZ activity
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Next steps:

1. Medicinal chemistry
campaign for two novel
folate pathway inhibitors

2. Screening with additional
ready-to-go riboswitch

reporters: SAH, TPP,
glutamine.

glucose-6-P
cysteine
serine tryptophan
tyrosine
alanine phenylalanine
leucine < pyruvate
valine
asparagine
aspartate
: arginine
threonine
methionine glutamate
isoleucine lutal
histidine

Elemental lons

Nucleotides/Precursors Coenzymes/Precursors

—PRPP cysteine

aspartate

serine
SAH

SAM

aspartate

methionine

NAIR

V\) \ THF

histidine dTMP AR cysteine
tyrosine
dUMP

ATP GTR e

¢ preQ,
adenine glzjg(r;g\e TPP e

Signaling Molecules e

Stress GTP FMN —» FAD
1 X X < LU AdoCbl/AqCbI
g?* Mn?* Ni?%Co?* F-~ GTP c-di-AMP cobinamide
C-AMP-GMP cysteine ATP
Others (P)PPGPP
?—»guanidine ?—»azaaromatic )
alanine Moco/Weo
Cell Wall Precursors SAM
UDP-N-acetyl-

glucose-6-P W glucosamine-6-phosphate —» a-D-glucosamine

glutamate

methionine GTP



What keeps molecules from getting across the OM?
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Building the outer membrane: lessons from E. coli

Phospholipids

B-barrel proteins \

Lipoproteins



Conserved machines for OM biogenesis

BAM system
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Stress responses to disruption of each outer membrane component

Rcs stress response
Detects LPS
disruptions; not
clearly conserved in
P. aeruginosa

RpoE stress response

Detects mislocalized -

barrel proteins;
conserved in P, Cpx stress response

aeruginosa (AlgU) Detects mislocalized
lipoproteins; homologs
largely uncharacterized in P.
aeruginosa




The Psp system maintains cell envelope integrity during
assembly of large structures
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Desvaux et al., 2006



* A screen for outer membrane-mediated antibiotic resistance
determinants




Using InSeq to identify genes that impact growth in antibiotics
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Selecting antibiotics

Linezolid

o o
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Mechanism of action:
Binds ribosome and
disrupts translation

Rifampicin

Mechanism of action:
Binds RNA polymerase
and disrupts transcription

Vancomycin ‘o

HO "0

Mechanism of action:
Binds d-Alanine and
inhibits PG crosslinking

HYPOTHESIS:

P. aeruginosa resistance to one or more of these antibiotics is outer-membrane dependent.




An INSeq screen for determinants of intrinsic antibiotic resistance

Input (InSeq library)

LB Broth +/- Antibiotics
(vancomycin, rifampicin or
linezolid) for 12 hours

High throughput
sequencing and
computational analysis



Majority of hits are unique to one antibiotic

Vancomycin

NN

Linezolid Rifampicin

Rundell EA et al. (2020) J Bacteriol.



The outer membrane barrier confers fitness in vancomycin

Counts Per Million Read
(LB + Vancomycin)

1 10 100 1000 10000

Counts Per Million Read
(LB)



Independent contributions of multiple OM homeostasis
systems to vancomycin fitness

BAM system
ymA Il Bam/ LptD
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Insertions in many outer membrane m
biosynthesis genes costly in the
Lol system Lpt system Mla system

presence of vancomycin.
Insertions in Mla genes advantageous

in the presence of vancomycin.



Mutation of flagellar genes increases fitness in vancomycin

FLAGELLAR ASSENMBLY
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P. aeruginosa commonly loses its flagellum in chronic infections

* Nonmotile mutants frequently
isolated from CF patients

* One selective pressure against
flagellum: recognition by TLR5 and
NLRC4

* Does flagellum impact cell envelope
barrier function?

Image:
Shiwei Zhu,
Laboratory of Jun Liu,
Yale University



Experimental evolution confirms that the flagellum is costly in
the presence of vancomycin

Wildtype P. aeruginosa
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swimming motility



Loss of motility does not evolve after prolonged exposure to other
antibiotics

Wildtype P. aeruginosa
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Testing additional PG-targeting antibiotics

Outer membrane
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The fitness advantage of flagellar loss is unique to vancomycin
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Which flagellar components decrease fitness in vancomycin?

Motor/Stator pairs:

power flagellar

rotation

MotX | MotY

Outer mermbrane

FiC | 4=

Fllament cap

“ Hook-Filament

FIK

FlgD

FiE | FlsB | FleC | Proximal rod

Cytoplasmic  :i:i:iiic SR ]
nombene . Hiiii TLEE | Mg
FLG
FLlv | C ring
Motor / Switch Flht |/ | FIB FILiN
FiH <t — C Bactenial cherotaxis )
Cytoplasric chaperone FLI
FIeN || Py || Fus | FuT | FI?O S (Type III secnetionsystem)
| FlzA | FLiP FliR.

Flagellin:
Monomer of the

flagellar filament

Kanehisa, 2017



Loss of motility is sufficient to confer a fitness advantage in the

presence of vancomycin.
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Does motility’s reliance on proton motive force hinder intrinsic
vancomycin resistance?
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Does the flagellum carry a similar cost in other motile bacteria?

Mutant phenotypes for thousands of
bacterial genes of unknown function

Morgan N. Price!, Kelly M. Wetmore!, R. Jordan Waters?, Mark Callaghan', Jayashree Ray', Hualan Liu!, Jennifer V. Kuehl',
Ryan A. Melnyk!, Jacob S. Lamson!, Yumi Suh!, Hans K. Carlson', Zuelma Esquivel', Harini Sadeeshkumar!, Romy Chakraborty?,
Grant M. Zane*, Benjamin E. Rubin®, Judy D. Wall?, Axel Visel>®, James Bristow?, Matthew J. Blow?*, Adam P. Arkin7*

& Adam M. Deutschbauer!-8*

* TN-Seq study of 32 bacteria in a wide range of conditions
e 11 flagellated species tested with vancomycin



A cost for polar flagella in vancomycin?

Evidence for a widespread
vancomycin-dependent cost
associated with flagellar motility in
Proteobacteria.

Proteobacteria

>
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Shewanella oneidensis MR-1
Shewanella loihica PV-4
l\ull\’l\lllu uquullulnlu \JIVI LAY AN )
Marinobacter adhaerens HP15
Pseudomonas stutzeri RCH2
| Pseudomonas fluorescens FW300-N2E2 | <——

32 bacteria

Caulobacter crescentus NA1000 D E—

Phaeobacter inhibens BS107

Dinoroseobacter shibae DFL-12 —
('x_

Azosp/rlllum brasilense Sp245 +«——

Cupr/awdus basrlens:s 4G1 1

[—r—

|Pseudomonas fluorescens FWSOO N2E3 |<7

| Pseudomonas fluorescens GW456-L13 | “—
|DI !5’ '-! . ! . []- |-E I‘

Tested in Vancomycin

<— flagellum or
chemotaxis genes
costly in vancomycin

All but C. basilensis
assemble polar flagella; A.
brasilense assembles both
polar and lateral flagella

- 4
1pm



Conclusions

The Gram-negative bacterial cell envelope is highly conserved — but there are
still unigue mechanisms underlying its biogenesis, homeostasis and response to
stress that are not understood.

LET’S GET TO WORK!
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