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MOLECULAR MECHANISMS OF ANTIMICROBIAL RESISTANCE IN MULTIDRUG RESISTANT ENTEROCOCCI
Ayesha Khan, B.Sc.
Advisory Professor: Cesar A. Arias, M.D., Ph.D., FIDSA.
Antibiotic resistance is a major global public health threat. Enterococci are recalcitrant,
nosocomial pathogens that can be intrinsically resistant to valuable antibiotics, like -lactams, or
evolve resistance to all existing antimicrobials. The LiaFSR system regulates resistance to cell
membrane (CM) stressors like daptomycin (DAP), a front-line drug for multi-drug resistant
infections. DAP resistance (DAP-R) in E. faecalis is mediated by CM phospholipid alterations.
Emergence of DAP-R often leads to -lactam resensitization, a phenomenon called the seesaw
effect. The molecular mechanism of DAP-R and the seesaw effect are unknown. Here we show
that LiaX is a surface exposed protein whose C-terminal domain inhibits LiaFSR in DAP-S
strains. DAP-R strains highly secrete, both LiaX and the N-terminal sentinel domain alone, into
the environment. The N-terminus binds DAP or innate immune antimicrobial peptides (AMPs)
triggering activation of LiaFSR, CM remodeling, and enhanced virulence in vivo due to innate
immune resistance. LiaX bridges CM adaptation and cell wall homeostasis through interactions
with penicillin-biding proteins (PBPs). LiaX also bridges antimicrobial resistance and
pathogenesis. The Fsr quorum sensing system regulates both virulence and processing of the Nterminal sentinel domain of LiaX. In DAP-R strains, the seesaw effect is a consequence of CM
remodeling which causes mislocalization of select PBPs, like Pbp5 which is essential for -lactam
resistance, increasing their -lactam affinity. Select class A PBPs that likely retain functionality
vii

and compensate are hypersusceptible to cephalosporins, thus contributing to the seesaw effect.
This study shows that innovative therapeutic targeting of stress adaptation can restore utility of
existing antimicrobials and enhance innate immune function. Dissecting mechanisms allows us
to be able to deploy targeted DAP and -lactam combination therapy in the future to exploit the
seesaw effect. We further translated our molecular findings to develop a diagnostic to utilize LiaX
as a biomarker of DAP nonsusceptibility in E. faecalis and E. faecium, potentially circumventing
limitations of existing platforms. This dissertation identifies unprecedented mechanisms of
antimicrobial resistance, providing us key insight into bacterial evolution and shows that these
insights can be applied to directly advance patient care.

viii

TABLE OF CONTENTS
Approval Page …………………………………………………………………………………... i
Title Page ………………………………………………………………………………………. ii
Copyright ………………………………………………………………………………………. iii
Dedication ……………………………………………………………………………………... iv
Acknowledgments ………………………………………………………………………………. v
Abstract ………………………………………………………………………………………. viii
LIST OF ILLUSTRATIONS ........................................................................................................ 7
LIST OF TABLES ...................................................................................................................... 11
1.

CHAPTER 1: Introduction ................................................................................................. 12
1.1.

Antimicrobial Resistance- Defining the Problem ..................................................... 13

1.2.

The Enterococcus Genus ............................................................................................ 17

1.3.

Enterococci Population Structure and Evolution .................................................... 19

1.4.

Clinical Picture ............................................................................................................ 23

1.4.1.

VRE Epidemiology, Colonization and the Microbiome ........................................ 23

1.4.2.

Infections................................................................................................................ 25

1.4.3.

Nosocomial VRE Epidemiology............................................................................ 25

1.5.

Antimicrobial Resistance in Enterococci .................................................................. 26

1.5.1.

Intrinsic and Acquired Antimicrobial Resistance Traits ........................................ 26

1.5.2.

Resistance in the 21st Century ................................................................................ 27

1.5.3.

β-lactam Resistance in Enterococci ....................................................................... 28

1.6.

Daptomycin Resistance in Enterococci ..................................................................... 30
1

1.6.1.

Mechanism of Action of Daptomycin.................................................................... 30

1.6.2.

Mechanisms of Daptomycin Resistance in Enterococci ........................................ 33

1.6.3.

Daptomycin Breakpoints ....................................................................................... 36

1.6.4.

The LiaFSR Stress Response System .................................................................... 38

1.7.

1.7.1.

Clinical Origins of the Phenomenon ...................................................................... 39

1.7.2.

Molecular Mechanism ........................................................................................... 41

1.8.

2.

The Seesaw Effect ........................................................................................................ 39

Antimicrobial Peptides ............................................................................................... 42

1.8.1.

Classifications ........................................................................................................ 42

1.8.2.

Mechanism of Action ............................................................................................. 43

1.8.3.

Mechanism of Resistance ...................................................................................... 45

1.8.4.

Cross Resistance and the Seesaw Effect ................................................................ 46

Chapter 2- Antimicrobial sensing coupled with cell membrane remodeling mediates

antibiotic resistance in Enterococcus faecalis ........................................................................... 48
2.1.

Introduction ................................................................................................................. 49

2.2.

Materials and Methods ............................................................................................... 50

2.2.1.

Bacterial strains, plasmids and growth conditions ................................................. 50

2.2.2.

Transcriptome shotgun sequencing (RNA sequencing) ........................................ 53

2.2.3.

Quantitative real-time PCR (qRT-PCR) ................................................................ 53

2.2.4.

Cloning and genetic manipulation of strains ......................................................... 54

2.2.5.

Cell membrane architecture and phospholipid distribution by fluorescence

microscopy............................................................................................................................ 57

2

2.2.6.

Expression and purification of LiaX and variants from Enterococcus faecalis S613
58

2.2.7.

Enzyme-linked immunosorbent assay (ELISA) to quantify LiaX ......................... 59

2.2.8.

Cell fractionation and western blotting .................................................................. 60

2.2.9.

Immunogold labeling and transmission electron microscopy ............................... 61

2.2.10. Spent media assay .................................................................................................. 62
2.2.11. Antimicrobial peptide killing assays ...................................................................... 63
2.2.12. Determination of LiaX and DAP binding affinity by fluorescence spectroscopy . 63
2.2.13. Determination of LiaX and LL-37 binding affinity by microscale thermophoresis
63
2.3.

Results .......................................................................................................................... 64

2.3.1.

Determination of the LiaR Regulon ....................................................................... 64

2.3.2.

The C-terminal Domain of LiaX Regulates Cell Membrane Adaptation .............. 70

2.3.3.

LiaX and its N-terminal Domain are Released into the Extracellular Environment

in Daptomycin-Resistant Strains .......................................................................................... 77
2.3.4.

LiaX Binds Daptomycin and the Human Cathelicidin LL-37 ............................... 81

2.3.5.

Protection by LiaX Against Daptomycin is Dependent on a Viable LiaFSR System
88

2.3.6.
2.4.
3.

LiaX Mediated Activation of LiaFSR Requires the Presence of Daptomycin ...... 89

Discussion ..................................................................................................................... 95

Chapter 3- LiaX bridges antimicrobial resistance and virulence regulation in

Enterococcus faecalis ................................................................................................................. 99
3.1.

Introduction ............................................................................................................... 100

3

3.2.

Materials and Methods ............................................................................................. 101

3.2.1.

Immunoblotting with SDS-PAGE ....................................................................... 101

3.2.2.

Native PAGE ....................................................................................................... 102

3.2.3.

Analysis of fsr locus............................................................................................. 103

3.2.4.

Caenorhabditis elegans infection model .............................................................. 103

3.3.

Results ........................................................................................................................ 105

3.3.1.

Daptomycin-resistant strains have constitutive activation of LiaX ..................... 105

3.3.2.

Overexpression of LiaX leads to extracellular release ........................................ 106

3.3.3.

LiaX likely oligomerizes in the extracellular environment ................................. 108

3.3.4.

Fsr-regulated proteases cleave LiaX .................................................................... 109

3.3.5.

Variation in the fsr locus ...................................................................................... 111

3.3.6.

Daptomycin Resistant Strains show Enhanced Virulence in vivo Due to Resistance

to Host Innate Immunity ..................................................................................................... 115
3.3.7.
3.4.
4.

N-terminal Domain of LiaX Enhances Virulence in vivo ................................... 116

Discussion ................................................................................................................... 119

Chapter 4- Molecular Mechanism of the Seesaw Effect in Multi-drug Resistant

Enterococci ................................................................................................................................ 122
4.1.

Introduction ............................................................................................................... 123

4.2.

Materials and Methods ............................................................................................. 125

4.2.1.

Bacterial strains, plasmids and growth conditions ............................................... 125

4.2.2.

CRISPR/Cas9 System for Construction of Mutants ............................................ 125

4.2.3.

PheS Counterselection System for Construction of Mutants ............................... 128

4.2.4.

Complementation of Mutants .............................................................................. 128

4

4.2.5.

Fluorescence Microscopy .................................................................................... 129

4.2.6.

Immunofluorescence microscopy ........................................................................ 130

4.2.7.

Bacterial Two-hybrid System .............................................................................. 130

4.2.8.

Expression and Purification of Proteins ............................................................... 131

4.2.9.

In vitro Pull-down Assays .................................................................................... 132

4.2.10. Bocillin Labeling of PBPs ................................................................................... 133
4.2.11. Quantitative real-time PCR (qRT-PCR) .............................................................. 134
4.3.

Results ........................................................................................................................ 138

4.3.1.

LiaX Modulates the Seesaw Effect ...................................................................... 138

4.3.2.

Cell Membrane Remodeling Leads to Penicillin-binding Protein Mislocalization
140

4.3.3.

LiaX Colocalizes and Interacts with Pbp5 ........................................................... 143

4.3.4.

PBPs in DAP-R strains Have Increased β-lactam Binding Affinity .................... 148

4.3.5.

PbpZ is Essential for the Seesaw Effect .............................................................. 153

4.3.6.

PBP Affinities Differential in Different Genetic Backgrounds ........................... 155

4.3.7.

PBP Binding Affinity in DAP-R Strains of Different Genetic Backgrounds ...... 156

4.4.
5.

Discussion ................................................................................................................... 158

CHAPTER 5- LiaX as a Biomarker of Daptomycin Nonsusceptibility ........................... 164
5.1.

Introduction ............................................................................................................... 165

5.2.

Materials and Methods ............................................................................................. 166

5.2.1.

Bacterial strains, plasmids and growth conditions ............................................... 166

5.2.2.

Time Kill Assays.................................................................................................. 168

5.2.3.

Pbp5 sequence analysis ........................................................................................ 169

5

5.3.

Results ........................................................................................................................ 169

5.3.1.

LiaX is Highly Surface Exposed and Secreted in DAP-R E. faecium................. 169

5.3.2.

LiaX ELISA Test for Daptomycin Nonsusceptibility ......................................... 170

5.3.3.

PBP5 Sequence Determines Differential Efficacies of DAP and -lactam

Combination Therapy ......................................................................................................... 175
6.

CHAPTER 6- Conclusions and Future Directions .......................................................... 180
6.1.

Conclusions ................................................................................................................ 181

6.2.

Future Directions....................................................................................................... 184

6.2.1.

Filling the Mechanistic Gaps for Cell Membrane Adaptation ............................. 184

6.2.2.

Filling the Mechanistic Gaps for the Seesaw Effect ............................................ 185

6.2.3.

Translation of Molecular Findings on LiaX to Diagnostics ................................ 186

6.2.4.

Translation of Molecular Findings on LiaX to Anti-adaptation Therapeutics..... 187

6.2.5.

Picking the “Right” Antibiotic Regimen ............................................................. 188

6.2.6.

Limitations of Existing Antimicrobial Susceptibility Testing ............................. 189

6.2.7.

Applying Mechanistic Insights to Precision Medicine ........................................ 190

6.3.

Limitations to Next Generation Diagnostics ........................................................... 191

6.4.

Looking to the Future ............................................................................................... 191

7.

Bibliography ....................................................................................................................... 193

8.

VITAE ................................................................................................................................ 223

6

LIST OF ILLUSTRATIONS

Figure 1. Rising rates of drug-resistant infections and decline rates of antibiotic discovery. ..... 14
Figure 2. Emergence of resistance after introduction of a new antibiotic. .................................. 15
Figure 3. Predicted impact of antimicrobial resistance infections by 2050 ................................. 16
Figure 4. Vancomycin-resistant enterococci (VRE) declared serious public health threat ......... 18
Figure 5. Clade structure of Enterococcus faecium ..................................................................... 21
Figure 6. Molecular clock estimation of the evolution of enterococci with land mammals ........ 22
Figure 7. The effect of broad-spectrum antimicrobial therapy on VRE emergence .................... 24
Figure 8. Mechanism of action of daptomycin ............................................................................ 33
Figure 9. Evolutionary trajectory of the development of daptomycin resistance ........................ 34
Figure 10. Models of the mechanism of daptomycin resistance in Gram-Positive pathogens .... 35
Table 1. Updates to daptomycin breakpoints for enterococci ...................................................... 38
Figure 11. Timelines of patients treated with daptomycin, -lactam combination therapy ........ 41
Figure 12. Models of mechanism of action of antimicrobial peptides ........................................ 45
Figure 13. Structure of the liaXYZ operon ................................................................................... 65
Figure 14. Transcriptional profiling of genes regulated by the LiaFSR system in daptomycinresistant strains relative to susceptible strains ............................................................................. 70
Figure 15. Daptomycin-resistance associated with redistribution of anionic lipids away from
septum .......................................................................................................................................... 72
Figure 16. Representative panels of cells showing anionic lipid localization in strains.............. 73
Figure 17. Major membrane lipid composition in daptomycin-resistant versus susceptible strains
...................................................................................................................................................... 75
Figure 18. Membrane rigidity of daptomycin-resistance versus susceptible strains ................... 76

7

Figure 19. Transcriptional changes in liaFSR, liaYZ with alteration of liaX ............................... 77
Figure 20. Localization of LiaX in daptomycin-resistant versus susceptible strains .................. 79
Figure 21. Immunogold labeling to visualize extracellular LiaX with electron microscopy ...... 81
Figure 22. Daptomycin-resistant strains show cross resistance to human antimicrobial peptide,
LL-37 ........................................................................................................................................... 82
Figure 23. LiaX and N-terminus of LiaX bind to daptomycin and LL-37 .................................. 83
Figure 24. Antimicrobial peptide charge impacts binding affinity to N-terminus of LiaX ......... 86
Figure 25. Killing kinetics of anionic antimicrobial peptide, dermcidin ..................................... 87
Figure 26. N-terminus of LiaX protects E. faecalis from daptomycin by activating the LiaFSR
stress response system.................................................................................................................. 91
Figure 27. LiaX shows dose-dependent protection of E. faecalis, dependent on the LiaFSR
system .......................................................................................................................................... 92
Figure 28. Growth kinetics of E. faecalis in the presence of the N-terminus of LiaX ................ 93
Figure 29. N-terminus of LiaX protects E. faecalis from LL-37 via the LiaFSR system ........... 94
Figure 30. Mechanistic model of LiaX mediated antimicrobial resistance. ................................ 97
Figure 31. LiaX localization in stressed daptomycin-susceptible and resistant strains ............. 106
Figure 32. LiaX localization from overexpression on a plasmid ............................................... 108
Figure 33. LiaX oligomers in supernatant fractions .................................................................. 109
Figure 34. Fsr-regulated proteases process LiaX ....................................................................... 111
Figure 35. Large deletion in the fsr locus of gelatinase negative strains ................................... 112
Figure 36. Comparison of fsr locus of OG1RF and S613.......................................................... 113
Figure 37. Predicted structure of FsrC cytosolic domain of OG1RF and S613 ........................ 115
Figure 38. Daptomycin-resistant strains show enhanced virulence in C. elegans due to innate
immune resistance ...................................................................................................................... 116
Figure 39. N-terminal domain of LiaX enhances virulence in vivo ........................................... 117
8

Figure 40. N-terminus of LiaX enhances virulence in a dose-dependent manner in vivo ......... 119
Figure 41. Plasmid map of the pCE CRISPR/ Cas9 construct to delete ponA .......................... 128
Figure 42. Anionic phospholipids and penicillin-binding proteins mislocalize in daptomycinresistant strains ........................................................................................................................... 141
Figure 43. Penicillin-binding proteins localize to non-septal lipid domains and sites of
membrane deformities in daptomycin-resistant strains ............................................................. 142
Figure 44. Localization of LiaX and Pbp5 in daptomycin-susceptible and resistant strains ..... 144
Figure 45. LiaX and Pbp5 interact with high affinity ................................................................ 147
Figure 46. LiaX and Pbp5 pull down assay in S613 .................................................................. 148
Figure 47. Increased -lactam binding affinity of PBPs in daptomycin-resistant strains ......... 150
Figure 48. Increased -lactam affinity of PBPs is not due to increased pbp expression ........... 152
Figure 49. PBP binding profile of ceftriaxone ........................................................................... 153
Figure 50. Comparison of PBP profiles of JH2-2 and OG1RF ................................................. 156
Figure 51. Increased -lactam affinity of PBPs in daptomycin-resistant strains of JH2-2
background ................................................................................................................................. 157
Figure 52. Transcriptional analysis of pbp genes in JH2-2 background mutants ...................... 158
Figure 53. Proposed model of the molecular mechanism of the seesaw effect. ........................ 162
Figure 53. Proposed model of the molecular mechanism of the seesaw effect. ........................ 162
Figure 54. LiaX production and localization in E. faecium ....................................................... 170
Figure 55. Whole-cell ELISA on patient E. faecalis and E. faecium isolates as proof of concept
of LiaX as a biomarker of daptomycin nonsusceptibility .......................................................... 171
Figure 56. Preliminary data correlating LiaX ELISA on E. faecium from VENOUS study with
time kill assays ........................................................................................................................... 174
Figure 57. LiaX ELISA is predictive of DAP failure in patient with VRE bacteremia ............ 175

9

Figure 58. Increased Pbp5 binding affinity in Hou503 relative to Pbp5 is the mechanism behind
broad efficacy of DAP and -lactam combination therapy. ...................................................... 176
Figure 59. Pbp5 mutations in Hou503 modeled onto crystal structure...................................... 178
Figure 60. Algorithm for clinical selection of antibiotics for treatment .................................... 189

10

LIST OF TABLES
Chapter 1
Table 1- Updates to daptomycin breakpoints for enterococci………………………………… 37
Chapter 2
Table 2- Bacterial strains used in Chapter 2…………………………………………………… 50
Table 3- Oligonucleotides used in Chapter 2…………………………………………………... 56
Table 4- Differentially regulated genes in daptomycin-resistant versus susceptible strains…… 65
Table 5- Binding affinities of daptomycin and LL-37 to LiaX or N-terminus of LiaX……….. 83
Table 6- Binding affinities of wild-type and mutant LL-37 to N-terminus of LiaX…………... 87
Chapter 3
Table 7- Bacterial strains used in Chapter 3…………………………………………………... 104
Chapter 4
Table 8- Bacterial strains used in Chapter 4…………………………………………………... 134
Table 9- Oligonucleotides used in Chapter 4………………………………………………….. 136
Table 10- Daptomycin and -lactam MICs of strains displaying the seesaw effect…………... 139
Table 11- MICs, phospholipid and PBP localization in strains with pbp deletions…………... 154
Chapter 5
Table 12- Bacterial strains used in Chapter 5………………………………………………... 167
Table 13- Oligonucleotides used in Chapter 5………………………………………………... 168

11

1. CHAPTER 1: INTRODUCTION

Portions of this chapter are derived from the 2018 published manuscript in Expert Reviews in
Anti-Infective Therapy entitled “Mechanisms of antimicrobial resistance among hospitalassociated pathogens” (1). I am the first-author of the review (Khan, A., Miller, W.R., Arias,
C.A.) and Taylor & Francis publishing allows reuse of published material as components of a
thesis dissertation.

12

1.1. Antimicrobial Resistance- Defining the Problem
Antibiotics are life-saving drugs. The discovery and subsequent introduction of
antimicrobials to clinical practice revolutionized and transformed medicine. In the modern era of
medicine, antibiotics have become a necessary medical intervention in surgeries, treatment of
cancer, care of critically ill patients, organ transplantation, and treatment of immunocompromised
patients, among others. However, in the preceding decade, we have seen a steady increase in
antimicrobial resistance (AMR) among nosocomial pathogens, as well as pathogens in the
community. This has been accelerated due to widespread misuse of antibiotics in human and
animal health care, agriculture or environmental contamination, prompting us to question if
human advancement and innovation created the foundation for “superbugs”.
While human misuse of antimicrobials is the greatest driver of AMR, resistance in itself
is ancient and widespread in nature, and mutations and/or acquisition of genes that make microbes
‘intrinsically’ resistant have evolved over time and predate the existence of humans (2).
Antimicrobial compounds are natural products released into the environment as a defense
mechanism for microbes to survive their respective niche. Co-resident bacteria that reside in
proximity have evolved mechanisms to overcome their killing activity to survive and thrive.
The most concerning issue in clinical settings, however, is ‘acquired resistance’ by
pathogens to existing antimicrobials. Genes that confer resistance to multiple antibiotics can
disseminate between pathogens, under intense selective pressure in the hospital environment,
usually via mobile genetic elements. The situation is daunting; according to the Centers for
Disease Control and Prevention, over 1 million people die worldwide of resistant infections with
35,900 deaths in the USA alone (3). Indeed, the World Health Organization and the United
Nations have named antibiotic resistance as one of the most important public health threats of the
21st century (4). While the threat is escalating, funding for new antibiotic discovery has declined
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rapidly. From 1962-2000, no new major classes of antibiotics have been approved to treat severe
infections (3). Since 1990, 78% of large pharmaceutical manufacturing companies have removed
their antibiotic discovery platforms due to the lack of sufficient revenue generated relative to
drugs made for chronic illnesses. As an illustration, while the rise of multi-drug resistant
organisms (MDROs) like Vancomycin-resistant enterococci (VRE), Methicillin-resistant
Staphylococcus aureus (MRSA) and Fluoroquinolone-resistant Pseudomonas aeruginosa
(FQRP) has been steady, the rate at which new antibiotics are being developed to target these
MDROs has declined drastically (Figure 1).

Figure 1. Rising rates of drug-resistant infections and decline rates of antibiotic
discovery.
Reprinted with permission from Nature (Springer Nature), Cooper M.A., Shlaes D, 2011.
Percentage of drug-resistant infections in hospital settings relative to total infections caused
by Vancomycin-resistant enterococcus (VRE), Methicillin-resistant Staphylococcus aureus
(MRSA) and Fluoroquinolone-resistant Pseudomonas aeruginosa (FQRP) compared to FDAapproved antibiotics introduced for clinical usage over time.
14

Despite, the “perfect storm” brewing, we cannot be overly reliant on new antibiotics to
resolve the threat of AMR. Throughout history, the introduction of a new antibiotic into clinical
settings has been followed shortly by the emergence of an organism that is resistant to that new
agent (Figure 2). Thus, AMR is the natural progression of evolution in context of antibiotics and
there is unlikely to be an agent that microbes cannot evolve to defend themselves against.
According to a report commission by the Government of the United Kingdom, based on existing
rates of resistance, by 2050, AMR will be the leading global cause of death (Figure 3) causing
over 300 million cumulative premature deaths and a loss of up to $100 trillion to the global
economy (5).

Figure 2. Emergence of resistance after introduction of a new antibiotic.
Reprinted with permission from Nature Chemical Biology (Springer Nature), Clatworthy
A.E., Pierson E., Hung D.T., 2007. The year each antibiotic was deployed is depicted above
the timeline, and the year resistance to each antibiotic was observed is depicted below the
timeline (with the caveat that the appearance of antibiotic resistance does not necessarily imply
that a given antibiotic has lost all clinical utility).
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Figure 3. Predicted impact of antimicrobial resistance infections by 2050
Reprinted under the Creative Commons Attribution 4.0 International Public License from
“Tackling Drug-Resistant Infections Globally: Final Report and Recommendations”
commissioned by the UK Government and Wellcome Trust. Estimated deaths attributable to
antimicrobial resistance (AMR) and other major causes of death in 2014 relative to estimates
in 2020.
The understanding of the genetic and mechanistic basis of antimicrobial resistance is one
of the key factors to influence the design of new tools and approaches that can ultimately tackle
the problem of resistance. This evolution of knowledge has diagnostic and therapeutic
implications. Resistant pathogens are uniquely versatile in that they can utilize intrinsic resistance
determinants to thrive in an ecological niche and recruit or acquire resistant determinants to
disseminate further. Current approaches in tackling AMR like infection control, antimicrobial
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stewardship, and novel antimicrobial development are pivotal to combating resistance but not
sufficient to put us ahead of the evolutionary curve.
This dissertation focuses on dissecting novel mechanisms of AMR in the multi-drug
resistant pathogens, vancomycin-resistant enterococci (VRE). This dissertation also
illustrates the invaluable utility of understanding antibiotic defense strategies not only for
novel therapeutic discovery but also for innovative diagnostics that can improve detection
of MDROs.
1.2. The Enterococcus Genus
The origin of the Enterococcus genus can be mapped to a time over 400 million years ago
with the parallel emergence of land animals after the Cambrian Explosion in the Paleozoic Era
(6). These ancient, sturdy, Gram-positive, facultative anaerobes are commensal organisms that
have crafted the gastrointestinal tract (GI) tract of humans and most terrestrial animals as their
niche along with environmental reservoirs like soil, plants and ambient waters (7). They have
coevolved as symbiotic partners of modern humans and our historic ancestors. Enterococci can
tolerate harsh environments like high concentrations of bile acid, wide ranges of temperatures,
high salt concentrations and a variety of natural antimicrobial compounds in their ecological
niches. Phylogenetically, the genus consists of over 30 species of low-GC content, Gram-positive,
bacteria that used to be classified as group D streptococci prior to the reclassification in 1984
when the terminology Enterococcus faecalis and Enterococcus faecium, defining the two most
common species, emerged (8, 9). Their intrinsic ability to adapt to hostile environments has
allowed enterococci to uniquely thrive and dominate in modern clinical settings compared to other
commensal organisms, emerging as formidable nosocomial pathogens (10).
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Figure 4. Vancomycin-resistant enterococci (VRE) declared serious public health threat
Reprinted from CDC (US Department of Health) 2019 Antimicrobial Resistance Report under
license for public use. VRE are a serious public health threat, often with few to no treatment
options in clinical settings.

The advent of the antibiotic era with widespread use of antibiotics in clinical settings coupled
with a growing immunocompromised patient population due to advances in modern medicine has
molded the evolutionary trajectory of enterococci. Armed with a wide repertoire of intrinsic
resistance mechanisms and their ability to rapidly evolve to acquire new resistance mechanisms,
enterococci are true opportunistic pathogens (Fig 4). Indeed, these selective pressures have driven
emergence of E. faecalis as a major pathogen in the 1970s followed by vancomycin-resistant E.
faecium in the 1980s. The first characterization of enterococci can be traced to a study in 1898
reporting a case of lethal infective endocarditis in a 37-year old man caused by a pathogen that
we now know to be E. faecalis (11). Over 121 years later, VRE continue to be one of the most
problematic pathogens in hospital settings. The Infectious Diseases Society of America (IDSA)
includes VRE in a list of “ESKAPE” pathogens that evade most clinically used antibiotics (E.
faecium, S. aureus, Klebsiella pneumoniae, Acinetobacter baumanii, P. aeruginosa, Enterobacter
species). Both the World Health Organization (WHO) and the Centers for Disease Control and
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Prevention (CDC) have pinned VRE as a serious public health threat due to limited treatment
options, and they are designated “high priority” for concerted research and development efforts
(Fig 4) (12).
1.3. Enterococci Population Structure and Evolution
Initial classification of enterococcal species relied on multilocus sequence type (MLST)
techniques based on sequence variation in seven housekeeping genes (13). This led to the absence
of information on host specificity, as human and animal clonal complexes seemed uniformly
distributed across niches. While these studies identified hospital-adapted clones to have a
proclivity for acquiring large numbers of resistance determinants, they did not identify clear
pathogenic lineages that diverged from commensal lineages (14). However, it has always been
apparent that high recombination rates have accelerated evolution and adaptation of E. faecalis
(15). There have been reports that claim a lack of distinct hospital-adapted, E. faecalis lineages
and others that utilize cohorts from the United States and United Kingdom to claim three distinct
hospital lineages (L1-L3) (16, 17). While strains in these lineages have increased numbers of
resistance determinants, more studies are required to parse the existence of distinct E. faecalis
lineages.
Since E. faecium are more important as nosocomial pathogens, their population structure has
been well studied. MLST based classifications identified hospital-associated lineages as part of
Clonal Complex 17, despite high recombination rates complicating further evolutionary
dissection (18). The advancement of whole-genome sequencing (WGS) technologies led to two
lineages, a hospital-associated clade A and a human commensal clade B (19). A further split was
identified that produced hospital associated clade A1 and animal origin strains as clade A2 almost
80 years ago mirroring the introduction of antibiotics into clinical settings and intensification of
human urbanization (Figure 5) (20). Notably, the greatest genetic divergence between the animal
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and human clades seem to be gene clusters for carbohydrate uptake and utilization indicating that
nutrient sources and diversifying metabolisms was a key adaptation event. There is significant
diversity between the existing clade A and B lineages driven by adaptation of clade A1 to

nosocomial settings indicating a possible downstream speciation event (16, 21).
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Figure 5. Clade structure of Enterococcus faecium
Reprinted with permission from mBio (ASM) under Creative Commons AttributionNoncommercial-ShareAlike 3.0 License from Lebreton F, Schair W, McGuire AM, Godfrey
P, Griggs A, Mazumdar V, Corander J, Cheng L, Saif S, Young S, Zheng Q, Wortman J, Birren
B, Willems RJL, Earl AM, Gilmore MS, 2013. RAxML Single-nucleotide Polymorphisms
(SNP) based tree on the concatenated alignments of DNA sequences of 1,344 single-copy core
genes in 73 E. faecium genomes. The origins of the strains are indicated. The dates for the split
between the clades, estimated by a BEAST analysis, are indicated (ya, years ago). The
infectivity score reflects the number of strains of a particular ST, in the MLST database,
isolated from infection. The clades are color coded as follows: clade B in dark blue, clade A1
in red, and clade A2 in gray.
Advances in WGS based molecular clock analyses have shown that the adaptive traits that
allow enterococci to emerge as nosocomial pathogens from commensal colonizers appeared in
the early Paleozoic Era along with the evolutionary emergence of land animals as hosts (Figure
6) (6). Furthermore, new enterococcal species emerged following the End Permian Extinction
which was the Earth’s greatest extinction event by magnitude with the extinction of over 70% of
terrestrial vertebrae species, indicating enterococcal speciation parallels host diversification over
time (Figure 6) (22). Genetic factors that allow utilization of new and more efficient carbohydrate
sources seems to drive enterococcal speciation and still drives bifurcation of the animal and
human clades.
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Figure 6. Molecular clock estimation of the evolution of enterococci with land mammals
Reprinted with permission from Cell (Elsevier), Lebreton F, Manson AL, Saavedra JT, Straub
TJ, Earl AM, Gilmore MS, 2017. Molecular clock estimation along with analyses of 24
enterococcal species and their phenotypes, environmental distribution and host fossil records
indicates that enterococci emerged 425-500 million years ago. Traits that allowed enterococci
to adapt to the GI tract of land animals like survival in the presence of stressors and
metabolizing nutrients available in the host are the same traits that possibly predispose them
to be advantageous in nosocomial settings.
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1.4. Clinical Picture
1.4.1.

VRE Epidemiology, Colonization and the Microbiome

E. faecalis was the first dominant nosocomial pathogen in the late 1970s, and used to cause
~95% of enterococcal infections (23). Today, clinicians battle the recalcitrant pathogen, E.
faecium, which is more frequently resistant to ampicillin and vancomycin (VAN) preventing the
use of common front-line agents for the treatment of enterococcal infections (24). 83-86% of E.
faecium clinical isolates are VAN resistant compared to ~5% of E. faecalis isolates (7).
While enterococci are uniquely adapted to the human GI tract, they only form <0.1% of the
gut microbiome in healthy individuals (25). Healthy gut microbial communities prevent MDROs
from dominantly colonizing the GI tract, a phenomenon called “colonization resistance” (26).
This exclusion of “bad microbes” is attributed to anaerobic intestinal “good microbes” like the
Clostridium cluster XIVa and IV species and the Bacteroides spp (27). VRE tend to dominate and
establish a foothold in the GI tract of patients after disruption of the normal GI microflora from
broad-spectrum antimicrobial therapy, long duration of hospital stays, dialysis and stays at longterm care facilities (28–30). Studies report the average time to VRE clearance after hospital
discharge can be up to 4 months and some case reports indicating prolonged VRE colonization
(29, 30).
The mechanistic basis of colonization resistance in the GI tract seems to depend on intact
defense systems against pathogen dominance like intestinal mucosal barrier integrity and innate
immune antimicrobial peptides (AMPs) secreted by members of the healthy gut microflora (26).
Broad-spectrum antibiotic therapy can lead to loss of gut microbiome diversity resulting in VRE
dominance and eventual bacteremia in neutropenic patients (31, 32). Furthermore, stimulated by
pathogen markers on the surface of Gram-negative commensals, intestinal paneth cells produce
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the C-type lectin and AMP, REGIIIγ, that targets Gram-positive pathogens like VRE (Figure 7).
Antibiotic therapy can lead to a reduction in the Gram-negative bacteria that trigger REGIIIγ
production allowing for VRE dominance and colonization of the GI tract (7).

Figure 7. The effect of broad-spectrum antimicrobial therapy on VRE emergence
Reprinted with permission from Nature Reviews Microbiology (Springer Nature) Arias CA,
Murray BE, 2012. The effect of antibiotic administration on the gastrointestinal microbiota
and emergence of VRE. A. In the absence of antibiotics, intestinal epithelial cells and Paneth
cells produce the C-type lectin REGIIIγ, which has antimicrobial activity against Grampositive bacteria (purple). The production of REGIIIγ is triggered by Gram-negative bacteria
(pink); their MAMPs (microorganism-associated molecular patterns), such as the outermembrane lipopolysaccharide and flagellin, are recognized by pattern recognition receptors
such as Toll-like receptor 4 (TLR4) and TLR5, respectively. B. Antibiotic administration
leads to a reduction in the Gram-negative bacteria, which decreases REGIIIγ
production. C. Enterococci take advantage of this and become the dominant members of the
gut microbiota. IL-22, interleukin-22.

Independent of host immune resistance, microbial communities can themselves facilitate
production of AMPs that prevent overgrowth of VRE. An abundance of members of the
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Barnesellia genus is associated with VRE colonization resistance in murine models, and patients
with VRE colonization after stem cell transplants were more likely to have decreased Barnesellia
levels prior to transplant (33). A recent murine model study showed that Bacteriodes sartorii and
Parabacteriodes distasonis secreted β-lactamases that protected Blautia producta post-treatment
with ampicillin that potentially allowed it to produce a lantibiotic like nisin, capable of targeting
and killing VRE (34, 35). Thus, intricate interplay between gut microbial communities is essential
to prevent VRE dominance. However, this raises an interesting point that VRE are regularly
exposed to selective pressures like AMPs, which are functionally similar to many clinically
utilized antibiotics. This likely predisposes them to better adapt to nosocomial settings, an aspect
that is mechanistically addressed in Chapter 2.
1.4.2.

Infections

In the United States, enterococci are the most common cause of central line-associated
bloodstream infections (BSIs), and the second major cause of nosocomial bacteremia with high
mortality rates ranging from 30-50%, urinary tract infections (UTIs), and skin and soft-tissue
infections (SSIs) (25, 36). Enterococci are the second most common cause of infective
endocarditis (IE) which is often labeled as the most serious infection as the pathogen’s intrinsic
resistance is coupled with therapeutic challenges of treating IE (37). IE caused by VRE often leads
to treatment failure requiring surgical intervention with source control and valve removal.
Enterococci are also often recovered from polymicrobial intra-abdominal, pelvic and soft-tissue
infections like abscesses, although their causative role is unclear. Enterococci are rarely associated
with central nervous system infections, of which most are dominated by E. faecium, due to longterm surgical interventions like shunts.
1.4.3.

Nosocomial VRE Epidemiology

VRE are recalcitrant pathogens as they can persist on hospital surfaces like medical
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equipment, bed rails, door knobs, hospital floors for prolonged periods despite frequent use of
disinfecting agents due to their enhanced resistance to such stressors (38). There are many risk
factors for acquiring a nosocomial VRE infection including prolonged hospital stays, contact with
patients with VRE, contact with hospital rooms colonized with VRE, multiple courses of broadspectrum antimicrobial therapy, prolonged stays in surgical units or ICUs, and transplants (39).
Infection control is an integral aspect of combating patient-to-patient transmission of VRE which
also includes health care workers (40). Due to the persistent nature of VRE on environmental
surfaces, health care workers function as carriers of VRE facilitating dissemination beyond direct
patient-to-patient contact. Thus, active epidemiological surveillance measures of colonized
individuals in nosocomial settings is important to supplement antimicrobial stewardship, infection
control, hand hygiene and environmental sanitation efforts to curb dissemination of VRE.
1.5. Antimicrobial Resistance in Enterococci
1.5.1.

Intrinsic and Acquired Antimicrobial Resistance Traits

Enterococci are intrinsically resistant to many clinically valuable antimicrobials.
Monotherapy with penicillin, a β-lactam agent that inhibits cell-wall synthesis, was deployed as
front-line therapy in the 1940s for the treatment of streptococcal or staphylococcal IE. However,
this was ineffective for enterococcal IE which required a combination of penicillin and
streptomycin, an aminoglycoside (37). All enterococci display decreased susceptibility to cellwall active agents like vancomycin and β-lactams, and intrinsic resistance to cephalosporins due
to the presence of low-affinity penicillin-binding proteins (PBPs). Enterococci also display
moderate-level resistance to aminoglycosides due to poor drug penetration into the cytoplasm to
reach their target. Several chromosomally encoded aminoglycoside-modifying enzymes (AMEs)
enhance this intrinsic resistance further.
As high-level ampicillin resistance became increasingly prevalent in E. faecium, VAN became
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the alternate front-line agent for therapy. VAN is part of the glycopeptide class of agents that
inhibit cell wall synthesis by binding the terminal D-alanine moiety of peptidoglycan (PG)
precursors

which

prevents

PBPs

from

utilizing

these

precursors

to

polymerize

(transglycosylation) and cross-link the cell wall (transpeptidation) (41). High-level resistance is
mediated by the van operons, which encode enzymes that synthesize peptidoglycan precursors
with low affinity to glycopeptides. The vanA cluster encodes several enzymes involved in the
synthesis of new peptidoglycan precursors (ending in D-alanine:D-lactate; D-Ala-D-Lac) and the
destruction normal D-Ala-D-Ala precursors. An alternative pathway for vancomycin resistance
in enterococci is the production of peptidoglycan precursors ending in D-alanine-D-serine (VanB
phenotype), which also have lower affinity for vancomycin (7-fold), although to a lesser degree
than that of D-Ala-D-Lac precursors (100-fold).
1.5.2.

Resistance in the 21st Century

The expanding repertoire of AMR determinants in VRE has necessitated production of novel
antibacterial agents. Despite the introduction of these agents with potent in vitro activity against
VRE, the evolving landscape of multi-drug resistance has still made clinical treatment a major
challenge. The novel lipoglycopeptides, televancin, dalbavancin, and oritavancin have recently
been FDA approved for the treatment of staphylococcal skin and soft tissue infections and have
broad-spectrum activity against Gram-Positive bacteria. All 3 agents display improved in vitro
activity as compared to VAN in some situations, most likely due to the presence of additional
mechanisms of actions that include the presence of lipid side chains, which anchor the molecule
to the cell membrane and may affect membrane homeostasis (42). The hydrophobic tail of
televancin also causes membrane disruption, giving it 10-fold greater potency than VAN;
however, it is unable to bind D-Ala-D-Lac precursors and presence of the vanA cluster leads to
resistance (43). These agents can retain activity against vanB-mediated resistance in vitro but
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mutations leading to constitutive activation or overexpression of vanB can arise (44, 45).
Oritavancin does retain activity in vitro against vanA or vanB-harboring VRE due to enhanced
targeting of peptidoglycan precursors but dosing guidelines are unclear, preventing frequent use
in clinical practice.
Linezolid, the only approved oxazolidinone class agent for VRE bacteremia, acts by inhibiting
protein synthesis by targeting the ribosome. Resistance is commonly associated with mutations
in the central loop of domain V of the 23s rRNA subunit, and as enterococci have multiple copies
of the rRNA genes, levels of resistance are proportionate to the number of mutated alleles (46).
Acquired resistance against linezolid has also been reported, with examples like the
methyltransferase encoded by the plasmid-borne cfr gene that leads to methylation of key 23s
rRNA residues, or the optrA gene, encoding an ABC transporter (47, 48).
1.5.3.

β-lactam Resistance in Enterococci

Ampicillin and penicillin, among the β-lactams, have the largest spectrum of activity against
enterococci. β-lactams inhibit growth by inhibiting peptidoglycan synthesis through specific
targeting of the D,D-transpeptidases, the PBPs that cross-link peptidoglycan precursors to
produce a mature cell wall. Enterococci are intrinsically non-susceptible to β-lactams, with the
spectrum varying between species and the PBP targeting profile of the β-lactam agent. Both E.
faecalis and E. faecium are intrinsically non-susceptible to cephalosporins, whereas the majority
of hospital-associated E. faecium strains in the United States are ampicillin-resistant (49). Nonsusceptibility to β-lactams is largely due to low-affinity PBPs that can synthesize the cell wall in
the presence of β-lactams. Both E. faecalis and E. faecium harbor six PBPs, three class A PBPs
that are capable of both transglycosylation and transpeptidation reactions required for cell wall
synthesis, and three class B PBPs that are monofunctional transpeptidases that can only catalyze
peptidoglycan precursor crosslinking (50, 51). The major determinant of β-lactam non-

28

susceptibility in enterococci is the low-affinity class B enzyme, PBP5, an ortholog of the mecAencoded PBP2a in MRSA, that can carry out cross-linking as all other PBP transpeptidase active
sites are saturated (52). Elevated β-lactam MICs are conferred due to a combination of factors
including increased PBP5 production and key amino acid substitutions in the transpeptidase and
penicillin-binding domain of PBP5, particularly in close proximity to the serine-threonine active
site, that decrease β-lactam binding affinity (53–55). Notably, the hospital-associated (clade A1)
and commensal (clade B) lineages diverge phenotypically by their ampicillin-resistance profiles.
A majority of clade A1 nosocomial strains harbor a pbp5-R allele that confers resistance to
ampicillin (MIC > 16 mg/L) and differs by 5% amino acid identity from the pbp5-S allele in clade
B commensal strains that tend to be susceptible to ampicillin (MIC < 2 mg/L) (56). Thus, in
addition to genetic factors like carbohydrate utilization driving enterococcal clade bifurcation,
β-lactam resistance determinants play an important role in allowing VRE to adapt to clinical
settings.
The mechanism of intrinsic cephalosporin resistance in E. faecalis and E. faecium seems
to be more convoluted. The low-affinity PBP5 is essential but not sufficient for resistance as it
relies on the bifunctional PBPs, PbpF and PonA, for growth and cell wall synthesis in the presence
of cephalosporins (50, 51). PbpZ, the third bifunctional PBP, has the highest affinity for
cephalosporins and is unable to carry out transglycosylation to supplement the transpeptidation
of Pbp5 in the presence of cephalosporins (57). Interestingly, mutants of E. faecalis and E. faecium
lacking all three class A PBPs are still viable pointing to the existence of an alternate partner
transglycosylase. Additionally, in E. faecalis, CroRS, a two-component stress response system,
IreK, the eukaryotic-like serine/threonine kinase, and MurA, the enzyme that catalyzes the first
committed step of peptidoglycan synthesis, are also essential for intrinsic cephalosporin resistance
(58–61).
Due to intrinsic resistance or acquired resistance to common front-line agents like β29

lactams and VAN in hospital-associated enterococcal strains, clinicians are often left with few
to no treatment options for severe infections. This is when daptomycin becomes an attractive
and viable option.
1.6. Daptomycin Resistance in Enterococci
1.6.1.

Mechanism of Action of Daptomycin

Daptomycin (DAP) is an antibiotic that was approved by the FDA in 2003 for the treatment
of skin and soft tissue infections, and in 2006 for Staphylococcus aureus bacteremia and rightsided endocarditis (62). DAP is now approved for treatment of vancomycin-susceptible
enterococcal skin and soft tissue infections, with no current indications for VRE infections.
However, DAP has become a front-line agent for the treatment of severe, MDR enterococcal
infections, particularly for E. faecium (62). Despite potent in vitro activity, good penetration into
endocardial vegetations and favorable pharmacokinetic/ pharmacodynamics (PK/PD) data,
resistance to DAP has emerged during therapy and in the absence of selective pressure (63, 64).
DAP, a lipopeptide with a 13 amino acid circular core and a long fatty acyl tail, is a natural
molecule produced by Streptomyces roseosporus through a non-ribosomal peptide synthetase
(65). DAP’s bactericidal activity is calcium-dependent as it complexes with 2 Ca2+ ions to produce
a cationic antimicrobial that can favorably interact with bacterial membranes via its hydrophobic
tail (66). The mechanism of action of DAP has been subject to intense debate over the last two
decades. Initial studies reported that DAP treatment led to loss of bacterial membrane integrity
and ion leakage, indicative of the formation of membrane pores (67). However, recent evidence
has shown that ion leakage is a downstream effect of DAP after it has exerted bactericidal activity
and not the primary mechanism of action. Muller et., al. recently defined a more thorough
mechanism of action for DAP (Figure 8) (68). The study demonstrates that DAP preferentially
inserts itself into regions of increased fluidity (RIFs) by targeting lipids like phosphotidylglycerol
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(PG), in the outer leaflet of the bacterial membrane, leading to Ca2+-dependent oligomerization
and bilayer imbalances with sequestration of more flexible lipids with short, branched and
unsaturated fatty acyl chains around the DAP-Ca2+ complex. This accumulation of flexible lipids
around the DAP oligomers leads to overall rigidification of the bilayer. Notably, peripheral
membrane proteins involved in essential cellular processes like cell wall synthesis (MurG) and
phospholipid metabolism also localize to RIFs in the membrane. The subsequent “flipping” of
DAP from the outer to the inner leaflet leads to disassociation and mislocalization of these
membrane proteins. Thus, alterations in peripheral membrane proteins involved in cell wall
biogenesis and lipid biosynthesis along with overall membrane distortions likely trigger cell death
with further membrane depolarization occurring downstream. Additionally, DAP’s net cationic
charge facilitates preferential binding to the bacterial division septum, which is enriched for
anionic lipids that function as signals for optimal localization of proteins to the mid-cell cell
division machinery (69–72).
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Figure 8. Mechanism of action of daptomycin
Modified with permission from Proceedings of the National Academy of the Sciences, Muller
A, Wenzel M, Strahl H, Grein F, Saaki TNV, Kohl B, Siersma T, Bandow JE, Sahl HG,
Schneider T, Hamoen LW, 2016. Model of daptomycin interaction with fluid lipid domains.
(A) Peripheral membrane proteins involved in cell wall (e.g., MurG) and lipid (e.g., PlsX)
synthesis localize to RIFs (red). “Out” and “in” represent the cell wall and the cytoplasmic,
respectively. (B) Daptomycin inserts into the bacterial membrane into regions with a high
concentration of fluid lipids, such as RIFs. The combination of daptomycin’s bulky head
group and its short hydrocarbon tail forces creates bilayer distortions, which are
counterbalanced by the attraction of fluid lipids to the sites of daptomycin insertion. (C)
Calcium ions stimulate daptomycin oligomerization, potentiating this effect; facilitating the
flipping of daptomycin molecules through the bilayer to the inner leaflet. As a consequence,
peripheral membrane proteins are displaced from RIFs.

1.6.2.

Mechanisms of Daptomycin Resistance in Enterococci

While both E. faecalis and E. faecium take common trajectories and pathways to DAPresistance (DAP-R), the ultimate molecular mechanism can vary. Development of DAP-R during
therapy has been associated with genetic alterations in genes that modulate the cell envelope stress
response, most commonly the three-component regulatory system LiaFSR and genes that encode
for phospholipid metabolism (such as cardiolipin synthase (cls) and glycerophosphoryl diester
phosphodiesterase (gdpD)) (63). Evolutionary adaptation of a DAP-susceptible (DAP-S) clinical
strain revealed a hierarchy of changes leading to high-level DAP-R (Figure 9). All evolutionary
trajectories to DAP-R included initial mutations in liaFSR or the effector, liaX, followed by
second-level mutations, mostly commonly in cardiolipin synthase (cls), or genes involved in
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cyclic dinucleotide stress and redox signaling, e.g., yybT, gshF and finally third-level mutations
in biofilm formation genes, e.g., drmA, mdpA. Phenotypic changes in DAP-R include increased
cell-wall thickness, abnormal septa, decreased PG content (primary lipid target of DAP in the
bilayer), and increased membrane rigidity (73). A unique characteristic of the DAP-R phenotype
in E. faecalis is cell membrane redistribution of anionic phospholipids away from their wild-type
localization at the division septum (Figure 10A), ultimately diverting the binding of DAP away
from its vital septal targets like proteins involved in cell division and peptidoglycan synthesis
(Figure 10B) (70).

Figure 9. Evolutionary trajectory of the development of daptomycin resistance
Reprinted with permission from Antimicrobial Agents and Chemotherapy (ASM), Miller C,
Kong J, Tran TT, Arias CA, Saxer G, Shamoo YS, 2013. All the successful evolutionary
trajectories involve initial changes directly in the LiaFSR pathway, including the effector,
LiaX (annotated yvlB). Changes in cls, gshF, or yybT, while potentially important, occur
later and are likely epistatic with earlier changes. The line thickness corresponds to the
success of a specific genotype by the end of the experiment.
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Figure 10. Models of the mechanism of daptomycin resistance in Gram-Positive
pathogens
Schematic representation of the mechanism of daptomycin resistance in E. faecalis versus S.
aureus and E. faecium. (a) In daptomycin susceptible strains, anionic lipids localizes to the
division septum and cationic daptomycin preferentially binds at the septum. (b) Anionic lipids
are redistributed into microdomains away from the division septum in daptomycin resistant
E. faecalis strains and daptomycin also binds away from the septum, making it less lethal. (c)
Daptomycin-resistant S. aureus and E. faecium have membrane phospholipid alterations that
increase the overall positive surface charge of the cell repelling the positively charged
daptomycin from the surface.
DAP-R in E. faecium is more common clinically, but it does not seem to be mediated by
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redistribution of anionic phospholipids, despite the presence of mutations in the LiaFSR system.
Instead, DAP-R is associated with phospholipid composition changes, correlating with an
increase in the overall positive charge of the cell surface leading to repulsion of DAP and
decreased binding (74) (Fig 10C). This is more similar to S. aureus where DAP-R is associated
with an increased production and flipping of the cationic phospholipid, lysyl-PG, increasing the
overall positive charge of the cell surface (62). Additionally, mutations in the YycFG twocomponent system are the second most common pathway associated with DAP-R exclusively in
E. faecium (74). The YycFG system modulates peptidoglycan synthesis and overall cell wall
homeostasis via autolysin expression (75).
Due to the exceedingly complex mechanism of action of DAP and thus, equally convoluted
resistance mechanisms, the molecular effectors and key players that mediate cell envelope
adaptation remain unknown.
1.6.3.

Daptomycin Breakpoints

The Clinical Laboratory Standards Institute (CLSI) first defined the DAP breakpoint for
enterococci to be a minimum inhibitory concentration (MIC) greater than 4 µg/ml defined as
“resistant (R)” based on the Food and Drug Administration (FDA) approved dose of 6 mg/kg/day.
This breakpoint was 4-fold higher than that of S. aureus due to relative decreased potency of DAP
against enterococci. However, studies from our lab demonstrated that mutations in the LiaFSR
stress response system abolish DAP bactericidal activity despite modest increases in MIC (3-4
µg/ml) that would still define the isolates as “susceptible (S)” (76, 77). Furthermore, a clinical
outcomes study showed that E. faecium isolates from BSIs reporting an initial MIC of 3-4 µg/ml
correlated with microbiological failure of DAP therapy (78). Studies also reported more favorable
PK/PD parameters, improved clinical outcomes for enterococcal BSIs and safety with higher, offlabel dosing of 8-12 mg/kg/day (79, 80). Collectively, these studies led to CLSI revising
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enterococcal breakpoints in 2019 to S ≤1, susceptible dose-dependent (SDD) 2-4, R ≥8 (all MICs
in µg/ml) based on the 8-12 mg/kg/day adult dosing regimen (Table 1). However, the majority of
data supporting this revision was based on vancomycin-resistant E. faecium, as it is resistant to
majority of front-line agents for enterococcal endocarditis, whereas the majority of E. faecalis
isolates remain susceptible to at least one cell-wall active drug with existing alternative regimens
like double β-lactam therapy (81). A CLSI multicenter evaluation of DAP MIC reproducibility
showed lack of reproducibility by either broth microdilution (BMD) or gradient strips specifically
for E. faecium, particularly for isolates close to the breakpoint (82). However, as clinicians rely
on DAP for treating deep-seated, severe E. faecium infections, CLSI amended the breakpoints by
adding daptomycin breakpoints specifically for E. faecium with distinct breakpoints for other
enterococcal species (Table 1). This modification reduces the risk of clinicians under-dosing
serious E. faecium infections and incorporates the inherent variability in resistance profiles and
daptomycin MIC distributions between E. faecalis and E. faecium. While breakpoint revisions are
important for improved clinical outcomes, it is essential to remember that DAP antimicrobial
susceptibility testing (AST) for enterococci is inherently variable and unreproducible, even by the
reference BMD gold standard, which indicates that simply relying on MIC breakpoints for clinical
treatment is insufficient in the long-term with a need for alternative genotypic or phenotypic AST
with improved performance than the standard of care.

37

Table 1. Updates to daptomycin breakpoints for enterococci
Summary of all revisions of enterococcal breakpoints for daptomycin set by the Clinical
Laboratory Standards Institute (CLSI) starting with the current guidelines. S (susceptible),
SDD (susceptible dose-dependent), I (intermediate), R (resistant).

1.6.4.

The LiaFSR Stress Response System

The LiaFSR (for Lipid II Interaction Antibiotics) system is well-conserved across Grampositive Firmicutes with a low G+C content and has been shown to orchestrate the cell envelope
response to antimicrobials and environmental stressors (83–86). It consists of a histidine-kinase
sensor (LiaS), a cognate response regulator (LiaR) and a predicted transmembrane protein (LiaF).
An isoleucine deletion at amino acid position 177 in LiaF, a mutation that developed prior to
failure of DAP therapy in a patient, abolished the bactericidal activity of DAP and activated cell
membrane remodeling despite only a modest increase in the DAP MIC (1 to 3 µg/ml, considered
S by CLSI breakpoints at the time) (63, 76). Biochemical and structural studies indicated that in
the presence of CM stress through activation of LiaS leads to phosphorylation of LiaR, inducing
oligomerization to a tetramer form in E. faecalis and dimer form in E. faecium, allowing increased
accessibility and binding of the LiaR DNA binding domains to regulatory sequences upstream of
effector genes (87, 88). Mutations in LiaR associated with DAP-R mimic constitutive
phosphorylation and oligomerization of LiaR, increasing its ability to bind consensus regulatory
sequences upstream of a newly identified three-gene operon, liaXYZ, and recruit RNA polymerase
for enhanced transcription. The evolutionary adaptation of a DAP-S clinical strain demonstrated
that some successful trajectories to DAP-R required a LiaX frameshift mutation at predicted
amino acid position 289 resulting in a premature stop codon (89). Thus, LiaX was emerging as an
important effector of the LiaFSR stress response system in enterococci. Additionally, a deletion
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of the gene encoding the LiaR response regulator abolished DAP-R and anionic phospholipid
redistribution or led to DAP hypersusceptibility in wild-type E. faecalis and E. faecium clinical
strains, independent of genetic background (90, 91). Orthologs of the LiaFSR system in other
Gram-positive organisms like S. aureus (VraTSR), Bacillus subtilis (LiaIH-GFSR), or
Streptococcus spp. (LiaFSR) also mediate DAP-R, among resistance to a broad spectrum of other
CM perturbing or cell wall active agents, through diverse molecular mechanisms such as
increasing cell wall thickness to decrease drug-target accessibility, decreasing composition of
DAP’s primary lipid target (PG), or protecting competent cells against self-lysis in the presence
of the drug, respectively (86, 92).
Thus, the LiaFSR system is a well-conserved, Gram-positive, stress response and cell
envelope adaptation pathway that has evolved over centuries in context of the host’s ecological
niche and stress conditions.
1.7. The Seesaw Effect
1.7.1.

Clinical Origins of the Phenomenon

DAP is an important agent for the treatment of Gram-positive pathogens that display
intrinsic or increased nonsusceptibility to favorable, front-line agents like β-lactams. Early in vitro
studies with clinical Enterococcus spp., MRSA or coagulase-negative staphylococcal isolates
reported synergy between DAP and β-lactams or observed that the development of DAP-R was
associated with a resensitization to β-lactams like oxacillin for MRSA, a phenomenon that was
labeled “the seesaw effect” in the late 2000s (93–100). Of note, the “seesaw” terminology had
also been applied previously to clinical vancomycin-resistant or vancomycin-intermediate S.
aureus (VRSA/VISA) strains that occasionally displayed a reduction in oxacillin or nafcillin
MICs explained by the loss of the cassette that carries mecA (101–103). These in vitro
observations began to be exploited for clinical practice with the increasing emergence of DAP-R.
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A study reported (Figure 11A) a clinical case of a hemodialysis patient who had aortic valve
endocarditis had persistent bacteremia from vancomycin-resistant E. faecium despite 7 days of
DAP and linezolid therapy (104). Based on in vitro synergy studies, the clinical team deployed
combination therapy with high-dose DAP and ampicillin that led to the clearance of the patient’s
bacteremia within 24 h. The combination is not always efficacious as salvage therapy as clinicians
resort to alternative β-lactams. Another study reported a clinical case (Figure 11B) of a
hemodialysis patient with recurrent left-sided endocarditis and bacteremia from a high-level
aminoglycoside-resistant E. faecalis did not respond to 6 weeks of double β-lactam therapy with
persistent positive cultures after 3 days on DAP IV and ampicillin continuous infusion (105).
Based on more recent in vitro studies, the patient was switched to DAP and ceftaroline with
microbiological cure achieved after 6 weeks on therapy, illustrating the various efficacies of
different β-lactams in synergy with DAP.
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Figure 11. Timelines of patients treated with daptomycin, -lactam combination therapy
Timelines summarizing two clinical case reports of patients with aortic valve endocarditis
and refractory bacteremia caused by (A) ampicillin (AMP) and VAN-resistant E. faecium
treated with DAP + AMP combination therapy or (B) caused by high-level gentamicinresistant (HLGR) E. faecalis treated with DAP + ceftaroline (CPT). Cultures (CX), linezolid
(LZN), ceftriaxone (CRO), intravenous (IV), Q (dosing every x hours), continuous infusion
(CI).
There is still limited clinical data on DAP and β-lactam therapy to support favorable case
reports that demonstrate utility of the combination for refractory enterococcal and staphylococcal
bacteremia (106). A retrospective observational study (with multiple limitations due to its
observational nature) in Taiwan with 114 patients with VRE BSIs showed that combination
therapy with high-dose DAP and a β-lactam led to decreased mortality relative to low-dose or
high-dose DAP alone, or low-dose DAP plus a β-lactam (107). Another retrospective study in
Spain with 514 patients with methicillin-susceptible S. aureus (MSSA) showed no reduction in
mortality with DAP and β-lactam combination therapy (108). A recent small-scale (40 patients),
multicenter, prospective study in the United States compared up-front DAP and CPT combination
therapy with the existing standard of care (VAN or DAP monotherapy) for MRSA bacteremia
and showed that combination therapy could be associated with reduced in-hospital mortality
(109).
1.7.2.

Molecular Mechanism

Despite the seesaw effect being exploited for last-resort therapy for the treatment of MDR
infections, the precise molecular mechanism remains unknown. Phenotypic characterization of
the E. faecium strain from the clinical case outlined above in Figure 11A showed that ampicillin
induced a reduction in the overall positive charge of the cell surface allowing increased binding
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of DAP (104). A similar phenotype of increased DAP binding to E. faecalis was observed in the
second case (Figure 11B), but in the presence of ceftaroline (105). Using a clinical, isogenic E.
faecium pair with low and high DAP MICs, a study also reported that increased membrane fluidity
and decreased cell wall thickness along with a decrease in positive surface charge correlated with
improved binding of DAP (110, 111). The mechanistic basis of these phenotypes remains
unknown.
DAP-R in MRSA is often associated with mutations in mprF (multiple peptide resistance
factor), which encodes a bifunctional enzyme that synthesizes lysyl-PG (C-terminal cytoplasmic
domain) and ‘flips’ it from the inner to the outer leaflet of the membrane (N-terminal flippase)
(112). These mutations lead to a ‘gain-of-function’ phenotype contributing to a more positively
charged cell envelope (113). DAP-R MRSA strains harboring mprF mutations are resensitized to
β-lactams like oxacillin, nafcillin, cefotaxime, imipenem or amoxicillin-clavulanate, and DAP
plus β-lactam combination therapy showed efficacy in vitro and in vivo against these strains (97).
Notably, there are also DAP-R strains with mprF mutations that do not display the seesaw effect
in the absence of DAP induction despite equal killing activity of the DAP plus β-lactam
combination (97). A follow-up study observed that inducing DAP-R strains with DAP and
oxacillin results in aberrant localization of nascent peptidoglycan synthesis and decreased levels
of membrane associated Pbp2a, the low-affinity PBP essential for β-lactam resistance in MRSA,
potentially due to impairment of PrsA, a lipoprotein chaperone required for proper extracellular
PBP folding (114). The precise mechanistic bridge between DAP-R and impaired PBPs remains
unclear.
1.8. Antimicrobial Peptides
1.8.1.

Classifications

AMPs are small (generally < 10 kDa), soluble proteins that serve as the host immune systems
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first line of defense against infection (115). They are widely produced in animals by immune cells
like neutrophils, macrophages, and dendritic cells or cells involved in maintaining tissue barrier
function like epithelial or endothelial cells (116). Microbes produce AMPs to facilitate survival
while competing for nutrients. Human AMPs tend to be proteolytically processed to generate
active cationic forms that are regulated by innate immune pathways and essential to preventing
invasive or systemic bacterial and fungal infections.
AMPs are classified into four main groups based on their secondary structure despite
similarities in an overall amphipathic structure and broad-spectrum of activity, i) α-helical, ii) βsheet, iii) loop, and iv) extended peptides. The major classes essential to the mammalian immune
system are cathelicidins and defensins. LL-37, the only human cathelicidin, is a α-helical peptide
produced by polymorphonuclear leukocytes. Defensins are cysteine-rich, β-sheet peptides that are
further divided into α-defensins, which are made by neutrophils or intestinal paneth cells, or βdefensins, which made by epithelial cells. Humans have six α-defensins (e.g., hNP1-4) and six βdefensins (e.g., HBD1-6) identified thus far. Platelets produce another category of chemokinelike AMPs called thrombocidins and kinocidins which differ from classical AMPs by their
spectrum of activity and mechanism of action (117). Beyond exerting direct antimicrobial activity,
AMPs can likely bridge the innate and adaptive immune system by stimulating chemokine or
cytokine production and recruiting neutrophils, T lymphocytes, dendritic cells, and macrophages
(118).
Thus, functional AMP production is essential for overall immune competence against
infections and “AMP-evading” microbes are optimal invasive pathogens.
1.8.2.

Mechanism of Action

Human AMPs and DAP are functionally similar in that their cationic net charge and
amphipathic helices facilitate interaction with and eventual insertion into anionic bacterial cell

43

envelopes yielding a similar mechanism of action (119). Similar to DAP, AMPs exert their
bactericidal activity through CM disruption but the precise mechanism is debated with three main
proposed models; i) the “toroidal pore model” where AMPs oligomerize and intercalate with
hydrophobic lipids to form membrane-wide pores creating disruptions in membrane curvature, ii)
the “barrel-stave” model where AMPs directly interact with a target and embed themselves into
the membrane forming a “barrel-like” channel and, iii) the “carpet” model where AMPs aggregate
in large quantities near the membrane surface leading to hydrophobic interactions forcing bilayer
disruption as AMPs form micelle-like structures capturing lipids within (120) (Fig 12). Beyond
CM disruption, certain AMPs could cross the membrane barrier by uptake or endocytosis and
exert intracellular inhibitory activities like inhibition of DNA replication, transcription, protein
synthesis or cell wall synthesis. This is well documented with lantibiotics and bacteriocins like
nisin which is thought to sequester lipid II and inhibit cell wall synthesis (121).

44

Figure 12. Models of mechanism of action of antimicrobial peptides
Modified with permission from Antimicrobial Agents and Chemotherapy (ASM), Le CF, Fang
CM, Sekaran SD, 2017. The proposed models of membrane-lytic mechanisms by AMPs. (A)
Toroidal pore model: cascade aggregation of peptide monomers in the membrane causes the
lipid moieties to fold inward, forming a continuous channel. (B) Barrel-stave model: the
peptide monomers are arranged parallel to the phospholipids of the membrane, forming a
hydrophilic transmembrane channel. (C) Carpet model: accumulation of peptides on the
surface induces local weaknesses and breaks down the bilayers into small areas lined by the
peptide units, giving a carpet-like appearance.
1.8.3.

Mechanism of Resistance

Naturally, mechanisms of AMP resistance overlap with already known mechanisms of
AMR. Due to their cationic nature, a primary mechanism tends to be an increased overall positive
surface charge to facilitate repulsion of the AMP. This is facilitated by alterations in membrane
phospholipid composition through enzymes like MprF or D-alanylation of cell wall techoic acids
through the dlt operon, which both also mediate DAP-R in S. aureus (122). Surface
polysaccharides and adhesins can be secreted to directly bind and inactivate AMPs. For example,
staphylokinase in S. aureus that binds and inactivates the α-defensin, hNP-1, or the M protein in
Group A Streptococcus traps the cathelicidin, LL-37, with a hypervariable extracellular domain,
impeding membrane access of the AMP (123–125). Additionally, due to the small size of AMPs,
ATP-binding cassette (ABC) transporter-like efflux pumps are capable of extruding AMPs, such
as the two-component regulated BceAB transporter that pumps out bacitracin in E. faecalis. E.
faecalis also produces extracellular proteases (GelE, SprE) modulated by the Fsr quorum-sensing,
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virulence regulatory system, which cleave and degrade LL-37 (126–128). Furthermore, the
regulatory networks that control AMR determinants also regulate AMP resistance factors (118).
1.8.4.

Cross Resistance and the Seesaw Effect

Cross resistance to DAP and both cathelicidin and defensin classes of AMPs has been
documented in vitro in MRSA, E. faecium and E. faecalis (129–131). Deletion of the gene
encoding the LiaR response regulator of the LiaFSR stress response system in a DAP-R clinical
derivative strain of E. faecalis leads to hypersusceptibility to DAP, televancin and a broad
spectrum of AMPs (LL-37, HBD3, nisin, gallidermin, RP-1, mersacidin, friulimicin) (90).
Deletion of liaR in a DAP-R clinical E. faecium strain also leads to DAP hypersusceptibility, and
restores efficacy of DAP treatment in a murine peritonitis model and increases human
polymorphonuclear killing (91, 132).
Increased resistance to LL-37 and DAP in the MRSA clone USA600 in a clinical setting
was associated with increased patient mortality compared to non USA600 clones (USA100,
USA300) (133). USA600 MRSA strains were more resistant to LL-37 killing than non USA600
clones and while there were limitations, this study demonstrated that clonal non-susceptibility and
parallel negative clinical outcomes are likely not restricted to antibiotics but extend to innate
immune AMPs. Furthermore, decreased susceptibility to DAP was observed in patients with
MRSA bacteremia alongside decreased susceptibility to AMP killing in the complete absence of
DAP therapy (134). These findings support the notion that exposure to host defense AMPs in
patients can select for DAP non-susceptible strains in the absence of DAP selective pressure.
The previously discussed endocarditis patient with recurrent bacteremia due to ampicillin
and vancomycin-resistant E. faecium that failed DAP plus linezolid therapy was cured 24 hours
after high-dose DAP and ampicillin combination therapy was started (Figure 11A) (104). The
seesaw effect is behind the success of this salvage therapy. In vitro PK/PD modeling showed that
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ampicillin markedly amplified the killing activity of DAP with more bactericidal levels than highdose DAP monotherapy. This synergy correlated with an ampicillin-induced increase in overall
positive cell surface charge. Induction with ampicillin also increased killing of the strain by
cationic AMPs like LL-37, hNP-1, tPMP and RP-1. In a different study, a DAP-R clinical E.
faecium isolate showed decreased DAP and LL-37 MICs and increased DAP killing in the
presence of ceftaroline (111). Ceftaroline induction also enhanced LL-37 killing by ~3 fold
associated with decreased cell wall thickness, increased membrane fluidity, increased net negative
charge, and thereby increased DAP and LL-37 binding to the surface. Thus, there is a clinically
important mechanistic link between DAP and AMP resistance that influences the seesaw effect.
Natural and synthetic AMPs are increasingly appealing as alternative therapeutics due to
their rapid bactericidal and broad-spectrum activity (135). However, emergence of resistance,
systemic toxicity, decreased tissue penetration or decreased activity in blood have impeded longterm AMP-based drug development (136). In clinical settings, both effective antimicrobial
therapy and a viable immune system to also combat infection are important. This dissertation
studies cross resistance between DAP, a clinically valuable antibiotic, and human cAMPs to
delve into the possibility that DAP non-susceptibility also translates to innate immune
resistance. This likely has two important implications for VRE. Enterococci are human gut
commensals and have coevolved with animal immune systems for centuries, which could prime
them to be armed with intrinsic defense strategies against antibiotics. DAP-R VRE are likely
to fail DAP therapy and also be more resistant to the immune system’s efforts to clear the
infection.
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2.1. Introduction
Enterococci have evolved resistance under the selective pressures of the modern
healthcare environment due to their genomic plasticity and ability to acquire and disseminate a
wide repertoire of antibiotic resistance determinants (7). Thus, VRE are among the most
recalcitrant and challenging organisms to treat in clinical practice (137). Resistance to DAP, a
frontline antibiotic against MDR VRE infections, emerges in clinical settings in the presence or
absence of selective pressure, emphasizing the need for novel therapies (138). DAP is a CM
disrupting, cationic antibiotic that targets anionic phospholipids at the bacterial division septum
(68, 139). Similarly, cationic AMPs produced by the innate immune system exert their antibacterial activity through CM disruption (116, 140).
DAP-R in E. faecalis, regulated by the LiaFSR system, is associated with changes in CM
phospholipid composition (73) and redistribution of anionic phospholipids away from the septum,
diverting DAP (90, 141). A deletion of the gene encoding LiaR leads to hypersusceptibility to
DAP or AMPs and increased killing by innate immune cells (91, 142). Quantitative experimental
evolution has shown that pathways to DAP-R require initial activation of the LiaFSR response
followed by changes in phospholipid enzymes (89). However, the mechanism by which LiaR
affects cell envelope integrity upon exposure to antibiotics and AMPs is unknown.
Here, we identify the genetic and biochemical basis of the adaptive response to CM active
antibiotics in E. faecalis. We characterize LiaX, a protein of previously unknown function, as the
main mediator of the LiaR-directed CM response to DAP and AMPs. Each domain of LiaX plays
a unique function in modulating DAP-R. The C-terminal domain of LiaX inhibits the LiaFSR
system in wild-type strains. Thus, the absence of the C-terminal domain releases this inhibition
and acts as a signal to trigger the CM stress response. The N-terminal domain functions as a
sentinel that can bind DAP and AMPs in the extracellular environment, leading to activation of
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the LiaFSR system and protection against antimicrobials. DAP-R strains show enhanced virulence
in vivo in a Caenorhabditis elegans infection model relative to DAP-S strains due to resistance to
innate immunity. Thus, LiaX functions as a modulator of the CM stress response linking
membrane adaptation, antibiotic resistance and pathogenesis.
2.2. Materials and Methods
2.2.1.

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this work are listed in Table 2. Enterococcal
strains were grown on Brain Heart Infusion Agar (BHI, Becton Dickinson) or in broth at 37˚ C
with gentle agitation. E. coli strains EC1000 and TG-1 were grown on Luria-Bertani (LB) agar or
in broth at 37˚ C with 25 µg/mL gentamicin added for propagation of pHOU1 or pAT392
containing constructs. Minimum inhibitory concentrations (MIC) for daptomycin were performed
via Etest (bioMerieux) according to the manufacturer’s instructions. Briefly, 0.5 McFarland
standards for corresponding strains were prepared and inoculated onto Muller-Hinton agar plates
(Oxoid). Strips were placed on the agar surface after absorption of the bacterial inoculum and
plates were placed at 37˚C. MICs were read after 24 hours of incubation. For MIC determinations
with purified LiaX or N-terminal domain of LiaX added, broth microdilutions were performed in
a 96-well microtiter plate with a 1:150 dilution of a 0.5 McFarland inoculation of the strain with
MICs read after 24 hours of incubation. Growth kinetics in the presence of full length LiaX protein
or the N-terminus were performed in a 96-well plate with inoculation of a 1:150 dilution of a 0.5
McFarland into 100 l of BHI broth supplemented with the protein at a final concentration of 100
nM with mild double orbital shaking and OD600 nm measurements performed every 15 minutes
for 24 hours.
Table 2- Bacterial strains used in Chapter 2

50

E. faecalis Strain

S613

DAP
MIC
(µg/ml)
0.5

NAO
Staining
Pattern
Septal

R712

12

Redistributio
n

TM

12

Redistributio
n

TM∆liaR

0.094

Septal

OG1RF

2

Septal

OG1RFΔliaX

12

Redistributio
n
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Relevant Characteristics Reference(
s)
VAN-resistant,
DAPsusceptible isolate from a
patient with bacteremia
and isolated before DAP
therapy.
VAN-resistant,
DAPresistant isolate from the
same patient that S613
was isolated from (above)
with bacteremia, isolated
after
DAP
therapy.
Compared to S613, R712
harbors
mutations
associated with DAPresistance; in liaF (part of
the liaFSR stress response
system), cls1 (cardiolipin
synthase 1) and gdpD
(involved in phospholipid
metabolism).
Derivative
of
S613
manipulated genetically
via allelic exchange to
harbor liaF, cls and gdpD
alleles
from
R712,
resulting in amino acid
changes in positions 177,
170 and 61 of LiaF, Cls1
and GdpD, respectively.
These allelic replacements
led to DAP resistance.
DAP-susceptible
derivative
of
TM
harboring a non-polar
deletion of liaR, encoding
the response regulator of
the LiaFSR system.
Laboratory,
wild-type
strain
OG1RF
harboring
nonpolar deletion of liaX
with an activated LiaFSR
system

(143),(70)

(143),(70)

(143),(90),(
70)

(70, 90)

This work

OG1RFΔliaX/pAT392

8

Redistributio
n

OG1RFΔliaX::pAT392:
:liaX

4

Septal

OG1RFliaX*289

12

Redistributio
n

OG1RFliaX*289::pAT392
::liaX

4

Septal

OG1RFΔliaR

0.094

Septal

OG1RFΔliaX::pMSP35
35::liaX

Septal

EC1000

-

-

TG1

-

-
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OG1RFΔliaX with empty
vector pAT392 as a
control strain
OG1RFΔliaX
complemented with liaX
in plasmid pAT392 under
the control of the
constitutive P2 promoter
Derivative of
OG1RF
harboring a frameshift
mutation leading to stop
codon in position 289
resulting in a C-terminal
truncation of LiaX. This
mutation was shown to be
integral
for
DAP
resistance when S613, a
DAP-susceptible clinical
isolate,
was
experimentally involved
under DAP pressure (89).
Derivative
of
OG1RFliaX*289 with liaX
cloned
into
plasmid
pAT392 under the control
of the constitutive P2
promoter.
DAP
hypersusceptible
derivative of OG1RF
harboring a nonpolar
deletion of liaR, encoding
the response regulator of
the LiaFSR system.
OG1RFΔliaX
complemented with liaX
in plasmid pSMP3535
under the control of a nisin
inducible promoter
Wild-type
Escherichia
coli strain used for
propagation of pHOU1
plasmid
with
chromosomal replicase
Wild-type Eschericia coli
strain
used
for
propagation of pAT392
plasmid
with
chromosomal replicase

This work

This work

This work

This work

(90)

This work

(144)

-

2.2.2.

Transcriptome shotgun sequencing (RNA sequencing)

In order to identify significantly differentially regulated genes in R712 and TM∆liaR
relative to their counterparts (S613 and TM, respectively), we performed transcriptional profiling.
Overnight cultures of E. faecalis strains in trypticase soy (TS) broth (37ºC, 200 rpm) were diluted
1:50 in fresh trypticase soy (TS) broth, grown to mid exponential phase and then pelleted at 4000
rpm. RNA was extracted from pellets using ribopureTM Bacteria kit (Ambion, Life Technologies)
and treated with DNaseI. The quality of DNaseI treated total RNA was assessed using a
bioanalyzer and Nanodrop and only those samples with both A260/ A280 and A260/ A230 ratios above
1.8 and RIN values ≥ 8.0 were selected for further processing. The rRNA species were depleted
from total RNA using RibozeroTM (Illumina) kit for bacteria as per manufacturer’s instructions.
The remaining RNA was assessed for the removal of rRNA using bioanalyzer and 20-30 ng of
rRNA depleted bacterial RNA was then subjected to RNA-seq analysis. Three biological
replicates were performed per strain. DNA Illumina libraries were prepared from RNA using the
TruSeq RNA Sample Preparation v2 (Illumina). DNA was then sequenced using Illumina
HiSeq2000. Samples were multiplexed for a targeted number of single-end 100 bp reads for each
replicate. The complete genome of the strain R712, which was sequenced by PacBio (Mount Sinai
Department of Genetics and Genomic Sciences), was used as reference. For RPKM (reads per
kilobase of gene per million reads) value determination, we used the EDGE-pro (Estimated
Degree of Gene Expression in Prokaryotic Genomes), which uses Bowtie for reads mapping and
alignment, as described before (145). The differential expression analysis was carried out using
DESeq tool (146), which uses a Negative binomial Fitted model coupled with a Fisher’s exact
test. Significant expression differences were determined using adjusted P values <0.05.
2.2.3.

Quantitative real-time PCR (qRT-PCR)
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To determine if the liaFSR and liaXYZ genes are differentially regulated genes in R712
and TM∆liaR relative to their counterparts, S613 and TM, respectively, we performed qRT-PCR.
In addition, qRT-PCR was performed to evaluate liaFSR and liaXYZ gene expression in OG1RF
and OG1RF∆liaX in the presence of exogenously added LiaX and N-terminal of LiaX alone (42
nM chosen based on KD value of LiaX binding affinity with daptomycin) or in combination with
daptomycin (1 µg/ml). Values were calculated relative to untreated samples. RNA extraction was
performed in exponential phase growth using Purelink RNA Mini Kit (Ambion) or RNeasy Kit
(Qiagen) in three biological replicates from each strain grown in BHI broth in the absence or
presence of daptomycin and/or purified LiaX variants. Subsequently, treatment with Turbo
DNAse kit (Ambion) was performed to remove genomic DNA. The cDNA was generated from
~1 µg of purified RNA using SuperScriptTM II Reverse Transcriptase (Invitrogen). Evaluation of
gene expression was conducted with 5 ng of cDNA using SsoAdvancedTM Universal SYBR Green
Supermix (Bio-Rad) or BR SYBR Green Supermix (Quanta Biosciences) in CFX96 Touch TM
Real-Time PCR Detection System (Bio-Rad). Relative expression ratios were calculated by
normalizing to the housekeeping genes gyrB and gdhA. Since the efficiency was different in the
primers investigated, fold changes were calculated using efficiency corrected calculation model
described by Pfaffl (147). Primer efficiency was determined by LinRegPCR program in each
reaction. Differences in gene expression between pairs of strains, were calculated using the
normalized expression for each gene, and analyzed with one-way ANOVA (p<0.01). Results are
an average of three independent experiments with three biological replicates each.
2.2.4.

Cloning and genetic manipulation of strains

To investigate the contributions of liaX to daptomycin resistance, nonpolar isogenic
deletions were constructed using the p-chlorophenylalanine (p-Chl-Phe) sensitivity counterselection system (PheS*) (144, 148). The liaX gene was deleted in E. faecalis OG1RF. Briefly, a
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PCR fragment (~800 bp) upstream and downstream of each gene in the respective E. faecalis
background strain was amplified using the primers listed in Table 3. The two fragments flanking
each gene were fused together by crossover PCR and this fragment was cloned into pHOU1
(harboring the gentamicin resistance gene aph2’’ID for positive selection). The recombinant
pHOU1 plasmids were transformed in E. coli EC1000, electroporated into E. faecalis CK111 and
transferred into the E. faecalis recipient strain using a filter mating methodology with E.
faecalis CK111, as donor. First recombination integrants were selected on gentamicin (125
µg/ml) and fusidic acid (25 µg/ml) and subsequently the gentamicin-resistant E. faecalis colonies
that integrated the plasmid were grown on minimal medium 9–yeast extract–glucose (MM9YEG)
medium supplemented with 10 mM p-chloro-phenylalanine. Double cross over events were
screened by PCR looking for the deletion of the liaX gene. Confirmation of the deletion was
performed by PCR, PFGE, and DNA sequencing. Mutants were subject to whole-genome
sequencing (WGS) to check for other unexpected changes in the genome.
A similar strategy was performed to generate a C-terminal truncation of liaX in E. faecalis
OG1RF which involved the introduction of one nucleotide deletion (using site-directed
mutagenesis by primer extension) that leads to a stop codon in amino acid position 289 of liaX.
Of note, the same nucleotide change was sufficient to confer DAP resistance in a previous
published DAP passaging experiment using DAP-susceptible S613 (89).
For complementation of OG1RF∆liaX and OG1RFliaX*289, we used plasmid pAT392.
Briefly, liaX was PCR amplified with primers #1190 and #1169 (Table 3) from E. faecalis
OG1RF. The DNA fragment was cloned into the shuttle plasmid pAT392 (149) using the
restriction enzymes SacI and XbaI. In pAT392, the liaX gene is under the control of a constitutive
P2 promoter that is also upstream of the aac(6')-aph(2") gene encoding gentamicin resistance.
The sequence of liaX was confirmed and the recombinant plasmid was transferred by
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electroporation. In addition, an empty pAT392 vector was also transferred to the mutants as a
control.
Table 3- Oligonucleotides used Chapter 2
Primer Sequence
#1205

5’cgggatcctaatcatgataaaaaattggctcaagaag 3’

#1196

5’ atctagcttaaaattattaaggatattgcctccttagcaaa 3’

#1197

5’ ttaataattttaagctagatgggctgacgaatcagcctt 3’

#1206

5’ ccggaattcattacagccattagcaccgctgccc 3’

#1031

5’ tcaaaaagatgcacgaatgattgc 3’

#1032

5’ gccgtagccgcgatcgc 3’

#1033

5’ gacaacaacagcgggtttgtatc 3’

#1034

5’ gcaactgatgtggttaccttgtc 3’

#1155

5’ cggggatcctttataaaactagtccttactaatgaga 3’

#1156
#1157

5’ tcttgatcccaagttttgaaaccacggtaccatttg 3’
5’ caaatggtaccgtggtttcaaaacttgggatcaaga 3’

#1158
# 1153
#1032

5’ acatgcatgcctcgtctactaaattttacactagaaag 3’
5’ aagtgtagcgatggggattg 3’
5’ gccgtagccgcgatcgc 3

#1190
#1169

5’ccgagctcaaatttgctaaggaggca 3’
5’gctctagattatttatccgtatcttttagg 3’

#1217
#1218

5’ acaggtgatcttgccaaacg 3’
5’ ggtttcacggacgatttcac 3’

#1264
#1265

5’ aaaaggcatgttggcttcaaa 3’
5’ gcttccctggcaagttgcta 3’

#1292
#1293

5’ ggcgtttaaatcgtttgcc 3’
5’ gagatttcaggcgtggatatag 3’

#1294
#1295

5’ gaacatcttcaacatcccaaatc 3’
5’ attgcacttgcgtcctatc 3’

#1221

5’ agtgtatccggcgattgaag 3’
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Characteristics
In frame Deletion of liaX
Forward. BamHI site. 780 bp upstream of
start codon liaX
Reverse. 209 bp downstream of stop codon
of phoU
Forward. 1602 bp downstream of start
codon liaX
Reverse. EcoRI site. 2295 bp downstream
of star of liaX
Forward. 459 bp upstream of start codon of
liaX
Reverse. 1888 bp downstream of star codon
of liaX
Forward. 1206 bp upstream of star codon of
liaX
Reverse. 2655 bp downstream of start
codon of liaX
Stop codon of liaX *289
Forward, BamHI restriction site. Fragment
upstream carries 1-bp deletion carries
resulted in V289fs
Reverse
Forward, Fragment downstream carries 1bp deletion resulted in V289fs
Reverse, SphI restriction site
Forward in pHOU1. Screening detection
Reverse. 212 bp upstream liaY
Complementation of LiaX in pAT392
and pMSP3535
Forward. SacI. RBS from liaX gene
Reverse. XbaI. Stop codon liaX
qRT-PCR gdhA
Forward
Reverse
qRT-PCR gryB
Forward
Reverse
qRT-PCR liaF
Forward
Reverse
qRT-PCR liaS
Forward
Reverse
qRT-PCR liaR
Forward

#1222

5’ acttcaggttccaacacacg 3’

#1219
#1220

5’ cggcaccagaaagtctaagtg 3’
5’ tgcagagcttgcttcaacac 3’

#1223
#1224

5’ tggctaggaattgacccaac 3’
5’ atcgcttcctgttcttccag 3’

#1225
#1226

5’ ccgcctttgttctctcaatc 3’
5’ aaaatcgctgcattgacaac 3’

2.2.5.

Reverse
qRT-PCR liaX
Forward
Reverse
qRT-PCR liaY
Forward
Reverse
qRT-PCR liaZ
Forward
Reverse

Cell membrane architecture and phospholipid distribution by fluorescence
microscopy

Visualization of membrane anionic phospholipids was performed with 10-N-nonyl
acridine orange (NAO), a membrane dye with preferential binding to anionic phospholipid, as
described previously (70). Briefly, cells grown to exponential phase were incubated with 500 nM
NAO in the dark at 37˚C for 3.5 hours. After staining, cells were washed with normal saline and
immobilized on a poly-L-lysine coated coverslip (Sigma-Aldrich). Fluorescent images were taken
on an Olympus IX71 or Keyence BX-700 microscope using a Nikon PlanApo N 100x objective,
with a FITC filter set (excitation 485 nm, emission 517 nm). Each strain was visualized in three
biological replicates with three independent experiments. Relative fluorescence intensity across
cell length was quantified on ImageJ by counting 25-50 cells per strain and depicting cell length
as a fraction of the mid-cell division septum denoted “0”. Error bars indicate SD at each point
calculated.
Lipid Extraction and Thin Layer Chromatography
Strains were grown to mid-exponential phase in tryptic soy broth prior to extraction using
a modified Bligh and Dyer method (150). Lipids were then spotted onto HPTLC Silica Gel 60
plates (Millipore) and separated by two-dimensional thin layer chromatography. The first
dimension was chloroform/methanol/water (65:15:2) in the vertical direction followed by a
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second dimension in the horizontal direction with chloroform/methanol/acetic acid/water
(80:12:15:4). Individual lipid spots were developed with CuSO 4 (100 mg/mL) containing 8%
phosphoric acid (v/v) and heated at 180⁰C, and spots were identified as previously referenced
(150–153) and through comparison to known lipid standards (Avanti Polar Lipids). Relative
quantification of lipid spots was performed through densitometric analysis through ImageJ
software. Results are displayed as the mean of at least 4 replicates. Statistical analysis was
performed in GraphPad Prism using a one-way Anova (p< 0.05).
2.2.6.

Expression and purification of LiaX and variants from Enterococcus faecalis
S613

In order to facilitate expression of constructs containing the full length LiaX, N-terminal
LiaX (residues 1-277) and C-terminal LiaX (residues 278-533), the SUMO-tag was included. The
gene encoding LiaX S613 was cloned between the NcoI/HindIII sites of the modified pET-Duet
vector (Novagen, NJ, USA) containing the N-terminal His tagged SUMO peptide sequence and
expressed in Escherichia coli BL21 (DE3) cells. Expression was induced with isopropyl β-D-1thiogalactopyranoside to 0.4 mM at an OD600 of ~0.7 and incubated at 15°C for 17 hours. Cells
were harvested by centrifugation at 5000-x g for 15 minutes and washed in cold phosphate
buffered saline (0.1 M phosphate buffer, pH 7.4, 0.0027 M potassium chloride, and 0.137 M
NaCl). A frozen cell pellet was re-suspended in buffer A (50 mM Tris pH 7.4, 1 M NaCl, 20 mM
Imidazole, 0.3 mM DTT, 0.2 mM PMSF, 5% (v/v) Glycerol) and complete protease inhibitor
cocktail tablet, EDTA-free (Roche Diagnostics Corp, Indianapolis, IN, US). Lysis was performed
using Branson Sonifier 250 (VWR Scientific). The supernatant was applied for the initial affinity
column step (GE Healthcare Life Sciences). The column was washed with 10 column volumes of
buffer A, and eluted with a step elution gradient from 20 to 1 M Imidazole. The fractions
containing the protein of interest were pooled, dialyzed against 50 mM Tris pH 7.5, 0.3 mM DDT,
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and 5 % glycerol overnight at 4 °C. N-terminal SUMO peptide (within the 6xHis tag) was
removed by treatment with His tagged SUMO protease (Thermo Fisher) and nickel column
purification was repeated with the same conditions. The fractions containing LiaX were pooled,
dialyzed against 50 mM Tris pH 7.5, 2 mM TCEP, 0.2 mM EDTA, 5 % glycerol, and purified
over a Q-XL Sepharose column (GE Healthcare) using a 0.1-1 M NaCl gradient. The peak
fractions were pooled, concentrated and loaded onto a Superdex-200 column (GE Healthcare,
HiLoad 16/60) for the final purification step.
Additionally, N-terminal (residues 1-275) and C-terminal (276-533) E. faecalis S613
LiaX were also expressed as a C-terminal 6X-His tagged fusion protein both to facilitate
purification and to further protect the C-terminus from proteolysis. This N-terminal variant was
expressed and purified using the same strategy described above, except the C-terminal His tag
was not removed during the purification. The sample purity was assessed by SDS–PAGE and
found to be >95%. The C-terminal domain expression was not sufficient enough to produce
reasonable amount of protein to use for the biophysical studies.
2.2.7.

Enzyme-linked immunosorbent assay (ELISA) to quantify LiaX

The surface exposure of LiaX and its presence in the extracellular milieu was evaluated
by ELISA performed on whole cells or trichloroacetic acid (TCA) precipitate supernatants, as
described before (154). Briefly, E. faecalis strains grown to mid-exponential phase in BHI broth
were washed with phosphate-buffered saline (PBS), pH 7.4, and normalized to the same OD 600 in
50 mM carbonate-bicarbonate buffer, pH 9.6, before coating (100µl) microtiter wells (4XHBX,
Thermo Fisher Scientific). Media was harvested from the strains grown above, filtered through a
0.22-µM filter (Millipore, Sigma), incubated overnight at 4ºC with 10% TCA before the
precipitated proteins were pelleted (max speed, 15 min), washed with acetone, dried and
resuspended in the same volume as the whole-cells above in PBS with protease inhibitors (EDTA-
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free protease inhibitor cocktail, Roche) before coating (100 µl) microtiter wells. Surface
expression and LiaX in the extracellular media was detected by an affinity-purified polyclonal
anti-rat antibody against the N-terminal of LiaX with a goat anti-rat alkaline phosphatase
conjugated secondary (Jackson ImmunoResearch Laboratories) with chromogenic p-nitrophenyl
phosphate 1-STEP substrate (Thermo Fisher Scientific) used for detection. The absorbance of
each well was read at 405 nm. Results (error bars) displayed are an average of three independent
experiments with 24 biological replicates per experiment and a two-tailed unpaired t-test was used
for statistical analysis (p<0.0001). OG1RF∆liaX was used as a negative control. Significance was
calculated by comparing daptomycin-resistant strains to both the negative control and their
daptomycin-susceptible counterparts.
2.2.8.

Cell fractionation and western blotting

To further confirm the differential expression of LiaX on the cell surface and in the
extracellular media between daptomycin-resistant and daptomycin-susceptible strains,
immunoblotting on cell fractions was conducted. The cell wall fraction was isolated by lysozyme
treatment, as described before (155). Briefly, 50 ml mid-exponential phase cultures were
normalized to the same OD600nm and pelleted, washed in cold TES buffer (10mM Tris-HCl pH 8,
10mM EDTA, 17% sucrose), resuspended in 500 µl of TES containing lysozyme (5 mg/ml per
OD600 1) and protease inhibitor cocktail, incubated for 30 min at 37ºC and for 15 min at 4ºC. To
maintain protoplast integrity, MgCl2 at a final concentration of 50 mM was added prior to
centrifugation (15,000xg, 10 min, 4ºC) and the protein pellet was resuspended in 1 ml PBS with
protease inhibitor cocktail (EDTA free, Roche). The protoplast was disrupted by mechanical lysis
glass bead disruption using a FastPrep 24 followed by spinning down the solution (13,000 rpm,
20 min, 4 C) to remove cell debris. The supernatant was collected and subject to
ultracentrifugation (100,000 xg, 1h, 4 C) to obtain cell membrane fractions which were
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resuspended in 250 ul PBS with protease inhibitor cocktail. Extracellular culture supernatants
were precipitated using 10% cold TCA with media harvested from the same 50 ml cultures above.
Briefly, 10% TCA was added followed by incubation at 4C overnight. Supernatants were spun
(15,000 rpm, 20 min, 4 C) to obtain protein pellets which were then washed twice in 500 ul of
cold acetone before speed vacuuming for 1 min to dry the pellet. Supernatant pellet was
resuspended in 100 ul of PBS with protease inhibitor cocktail. Total protein concentrations of cell
wall, cell membrane and supernatant fractions were determined by bicinchoninic acid assay in
three biological replicates at a 1:10 and 1:25 dilution (Thermo Fisher Scientific) and 50 ug were
loaded per well.
Western blotting was performed using 10% SDS-PAGE gels that were transferred onto
polyvinylidene difluoride (PVDF) membranes using the iBlot 2 transfer system (Thermo Fisher
Scientific) before being blocked and probed using the iBind Flex (Thermo Fisher Scientific) with
the anti-rat primary antibody to the N-terminal of LiaX and a horse radish peroxidase conjugated
goat anti-rat secondary antibody. OG1RF∆liaX was used as a negative strain control. Quality of
the cell wall extracts was verified by probing with an affinity-purified polyclonal antibody to
EbpA (1:50,000 dilution), a pillin subunit, embedded in the cell wall of E. faecalis (156). Probing
with a monoclonal antibody for the RNA polymerase, -subunit, was used as a loading control
for the cell lysates or to ensure the lack of cytoplasmic contamination in the cell wall and cell
membrane fractions.
2.2.9.

Immunogold labeling and transmission electron microscopy

Electron microscopy was carried out as previously described (157). Briefly, E. faecalis
strains were grown to mid-exponential phase, suspended in 0.1M NaCl and adhered to carboncoated nickel grids. Grids were washed by the droplet pipetting method three times with PBS
containing 1% bovine serum albumin (BSA). Nonspecific reactions were blocked with 0.1%
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gelatin in PBS for 1h before adding the affinity-purified polyclonal primary against the Nterminus of LiaX diluted 1:50 in PBS with 1% BSA for 1h. After another wash and blocking step,
the grids were labeled with goat anti-rat IgG conjugated to an 18 nm gold particle (Jackson
ImmunoResearch) diluted 1:20 in PBS with 1% BSA for 1h. After a final wash in PBS with 1%
BSA, the grids were washed five times with water before staining with 1% uranyl acetate for 1
min. Samples were imaged using a JEOL JEM 1400 120 kV transmission electron microscope.
Images were collected using Gatan DigitalMicrograph software, and the scale bar was added
during imaging. Each strain was visualized in three biological replicates with three independent
experiments.
2.2.10. Spent media assay
In order to determine if media isolated from daptomycin-resistant strains with high
amounts of LiaX can protect daptomycin-sensitive strains from antibiotic attack, a spent media
assay was used to determine minimum inhibitory concentration (MIC) with a modified
macrobroth dilution protocol initially outlined by the Clinical and Laboratory Standards Institute
(CLSI). Briefly, E. faecalis strains were grown in BHI broth until an OD600 of 0.3, 0.6, or 0.9 and
normalized before cultures were pelleted to harvest media and filter through a vacuum-driven
0.22 µM filter in order to remove all bacterial cells (considered the “spent” media). Media were
plated on BHI agar to ensure there was no bacterial growth after 24 h. Macrobroth dilution assay
was set up in borosilicate glass culture tubes in a total 2 ml volume with 1 ml of spent media
added, 500 µl of daptomycin in increasing concentrations diluted in Mueller Hinton broth and
500 µl of the bacterial inoculum (the daptomycin-sensitive strain) that is diluted 1:150 from a 0.5
McFarland standard. MIC was read 24 h post-inoculation and assayed based on bacterial growth.
Statistics were calculated between three independent experiments with three biological replicates
in each experiment with a one-way ANOVA (p<0.01).
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2.2.11. Antimicrobial peptide killing assays
Killing activity of LL-37 (GenScript) was determined by a 2 hour killing assay in RPMI
+ 5 % LB broth using previously established protocols (90). Briefly, strains were grown to midexponential phase in BHI broth and diluted to 103 cfu/ml in a final volume of 50 l in the presence
of absence of 50 g/ml LL-37 and/or purified LiaX. The assay was run for 2 hours with mild
shaking at 37 C followed by plating 100, 10-1 and 10-2 dilutions on BHI agar with cfu/ ml
calculated at 24 h after incubation at 37 C. For dermcidin (DCD-1L, AnaSpec), a 4 hour killing
assay was performed in 10 mM sodium phosphate buffer with 100 mM NaCl (pH 7.4) using
previously established protocols (158). Briefly, exponential cultures were dilution to 106 cfu/ml
in a final volume of 50 l in the presence of 50 g/ml DCD-1L followed by incubation at 37 C
for 4 hours with mild shaking and cfu counts performed as listed above. Killing activity was
calculated by counting cell survival in the presence of the peptide relative to the untreated control.
2.2.12. Determination of LiaX and DAP binding affinity by fluorescence spectroscopy
Fluorescence spectra were recorded using an M1000 pro plate reader (Tecan US, Inc.,
Morrisville, North Carolina). The excitation wavelength was set at 365 nm, and the emission
spectra were recorded at 465 nm in order to observe the emission response from the Kyn-13
residue on DAP. Band passes for excitation and emission were between 2 and 5 nm. Since below
the critical aggregation concentration for DAP the antibiotic molecules are largely monomeric,
the fluorescence shifts observed in our study were attributed to DAP-LiaX interactions. The
binding isotherms were constructed by plotting the fluorescence difference (ΔF) at 465 nm at 10
µM daptomycin concentration in the presence and absence of LiaX against increased
concentrations of LiaX.
2.2.13. Determination of LiaX and LL-37 binding affinity by microscale
thermophoresis
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The affinity of LiaX and variants for LL-37 (GenScript) was measured by Microscale
Thermophoresis (MST) (159). MST experiments were performed on a Monolith NT.115 system
(Nanotemper Technologies) using 25% LED. The labeling of the full length and N-terminus of
LiaX protein was performed with in the 1st generation amine reactive RED-NHS dye in 0.1 M
phosphate buffer, pH 7.4, 0.0027 M potassium chloride, and 0.137 M NaCl, 1mM Tris (2carboxyethyl) Phosphine (TCEP). The binding of the N-terminal domain was verified by
performing MST with the 2nd generation histidine reactive RED-NHS dye in a buffer
recommended for the kit- 50 mM Tris pH 7.4, 150 mM NaCl, 10mM MgCl2, 0.1 % tween-20 and
supplemented with 5% DMSO. Unlabeled ligands were serially diluted in reaction buffer listed
above to which an equal volume of fluorescent LiaX was added to a final concentration of 25 nM.
The samples were loaded into standard treated capillaries and data analysis was performed using
Nanotemper Analysis software, v 1.5.41.
2.3. Results
2.3.1.

Determination of the LiaR Regulon

We hypothesized that the biochemical mechanism of DAP-R is mediated by genes
regulated by the LiaFSR system. Thus, we used transcriptomics to identify target genes in the
LiaR regulon. Genes mediating DAP-R were identified by comparing i) a clinical strain pair of
DAP-S and DAP-R E. faecalis (S613, and R712), recovered from the bloodstream of a patient
before and after DAP therapy, respectively (143), and ii) a DAP-R derivative of S613 that harbors
the mutated alleles from R712 (S613ΔliaF177gdpD170cls61; referred herein as TM (13)) with its
derivative that has a deletion of liaR and is hypersusceptible to DAP (90). We identified three
proteins encoded by the liaXYZ operon (Figure 13), as well as genes coding for transmembrane
proteins of unknown function, proteins involved in cell envelope stress responses, cell division
and cell wall synthesis, among others (Table 4, Figure 14). Previous structural studies showed
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that, upon activation, LiaR oligomerizes, increasing its ability to bind regulatory DNA sequences
upstream of liaFSR and liaXYZ, and recruit RNA polymerase (87). Thus, we focused on liaXYZ

Figure 13. Structure of the liaXYZ operon
The liaXYZ operon encodes three novel genes that are regulated by the LiaFSR stress response
system. The operon is regulated by the response regulator LiaR and transcribed from one
promoter upstream of liaX (87). LiaX is a 533 amino acid protein with distinct N- and Cterminal domains. LiaY and LiaZ are transmembrane proteins of unknown function.
and used qRT-PCR to verify them as potentially important effectors of LiaR (SI Appendix, Fig
13-14, Table 4).

Table 4- Differentially regulated genes in daptomycin-resistant versus susceptible strains
Genes differentially expressed (significant adjusted p values) in RNA-seq experiments
comparing DAP-resistant strains relative to DAP-sensitive counterparts. Only genes with
significant adjusted p value <0.05 displayed.
R712 relative to S613
Annotatio
n ID

Fold
Change

Log2
fold
change

Annotation

fig|1351.10
6.peg.24

30.9000
147

4.949535
621

fig|1351.10
6.peg.1616

60.6156
193

5.921617
686

FIG00627918:
hypothetical
transmembrane
protein
LiaX,
Hypothetical
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EF numbers Potential Function
(according to
V583
reference
genome)
EF0026
Unknown function

EF1753

Part of the liaXYZ
operon, mutations

protein, homolog
of
fig|393130.3.peg
.2627
fig|1351.10
6.peg.1615

30.8148
908

4.945555
772

LiaY, conserved EF1752
hypothetical
transmembrane
protein

fig|1351.10
6.peg.1408

Inf

12

FIG00628887:
hypothetical
transmembrane
protein

fig|1351.10
6.peg.1188

18.7423
686

4.228231
386

Cell division and EF1300
cell
wall
synthesis protein
FtsW

fig|1351.10
6.peg.619

Inf

12

FIG00629735:
hypothetical
transmembrane
protein
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EF1533

EF0798

have been found in
daptomycin
resistant
E.
faecalis(160) and E.
faecium strains(74),
Part of the liaXYZ
operon(87),
mutations have been
found
in
daptomycin
resistant E. faecium
clinical isolates(74)
Contains domain of
unknown function
(DUF)
1093,
homologous
to
YxeA protein in
Bacillus subtilis that
is a surface exposed
transmembrane
peptide regulated by
the YxdJK stress
response
system
involved
in
responding to cell
envelope
acting
antibiotics
and
innate
immune
peptides (161–163).
Essential
transmembrane
protein for cell
division. Predicted
to serve as a lipid II
flippase and cell
wall
synthesis
transglycosylase
that can polymerize
peptidoglycan with
partner
transpeptidases
(164).
Unknown function

TM∆liaR relative to TM
Annotation
ID

fig|1351.10
6.p

fig|1351.10
6.peg.1615

fig|1351.10
6.peg.1616

fig|1351.10
6.peg.1408

fig|1351.10
6.peg.749

fig|1351.10
6.peg.2217

fig|1351.10
6.peg.2218
fig|1351.10
6.peg.2475
fig|1351.10
6.peg.2348

P value

Log2 fold Annotation
change

7.40E18

7.9470728
71

8.27E13

6.9985112
07

9.34E12

2.89E06

5.87E06

8.05E06

9.53E05
0.0001
1
0.0001
3

8.4453937
45

-12

-12

3.1855779
17

FIG00627918:
hypothetical
protein
LiaY, conserved
hypothetical
transmembrane
protein
LiaX,
Hypothetical
protein, homolog
of
fig|393130.3.peg
.2627
FIG00628887:
hypothetical
transmembrane
protein
FIG00627807:
hypothetical
transmembrane
protein

EF numbers Potential Function
(according
to
V583
reference
genome)
Unknown function
EF0026
See above

EF1752
See above

EF1753
See above

EF1533
Unknown function

EF0932

acetyltransferase,
GNAT family
EF2621

3.4018083
49

FIG00628095:
hypothetical
transmembrane
protein

-12
2.9852152
32

Integrase
Alkyl
hydroperoxide

GCN5-Related NAcetyltransferase
could be involved in
regulation and post
translational
acetylation
of
proteins (165)
Proton-dependent
oligopeptide
transporter that relies
on proton motive
force to mediate
translocation of di
and tripeptides (166).

EF2622
-

67

EF2738

fig|1351.10
6.peg.2349

fig|1351.10
6.peg.296

0.0001
5

0.0002

2.9170274
86

3.3559672
67

reductase protein
F (EC 1.6.4.-)
Alkyl
hydroperoxide
reductase protein
C (EC 1.6.4.-)

ABC transporter
ATP-binding
protein YvcR

68

-

ATP
binding
transporter,
an
effector involved in
mediating bacitracin
resistance
and
regulated by the
YxdJK cell envelope
stress
response
system(167),
mutations in yvcR
develop in LiaRindependent
pathways
to
daptomycin
resistance (168)
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Figure 14. Transcriptional profiling of genes regulated by the LiaFSR system in
daptomycin-resistant strains relative to susceptible strains
A. RNA-seq comparing the transcriptome of the daptomycin-resistant clinical strain R712
relative to its daptomycin-susceptible counterpart (S613) yielded 6 genes that were
significantly upregulated in R712. Results are average from three biological replicate
experiments showing genes with statistically significant (p<0.05) adjusted p values. B. RNAseq comparing the transcriptome of the daptomycin-resistant clinical derivative of S613 (TM;
harboring three mutated alleles of R712) with its liaR deletion derivative yielded 11 genes that
were differentially regulated in the absence of LiaR (TM∆liaR). C. qRT-PCR experiment
comparing gene expression of liaFSR and liaXYZ in R712 vs. S613 and TM vs TM∆liaR.
Differential gene expression values were considered significant (p<0.05) based on a two-tailed
t-test with data represented from three independent experiments with three biological
replicates each. Transcriptional profiling was performed by Lorena Diaz, Rafael Rios, and
Jinnethe Reyes with support from Paul Planet and Apurva Narechania.

The first gene of the liaXYZ cluster (liaX) encodes a 533 amino acid (AA) protein with
two distinct predicted domains, an N-terminal domain comprised mainly of α-helices and a Cterminal domain formed largely of β-strands (Fig 13). LiaX lacks predicted classical secretion
signals, an LPXTG motif and transmembrane domains. liaY encodes a 107 AA transmembrane
protein harboring a PspC domain that is involved in cell envelope stress adaptation in Gramnegative bacteria (169). liaZ encodes a 118 AA transmembrane protein with homology to bacterial
holins involved in the response to phage-mediated membrane damage (170).
2.3.2.

The C-terminal Domain of LiaX Regulates Cell Membrane Adaptation
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Experimental evolution of the DAP-S clinical isolate S613 identified that mutations in liaF, liaS
or a frameshift stop codon at predicted AA position 289 in LiaX were crucial in the initial adaptive
trajectory to DAP-R (89). Position 289 is within a protease susceptible linker region that bridges
the N and C-terminal domains of LiaX, suggesting that a C-terminal domain truncation is
important for adaptation to DAP. Thus, to verify the role of LiaX and the function of the Cterminal domain, we generated a non-polar deletion of liaX (OG1RFΔliaX) and truncation of the
C-terminal domain (stop codon at AA 289, OG1RF liaX*289) in a DAP-S laboratory strain of E.
faecalis (OG1RF). Deletions of liaX and the C-terminal domain encoding region made OG1RF
resistant to DAP (8-fold increase in MIC) with anionic phospholipids redistributed away from the
division septum, as evidenced by the pattern of 10-N-nonyl acridine orange (NAO) staining (Fig
15-16). Complementation of liaX in the mutants reverted the resistance phenotype and reestablished septal localization of anionic phospholipids (Fig 15-16).
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Figure 15. Daptomycin-resistance associated with redistribution of anionic lipids away
from septum
A. Representative fluorescence microscope images of anionic phospholipids visualized in E.
faecalis strains grown to mid-exponential phase by staining with 10-N-nonyl acridine orange
(scale bar, 0.5M). A nonpolar deletion (OG1RFliaX) and C-terminal truncation
(OG1RFliaX*289) lead to DAP-R, as seen with the 8-fold increase in DAP MIC, and a
redistribution of anionic phospholipids away from the division septum (white arrow). B. Mean
fluorescence intensity (relative fluorescence units, rfu) across cell length (represented on xaxis as a fraction of the distance from the mid-cell division septum) was quantified from 2550 single cells for each strain with error bars indicating the SD at each point in the cell. Mutants
were constructed by Diana Panesso, Truc T. Tran, and Sandra Rincon. NAO staining
quantification was performed with Truc T. Tran.
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Figure 16. Representative panels of cells showing anionic lipid localization in strains
A. A panel of multiple representative fluorescence microscope images of anionic
phospholipids visualized in E. faecalis strains grown to mid-exponential phase by staining
with 10-N-nonyl acridine orange. B. The empty vector control, OG1RFliaX (pAT392), does
not alter the DAP MIC of OG1RFliaX (MIC of both strains is 16 g/ml) nor the pattern of
anionic phospholipid localization. Mean fluorescence intensity (relative fluorescence units,
rfu) across cell length (represented on x-axis as a fraction of the distance from the mid-cell
division septum) was quantified for 25-50 single cells for each strain with error bars indicating
the SD at each point in the cell. NAO staining quantification was performed with Truc T. Tran.

Analysis of membrane composition of major lipids in exponential phase cells showed an increase
in phosphatidylglycerol (PG) and a decrease in cardiolipin (CL) in DAP-R laboratory
(OG1RFΔliaX, OG1RFliaX*289) and clinical (R712) strains relative to their DAP-S counterparts
with no changes observed in lysyl-PG (Fig 17). Complementation of liaX (OG1RFΔliaX
pAT392::liaX) fully reverted this phenotype (Fig 17). Of note, these lipid composition changes
differ from previous studies conducted on stationary phase cells (73). We performed all
microscopy and LiaX localization experiments on mid-exponential phase cultures to maintain
consistency since DAP disrupting active cellular processes like division, cell wall synthesis and
lipid biogenesis (68).
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Figure 17. Major membrane lipid composition in daptomycin-resistant versus
susceptible strains
Relative membrane composition of major phospholipids comparing DAP-resistant strains with
their DAP-sensitive counterparts. 2D thin layer chromatography (TLC) (first dimension was
chloroform: methanol: acetic acid and second dimension was chloroform: methanol: acetic
acid: water) separation of membrane lipids isolated from exponential phase cultures in
trypticase soy broth (TSB) under the same conditions as NAO staining. TLC experiments were
followed by densitometric quantification showing an increase in relative phosphatidylglycerol
(PG) content, a decrease in cardiolipin (CL) and no changes in lysyl-PG in all daptomycinresistant strains relative to their daptomycin-susceptible counterparts under the experimental
conditions. Notably, complementation of liaX reverts this phenotype back to wild-type. Data
represented as a mean of four independent experiments with SD in error bars (** p< 0.001).
Membrane lipid composition analysis was performed with April H. Nguyen.

DAP’s lethality is also linked to its ability to disrupt CM fluidity and bilayer organization
through sequestration of fluid lipids (68). We used Laurdan, a membrane dye that shifts emission
spectra in response to lipid order, to measure membrane fluidity in DAP-S OG1RF, DAP
hypersusceptible OG1RFliaR, and DAP-R strains, OG1RFliaX and OG1RFliaX*289. At baseline,
the membrane of the DAP-R strains is significantly more rigid relative to OG1RF, with no
differences between OG1RFliaR and OG1RF (Fig 18). We previously showed that changes in
rigidity upon addition of DAP is correlated with DAP concentrations and not with DAP MICs.
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Figure 18. Membrane rigidity of daptomycin-resistance versus susceptible strains
Membrane fluidity assayed using Laurdan dye, whose emission spectra responds to alterations
in lipid order. Higher values represent an increase in membrane rigidity. Comparison of
baseline fluidity by two-way ANOVA with correction using Dunnett’s multiple comparisons
test, with all strains compared in relation to OG1RF. * p < 0.05

The deletion of liaX or its C-terminal domain led to the activation of the LiaFSR stress
response system, as indicated by the upregulation of the liaFSR and liaXYZ gene clusters relative
to the DAP-S, OG1RF (Fig 19). Thus, the C-terminal domain of LiaX acts as a negative regulator
of the LiaFSR system, and in the absence of this domain, constitutive activation of the system
leads to CM remodeling that modulates antibiotic resistance.
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Figure 19. Transcriptional changes in liaFSR, liaYZ with alteration of liaX
qRT-PCR of daptomycin-resistant strains OG1RF∆liaX and OG1RFliaX*289 measuring
expression levels of liaFSR and liaXYZ relative to the daptomycin-sensitive OG1RF. Data
presented are from three independent experiments with three biological replicates each. Error
bars represent SD (p< 0.05). QRT-PCR was performed by Sandra Rincon with help from
Mauricio Latorre.

2.3.3.

LiaX and its N-terminal Domain are Released into the Extracellular
Environment in Daptomycin-Resistant Strains

Since LiaX has two distinct domains, we hypothesized that the subcellular localization of
LiaX is important for its function. Localization was probed with ELISA assays and
immunoblotting on whole cells, cell wall or CM extracts and concentrated supernatants using an
affinity purified antibody to the N-terminus of LiaX. All experiments were performed with pairs
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of DAP-R and DAP-S clinical and laboratory strains. The 60 kDa LiaX or the N-terminus alone
(~ 30 kDa) were detected on the cell surface and extracellular milieu in significantly higher
amounts in all DAP-R strains (clinical or laboratory origin) compared to the DAP-S parental
strains (Fig 20). Notably, the N-terminal domain of LiaX is detected along with full length LiaX
in the supernatants of the DAP-R clinical strains (Fig 20C).
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Figure 20. Localization of LiaX in daptomycin-resistant versus susceptible strains
ELISA using affinity purified antibody to the N-terminal domain of LiaX on the cell surface
(A) and in trichloroacetic acid precipitated supernatant (B). OG1RFliaX was used as a
negative control. All DAP-R strains have increased detection of LiaX (**, p<0.0001, twotailed t-test) as compared to their DAP-S counterparts. Statistics display mean values from
three independent experiments with 24 replicates each and error bars for SEM. C.
Immunoblotting to detect LiaX full length (60 kDa, top band) or N-terminal (30 kDa, bottom
band) in the cell membrane, cell wall, and supernatant fractions of DAP-S and DAP-R strains.
Despite lacking identifiable transmembrane domains or LPXTG motifs, LiaX is seen in all
fractions. EbpA, a cell surface pilli protein, was used as a cell wall loading control. RNA
polymerase -subunit, a cytosolic protein, was used as a quality control to ensure purity of the
cell wall and membrane fractions.
Additionally, we sought to visualize LiaX in the extracellular milieu using immunogold
labeling and transmission electron microscopy. More LiaX was detected in the extracellular
milieu of DAP-R compared to DAP-S strains (Fig 21). Our results indicate that development of
DAP-R involving CM remodeling was associated with increased cell surface exposure and
extracellular release of LiaX and/or the N-terminus of the protein.
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Figure 21. Immunogold labeling to visualize extracellular LiaX with electron microscopy
Representative immunogold labeling (18 nm gold nanoparticle) with antibody for N-terminus
of LiaX shows daptomycin-resistant strains (in red) have increased amounts of LiaX levels in
the extracellular environment relative to daptomycin-susceptible strains. Scale bars represent
0.5 µM. OG1RFliaX was used as a negative control. TEM was performed with Sara D. Siegel
under the guidance of Hung Ton-That.

2.3.4.

LiaX Binds Daptomycin and the Human Cathelicidin LL-37

To dissect the extracellular role of LiaX, we postulated that LiaX could bind DAP or
AMPs to “shield” the cell from the antibiotic attack. The human cathelicidin LL-37 (171) is a
peptide secreted by polymorphonuclear leukocytes to disrupt the bacterial CM and is functionally
similar to DAP. Enterococci lacking liaR are more susceptible to killing by human neutrophils,
presumably by enhancing the ability of LL-37 to kill the invading bacteria (142). DAP-R has been
associated with cross-resistance to AMPs, including LL-37 (113). In agreement with those
studies, all laboratory and clinical DAP-R strains (including OG1RFliaX) were resistant to LL37 killing compared to their DAP-S counterparts (Fig 22). Furthermore, reintroduction of liaX in
OG1RFliaX reverted the resistance phenotype.
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Figure 22. Daptomycin-resistant strains show cross resistance to human antimicrobial
peptide, LL-37
LL-37 killing assay (2 hours) on DAP-S and DAP-R strains performed with a starting inocula
of 103 cfu/ml incubated with 50 µg/ml in RPMI + 5% LB broth followed by cfu counts.
Survival was calculated relative to untreated condition. Data represents average of three
independent experiments with error bars for SD. ** p < 0.001 Isogenic strain backgrounds are
the same color.
We then tested the ability of both LiaX and the N-terminal domain to bind DAP using
fluorescence spectroscopy. The disassociation constant (K d) for the full LiaX protein was 30.4 +
6.1 nM in the presence of 1mM Ca+2, while the N-terminal domain had a modestly lower affinity
(Kd = 83.8 ± 6.6 nM) (Fig 23A, Table 5). DAP MICs for enterococci range from ~0.25 to over
20 µg/ml (1.5-12 µM), which is more than ten times our measured in vitro Kd levels. Thus, LiaX
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binding to DAP occurs within physiologically relevant concentrations. LL-37 binding to LiaX
was measured using microscale thermophoresis (MST) by quantifying changes in fluorescence
emitted by NT-647 labeled LiaX (Fig 23B). The Kd for LiaX was 8.26 ± 0.28 µM and 10.6 ± 0.43
µM for the N-terminus of LiaX (Table 5). There is a modest sigmoidal character to the binding
isotherms suggesting cooperativity during binding (Fig 23B).

Figure 23. LiaX and N-terminus of LiaX bind to daptomycin and LL-37
A. Fluorescence spectroscopy measuring LiaX or N-terminal of LiaX and DAP binding
affinity using the intrinsic fluorescence of daptomycin (at 465 nm) and increasing
concentrations of LiaX or N-terminal of LiaX in the presence of 1mM Ca2+. B. Microscale
thermophoresis measuring LiaX or N-terminal of LiaX and LL-37 binding affinity in the
presence of increasing concentrations of fluorescein labeled LiaX. Statistics performed on data
from three independent experiments. Binding assays were performed by Milya Davlieva under
the guidance of Yousif S. Shamoo.
Table 5- Binding affinities of daptomycin and LL-37 to LiaX or N-terminus of LiaX
Daptomycin and LL-37 binding affinity to purified LiaX (full length and N-terminal) from
E. faecalis S613. Hill coefficient indicated when relevant.
Daptomycin binding
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Protein(s)

Kd , nM

Hill coeff.

1 mM Ca2+
S613 full length LiaX

30.44±6.1

1.3±0.5

S613 N-terminal LiaX

83.83±6.6

2.6±0.6

LL-37 wild-type binding with RED-NHS 1st Generation (Amine Reactive) Dye
Protein(s)

Kd , µM

Hill coeff.

S613 full length LiaX

8.26 ± 0.28

3.54 ± 0.12

S613 N-terminal LiaX

10.6 ± 0.43

5.89± 0.16

The binding affinity of the N-terminus of LiaX to LL-37 was also verified by MST with a
His-tag specific NT-674 dye labeling LiaX, yielding a KD similar to full length protein (5.268 ±
1.141 μM, SI Appendix, Fig 24). To determine if the binding of the N-terminus of LiaX to AMPs
is largely charge mediated, we tested an active form of dermcidin (DCD-1L), a membrane-acting
anionic AMP that is expressed in human eccrine sweat glands. DCD-1L has broad-spectrum
antimicrobial activity, including against E. faecalis, with a mechanism of action predicted to be
distinct than that of cationic AMPs (158, 172). We confirmed that DCD-1L (50 g/ml) was active
against OG1RF and S613 (Fig 25). However, in contrast to LL-37, the N-terminal domain of LiaX
exhibited no detectable binding affinity to DCD-1L even at high concentrations (1000 µM) (Fig
24, Table 6). To determine if a reduction in the cationic charge of LL-37 (+ 5.9) would impact
binding, we tested neutral (substituting alanine and lysine for serine) and charge reversed
(substituting some aspartate or arginine residues for lysine or glutamate, net charge -6.1) mutants
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of LL-37. The binding affinity of the N-terminal domain of LiaX to neutral LL-37 decreased by
~ 10 fold, with no binding observed to charge reversed LL-37 (Fig 24, Table 6). These findings
confirm that LiaX, specifically the N-terminal domain, binds DAP and cationic AMPs and that
charge likely plays an important role in this interaction.
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Figure 24. Antimicrobial peptide charge impacts binding affinity to N-terminus of LiaX
Microscale thermophoresis to measure binding affinity of N-terminus of LiaX to LL-37 wildtype (positively charged, + 6.1 at pH 7.0), LL-37 Neutral (synthesized mutant with net 0 charge
at pH 7.0), LL-37 Reverse (synthesized mutant with net negative charge, - 5.9 at pH 7.0) and
dermcidin (DCD-1L, an anionic human antimicrobial peptide). The N-terminus of LiaX was
labeled with a RED-tris-NTA his-tag specific dye (NanoTemper) yielding the indicating K D
values for LL-37 and LL-37 Neutral while no binding was detected to LL-37 Reverse and
DCD-1L. Statistics were calculated from an average of three experiments with error bars
representing the SD (Table 6). Binding assays were performed with Orville A. Pemberton.
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Figure 25. Killing kinetics of anionic antimicrobial peptide, dermcidin
Killing kinetics of DCD-1L were assessed prior to binding assays. 106 cfu/ml cells were
incubated with 50 µg/ml of DCD-1L in 10mM sodium phosphate buffer with 100 mM NaCl
with time dependent killing observed over 4 hours. Cell death was calculated with cfu counts
comparing relative survival at each time point relative to untreated cells.

Table 6- Binding affinities of wild-type and mutant LL-37 to N-terminus of LiaX
S613 N-terminal domain of LiaX binding with RED-NHS 2nd Generation Dye
Protein(s) and amino acid sequence

Kd , µM

Hill
coeff.

LL-37 Wild Type (LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES)

5.268 ± 1.24
1.141

±
0.56

LL-37 Neutral (LLGDFFSSSSESIGSEFSSIVQSISDFLSNLVPSTES)

40.49 + 1.80
7.035

+
0.44

LL-37 Reverse (LLGKFFEDSDRDIGDRFDEIVQEIDKFLENLVPETRS)

No
binding
detected

Dermcidin

(DCD-1L) No

(SSLLEKGLDGAKKAVGGLGKLGKDAVEDLESVGKGAVHDVKDVLDSVL) binding
detected

87

2.3.5.

Protection by LiaX Against Daptomycin is Dependent on a Viable LiaFSR
System

Since LiaX binds DAP with high affinity, we postulated that releasing LiaX into the
environment is a bacterial strategy to prevent DAP or AMPs from reaching the CM. Thus, we
performed a modified spent media assay with minimum inhibitory concentration (MIC)
determinations that explored the ability of supernatants from DAP-R strains (with excess LiaX)
to protect DAP-S strains against DAP. The DAP MIC of the DAP-S clinical isolate S613
increased when grown in the presence of supernatants derived from DAP-R R712 (Fig 26).
Supernatants collected from R712 at late exponential phase yielded maximum protection to S613
relative to those harvested from earlier growth phases (Fig 27). This implies that higher
extracellular accumulation of LiaX by late exponential phase correlates with increased protection.
No change in the DAP MIC was observed when OG1RF was exposed to supernatants from
OG1RFΔliaX (Fig 26A), confirming that LiaX must be present in the environment for protection.
The DAP MIC of DAP-S OG1RF increased in the presence of supernatants from DAP-R
OG1RFliaX*289 (which secretes the N-terminal domain of LiaX), indicating that the N-terminus is
sufficient to mediate protection (Fig 26A). We then investigated if exogenous addition of purified
LiaX or the N-terminus alone can protect DAP-S strains. Addition of 50 nM of N-terminus LiaX
was enough to increase the DAP MIC of OG1RF and S613 over 8 fold (Fig 26B). Full length
LiaX was less potent with a 2-3 fold increase in the DAP MICs. Addition of a range of 1-100 nM
of N-terminus LiaX yielded high level of protection to OG1RF in a concentration-dependent
manner, with the full length LiaX having a less potent effect even at 200 nM (Fig 26). Of note,
LiaX and its N-terminus at their functional concentrations had no impact on the growth of E.
faecalis (Fig 28). Furthermore, N-terminus of LiaX (and to a lesser extent full length LiaX),
protected OG1RF and S613 from LL-37 mediated killing in a concentration-dependent manner
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(Fig 29). To assess if the LiaX-mediated protection against DAP was due to direct binding and
titration of the antibiotic in the environment or, alternatively, through activation of an specific
enterococcal signaling network (i.e., LiaFSR), we determined the DAP MIC of DAP-S
Staphylococcus aureus ATCC29213 (DAP MIC of 0.5 µg/ml) in the presence of supernatants
from OG1RFliaX*289 (Fig 26A) and with the addition of exogenous LiaX or N-terminus of LiaX
(Fig 26B). The DAP MIC did not change under any condition, suggesting that the LiaX-mediated
effect is specific to E. faecalis and that LiaX does not merely sequester DAP to prevent it from
binding to the CM. Further, we examined whether the LiaX protective effect relied on an active
LiaFSR system by testing changes on DAP MICs of OG1RF lacking liaR using supernatants from
OG1RFliaX*289 and after addition of exogenous LiaX or N-terminus LiaX. The supernatant of
OG1RFliaX*289 (Fig 26A) or the addition of LiaX or N-terminus LiaX (Fig 26B) did not protect
OG1RFliaR against DAP. Moreover, LiaX and the N-terminus of LiaX did not protect
OG1RFliaR from LL-37 mediated killing (Fig 29A). Thus, we conclude that the mechanism of
LiaX-mediated protection against antimicrobials requires an intact LiaFSR system.
2.3.6.

LiaX Mediated Activation of LiaFSR Requires the Presence of Daptomycin

To determine if the basis of the mechanism of extracellular protection mediated by LiaX
or the N-terminus of LiaX was a specific response dependent on the presence of cell envelope
stress or a stochastic phenomenon due to production of high levels of LiaX in the cellular
environment, we assessed the transcriptional activation of liaFSR and liaXYZ in the presence of
LiaX or its N-termnial domain by qRT-PCR. Fig 26D shows that adding 50 nM purified LiaX or
N-terminus of LiaX in the media of DAP-S OG1RF had no effect on the levels of transcription of
the gene clusters relative to untreated controls. However, when DAP (at sub-inhibitory
concentrations) and purified N-terminus of LiaX were added, the liaFSR and liaXYZ operons were
highly upregulated, correlating with maximal activation of the LiaFSR stress response. This is
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consistent with our in vitro binding studies (Fig 23, Fig 24, Table 5-6) that suggest that the
majority of LiaX would be bound to DAP under these conditions. Most notably, LiaFSR
activation with addition of the N-terminus of LiaX plus DAP was significantly higher and more
pronounced than that of treatment with DAP alone or DAP with full length LiaX (Fig 26D).

90

Figure 26. N-terminus of LiaX protects E. faecalis from daptomycin by activating the
LiaFSR stress response system
A. Spent medium assay, with DAP MIC for DAP-S strains (first listed strain) determined in
the presence of medium from exponential growth of DAP-R strains (denoted “M”). Spent
media from DAP-R strains protects DAP-S E. faecalis strains from DAP attack in a LiaRdependent manner. MIC measured for each condition in three independent experiments with
three replicates each and statistics calculated by one-way ANOVA (**, p<0.001). B. DAP
MIC determination for DAP-S strains by broth microdilution grown with exogenous LiaX or
N-terminus LiaX at 50 nM supplemented in the media. Data is an average of three experiments
with statistics calculated by a one-way ANOVA (** p < 0.001). C. DAP MIC determination
of OG1RF by broth microdilution in the presence of increasing concentrations of LiaX or Nterminal of LiaX. Data is an average of three experiments with statistics calculated by a oneway ANOVA (** p < 0.001). D. Quantitative real-time PCR for liaFSR and liaXYZ expression.
Statistics compare expression levels to untreated OG1RF and compare DAP plus LiaX or Nterminus of LiaX conditions to DAP alone calculated by one-way ANOVA (**p<0.001). Data
shown from three experiments with three biological replicates each. NS, not significant. QRTPCR was performed with Milya Davlieva, LiaX protein purification was performed by Milya
Davlieva or Orville A. Pemberton.
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Figure 27. LiaX shows dose-dependent protection of E. faecalis, dependent on the
LiaFSR system
A. A growth phase-dependent increase in the daptomycin minimum inhibitory concentration
(MIC) of S613 was observed in the presence of R712 spent media. B. The daptomycin MIC
of OG1RF in the presence of media from OG1RF liaX*289 showed a phase-dependent increase.
No change in MIC was observed upon addition of the OG1RF∆liaX media (negative control).
C. No change was observed in the MIC of a hypersusceptible OG1RF strain lacking liaR,
grown in the presence of media from OG1RFliaX*289, indicating that a functional LiaFSR
system is required for the protective effect. D. No change in the daptomycin MIC of a
daptomycin-susceptible S. aureus laboratory strain was detected. Statistical comparisons were
made between growth phases of media extraction of the same strain and between strains by
one-way ANOVA (**p<0.01). Experiments repeated three times with three replicates each.

92

Figure 28. Growth kinetics of E. faecalis in the presence of the N-terminus of LiaX
Growth curve of OG1RF in BHI broth with supplementation of LiaX or N-terminal of LiaX
at protective concentrations (100 nM). OD600nm measured in a 96 well plate reader every 15
mins. Data calculated from the average of three independent experiments with error bars
representing SD. LiaX protein purification was performed by Milya Davlieva or Orville A.
Pemberton.
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Figure 29. N-terminus of LiaX protects E. faecalis from LL-37 via the LiaFSR system
A. Killing assay of LL-37 (2 hour) performed with a starting inoculum of 103 cfu/ml in RPMI
+ 5% LB broth with 50 µg/ml LL-37 with or without 50 nM Nt-LiaX or LiaX.

B.

Concentration dependent protection of lab strain OG1RF and clinical strain S613 by LiaX or
N-terminus of LiaX. Relative survival was calculated as a percentage of cfu counts in the
untreated condition. Notably, the absence of a viable LiaFSR system (OG1RFliaR) offered
no protection against LL-37 killing under all the conditions (panel A). Data represented as an
average of three experiments with error bars representing SD. One-way anova used for
comparisons relative to untreated control (** p < 0.001). LiaX protein purification was
performed by Milya Davlieva or Orville A. Pemberton.
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2.4. Discussion
We have previously shown that the LiaFSR system regulates DAP and AMP resistance in
enterococci (90, 91) by causing major changes in the cell envelope, including alterations of CM
phospholipid content and architecture (74, 141). Here, we characterize a novel protein LiaX, a
previously unknown mediator of the CM adaptive response to antibiotics and AMPs as a main
modulator of the LiaFSR system. Each domain of LiaX serves a different function. In a DAP-S
strain, LiaX is surface exposed and the C-terminal domain inhibits the LiaFSR system, potentially
through the membrane embedded regulators, LiaF and LiaS (Fig 30A). Thus, DAP-R can evolve
via two pathways. A C-terminal domain truncation of liaX (89) releases the inhibition that this
domain has on LiaFSR, leading to CM remodeling and DAP-R. Additionally, mutations in liaFSR
that occur in clinical settings (141, 143) can activate the system and lead to overexpression and
extracellular release of LiaX. When LiaX is overexpressed, both the full length and N-terminal
domain are detected in the extracellular environment. We hypothesize that these two forms of
LiaX play distinct roles, where the N-terminus of LiaX specifically serves as a sentinel to sense
and bind antimicrobials to activate the envelope stress response, potentially signaling through
other transmembrane components of the LiaFSR system (Fig 30B). In the absence of
environmental stressors the full length LiaX is able to again bind the membrane associated
regulators, downregulating gene expression. This would turn “OFF” the stress response in the
absence of antimicrobials, allowing anionic phospholipids to localize to the division septum. Both
pathways; namely, a C-terminal truncation or secretion of LiaX, lead to CM remodeling with
anionic phospholipids diverted from the septum causing DAP to bind away from its septal targets
(141). Each of these strategies converge in clinical resistance, with elimination of the bactericidal
activity of DAP and AMPs. Interestingly, despite lacking transmembrane domains, LPXTG
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motifs or a classical secretion signal, LiaX is surface exposed and detected in cell membrane
fractions. We thus speculate that the other genes in the operon (liaYZ), that encode transmembrane
proteins, are likely to contribute to the signaling cascade and function as interacting partners of
LiaX.

Further study is needed to elucidate how LiaX is transferred to the extracellular

environment.
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Figure 30. Mechanistic model of LiaX mediated antimicrobial resistance.
A. The LiaFSR stress response system is in the “OFF” state in a DAP-susceptible strain under
unstressed conditions. LiaX, expressed at basal levels, localizes on the cell surface. The C and
N-terminal domains of LiaX have unique functions. The C-terminal domain likely inhibits the
LiaFSR system while the N-terminal domain faces the extracellular milieu (ECM). The
regulators, LiaF and LiaS (histidine kinase sensor) are embedded in the CM. B. A strain
becomes DAP-resistant through activation of the LiaFSR system due to mutations in liaFSR
and/or via a C-terminal truncation of LiaX. LiaX and the N-terminus of LiaX are both released
into the ECM. In the presence of antimicrobials like DAP or LL-37, LiaX, in particular the Nterminal domain, serves as a sentinel to bind, activate, and maintain the LiaFSR response. The
signaling cascade leads to phosphorylation-dependent oligomerization of the LiaR response
regulator which upregulates liaFSR and liaXYZ expression. Both pathways lead to CM
remodeling with changes in the architecture of anionic phospholipid microdomains and
diversion of DAP away from the division septum. Graphics were created with Elaine Kurie.
CM remodeling can have important consequences on enterococcal virulence in vivo (90).
We have previously shown that DAP-R enterococci have an increased ability to survive inside
human phagocytes (142). Here, we show that LiaX and specifically, the N-terminal domain, binds
the human AMP, LL-37, with high affinity. The innate immune system is a key front-line defense
to prevent and clear infections, especially due to opportunistic pathogens. Thus, cross resistance
between DAP and AMPs could translate, in clinical settings, to LiaX mediating resistance to
clearance by the host immune system. Furthermore, environmental bacteria existing within
similar niches and competing for nutrient sources often produce cell envelope disrupting
antimicrobials. This facilitates evolution of conserved stress response systems like LiaFSR in
Gram-positives for defense against these natural antimicrobials outside the human host (83).
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LiaFSR also mediates resistance to natural stressors like bile salts, alkaline shock, acidity, osmotic
stress, etc (83). Mutations in liaR were shown to enhance VRE gastrointestinal (GI) tract
colonization in a mouse model, by promoting resistance to lithocholic acid, a bile acid found
exclusively in the GI tract (173). Dense VRE colonization can lead to subsequent systemic
infections in patients, increase patient-patient transmission of VRE in nosocomial settings and
worsen clinical outcomes (32, 36, 174). Patients undergoing allogeneic hematopoietic stem cell
transplants are at the highest risk of VRE intestinal dominance related bloodstream infections, in
part due to empiric broad-spectrum antibiotic therapy or prophylaxis (32). However, dense VRE
colonization persists in these patients for months after discontinuation of antibiotics (31). Thus,
in clinical settings, changes in LiaX could favor enterococcal GI tract colonization, resistance
against metabolic stressors, and resistance against the host innate immune AMPs, collectively
facilitating long-term persistence and dominance. Such an adaptive response could also serve as
a major selective pressure for developing resistance to DAP during the colonization or infection
process, jeopardizing the downstream therapeutic efficacy of this antibiotic (175). Moreover, our
findings on LiaX mediating resistance to the innate immune AMPs could also explain the fact that
some clinical enterococcal strains exhibit resistance to DAP even in the absence of actual
exposure to the antibiotic (138).
In summary, our results highlight the major role of a single protein in orchestrating the
cell envelope stress response and influencing membrane adaptation to antibiotics and AMPs. This
critical function suggests that LiaX could be a potential target for developing anti-adaptation
molecules, which could potentially both restore the effectiveness of widely used antimicrobials
and enhance susceptibility to host innate immunity that clears multidrug-resistant infecting
bacteria.
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3. CHAPTER 3- LIAX BRIDGES ANTIMICROBIAL RESISTANCE AND
VIRULENCE REGULATION IN ENTEROCOCCUS FAECALIS

This chapter includes portions of published work in the Proceedings of the National Academy of
Sciences entitled “Antimicrobial sensing coupled with cell membrane remodeling mediates
antibiotic resistance and virulence in Enterococcus faecalis” (Khan, A., et al, 2019, doi:
10.1073/pnas.1916037116. I am the first-author of this publication, performed majority of the
experiments and wrote the manuscript. Contributions of my co-authors have been explicitly
acknowledged in the figure legends and their permission to use said figures was obtained. This
work is published under the Creative Commons Attribution-NonCommercial-NoDerivatives
License 4.0 which establishes authors retain copyright to their articles.
More information on PNAS’s permission policies associated with commercial use of PNAS
content can be found here: https://www.pnas.org/page/about/rights-permissions
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3.1. Introduction
Enterococci are commensal colonizers of the human and animal GI tract and opportunistic
pathogens in immunocompromised patients. Similar to most intestinal colonizers, they are not
highly virulent (7). Rather, their high level of intrinsic resistance to many classes of clinically
valuable antimicrobials and ability to easily acquire resistance determinants makes them a
problematic pathogen. Since enterococcal translocation and subsequent systemic infections are
often a result of microbiome disruption after broad-spectrum antimicrobial therapy, antimicrobial
resistance can predispose VRE to switch from colonizers to virulent pathogens. The precise
molecular link between enterococcal virulence and resistance is unknown. In this study we show
that LiaX, a major modulator of antimicrobial resistance and CM adaptation in E. faecalis, is
processed by extracellular proteases that also regulate virulence in enterococci. We also show that
LiaX mediates resistance to AMPs which translates to host immune resistance in vivo enhancing
virulence.
LiaX is a sentinel, secreted protein in E. faecalis that modulates CM adaptation, through
activation of the LiaFSR system, leading to antimicrobial resistance (176). LiaX is overexpressed
and secreted into the extracellular environment of DAP-R clinical strains. Interestingly, along
with the high levels of the full-length LiaX (~60 kD), the N-terminal domain of LiaX alone (~30
kD) is also observed in the supernatants (Fig 20). A key, initial evolutionary step to DAP-R is a
mutation in a protease susceptible linker region of liaX at AA 289 that creates a C-terminus
truncation leading to secretion of the N-terminal domain, activation of the LiaFSR system and
DAP-R (89, 176). Additionally, the N-terminus of LiaX specifically serve as the sentinel domain
of LiaX. Thus, we hypothesized that overproduction of full-length LiaX facilitates processing to
produce the N-terminal domain alone which is important for CM adaptation and resistance.
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Additionally, since LiaX mediates resistance to LL-37, we hypothesized that it can broadly
mediate resistance to innate immune AMPs in vivo.
A key mechanism of virulence regulation in enterococci is the Fsr quorum sensing
system, homologous to the Agr system in S. aureus that modulates virulence factor expression to
switch between adhesion-related infections and disseminated invasive infections (177). The
system is composed of a pre-processed peptide encoded by fsrD, that is proteolytically processed
by the fsrB encoded protein to form a mature autoinducer named GBAP whose accumulation is
recognized by the histidine kinase sensor encoded by fsrC, leading to activation of the response
regulator encoded by fsrA (178). The Fsr system regulates expression of the secreted proteases,
GelE and SprE, which are key mediators of virulence. GelE, a metalloprotease, can hydrolyze
fibrin to facilitate dissemination of infection from aortic vegetations and mediate host immune
evasion by cleaving complement C5a decreasing attraction of neutrophils to infected tissues
(179). Both GelE and SprE, a serine protease, have been shown to play a role in facilitating
enterococcal translocation by degrading intestinal barrier components like E-cadherin and
collagen compromising barrier integrity (180, 181). Furthermore, GelE has also been shown to
process the enterococcal bacteriocin, EntV, to its active form where it can inhibit Candida
albicans biofilms, hyphal morphogenesis and virulence in polymicrobial infections (182, 183).
Thus, we hypothesized that Fsr-mediated proteases could process LiaX to produce the N-terminal
domain of LiaX alone.
3.2. Materials and Methods
3.2.1.

Immunoblotting with SDS-PAGE

For preparation of whole-cell lysates stressed with sub-inhibitory concentrations of
daptomycin, 5 ml cultures grown to mid exponential phase were incubated for 1 h with
daptomycin (at 0.25, 0.5 and 0.75x the MIC of the strain determined in BHI broth) prior to
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processing. Cultures were spun down and the cell pellet was washed in PBS and resuspended in
1 ml of PBS with protease inhibitor cocktail and mechanically lysed with glass beads in a FastPrep
24 machine. Cell debris was spun down (13,000 rpm, 20 min, 4 C) and the supernatant was
collected. Supernatants from the same cultures were precipitated with 10% TCA. 10% TCA was
added directly to the supernatants followed by incubation at 4C overnight. Supernatants were spun
(15,000 rpm, 20 min, 4 C) to obtain protein pellets which were then washed twice in 500 ul of
cold acetone before speed vacuuming for 1 min to dry the pellet. Supernatant pellet was
resuspended in 100 ul of PBS with protease inhibitor cocktail. For overexpression assays where
OG1RFliaX pMSP3535::liaX was used, strains were grown to early exponential phase in BHI
with erythromycin 10 ug/ml prior to 2 hour nisin induction (at increasing concentrations) and
extraction of cell lysates or supernatant fractions. Total protein concentration of the cell lysates
and supernatants was determined by bicinchoninic acid (BCA) assay in three biological replicates
at 1:25 and 1:50 dilution and 20 ug was loaded per well.
Western blotting was performed using 10% SDS-PAGE gels (NuPAGE, Thermo Fisher)
and lithium dodecyl sulfate (LDS) sample buffer (Thermo Fisher) added to the samples followed
by running with MOPS buffer at 150 V for 30 minutes. Gels were transferred onto polyvinylidene
difluoride (PVDF) membranes using the iBlot 2 transfer system (Thermo Fisher) before being
blocked and probed using the iBind Flex (Thermo Fisher) with the anti-rat primary antibody to
the N-terminal of LiaX and a horse radish peroxidase conjugated goat anti-rat secondary antibody.
OG1RF∆liaX was used as a negative strain control. Probing with a monoclonal antibody for the
RNA polymerase, -subunit, was used as a loading control for the cell lysates.
3.2.2.

Native PAGE

Supernatant samples were prepared as described above. After quantification of total
protein content with the BCA assay, 20 g of sample was mixed with NativePAGE sample buffer
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(Thermo Fisher) and 5% G-250 sample additive (Thermo Fisher). Western blotting was
performed with 4-16% Bis-Tris Protein Gels (Thermo Fisher) in the presence of NativePAGE
running buffer in the anode chamber and running buffer with 0.02% G-250 additive in the cathode
chamber prepared following manufacturer’s instructions. Run conditions were 150 V for 60 mins
followed by 250 V for 60 mins at 4 C to preserve protein structure. Gels were transferred onto
polyvinylidene difluoride (PVDF) membranes using the iBlot 2 transfer system (Thermo Fisher)
with an additional 8-10 mins of transfer time added for efficient transfer of higher molecular
weight proteins before membranes being blocked and probed using the iBind Flex (Thermo
Fisher) with the anti-rat primary antibody to the N-terminal of LiaX and a horse radish peroxidase
conjugated goat anti-rat secondary antibody.
3.2.3.

Analysis of fsr locus

All strains were previously whole-genome sequenced (Illimina MiSeq) and their
individual fsr loci were analyzed for single nucleotide polymorphisms, insertions or deletions on
SnapGene. The fsrC gene was PCR amplified and Sanger sequenced with previously described
primers for further verification (184, 185). Nucleotide and amino acid-based sequence alignment
analysis for fsrABC, gelE, and sprE were performed with ClustalW and SnapGene. Predicted
models of the cytosolic domains of FsrC from OG1RF and S613 were generated on SWISSMODEL for comparison.
3.2.4.

Caenorhabditis elegans infection model

In order to assess virulence of daptomycin resistant strains relative to their daptomycin
sensitive counterparts, we used a C. elegans infection model as previously described (186).
Briefly, 60-90 synchronized young adult nematodes (wild-type or pmk-1(km25) mutants (187)
were infected with E. faecalis strains on BHI agar containing gentamicin (10 µg/ml). For assays
with exogenous addition of purified N-terminus LiaX protein, 60-90 infected worms were
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transferred to liquid medium with 20% brain heart infusion broth, 80% MW9 buffer and the
indicated protein amount. The plates were incubated at 25ºC, and worm death was scored daily.
Worms were considered dead when they were unresponsive to probing with a platinum wire pick.
Kaplan-Meier log rank analysis was used to compare survival curves pairwise with p<0.05
considered as significant. Statistics were calculated from three independent experiments.
Table 7- Bacterial strains used in Chapter 3
E.
faecalis Relevant Characteristics
Strain
OG1RF
Laboratory, wild-type strain
OG1RFΔliaX
OG1RF harboring nonpolar deletion of liaX with an
activated LiaFSR system
OG1RFliaX*289
Derivative of OG1RF harboring a frameshift mutation
leading to stop codon in position 289 resulting in a Cterminal truncation of LiaX. This mutation was shown to be
integral for DAP resistance when S613, a DAP-susceptible
clinical isolate, was experimentally involved under DAP
pressure (89).
OG1RF
OG1RFΔliaX complemented with liaX in plasmid
ΔliaX::pMSP35 pMSP3535 under the control of a nisin (10ng/ml) inducible
35::liaX
promoter
OG1RF ΔfsrB
Derivative of OG1RF harboring a nonpolar deletion of fsrB
with an inactive Fsr quorum sensing system, lacks
production of GelE and SprE proteases
OG1RF gelE- Derivative of OG1RF harboring a disruption in gelE from
sprEan insertion of a minitransposon in the 3’ end of the ORF,
lacks production of GelE and SprE proteases
S613
VAN-resistant, DAP-susceptible isolate from a patient with
bacteremia and isolated before DAP therapy.
R712
VAN-resistant, DAP-resistant isolate from the same patient
that S613 was isolated from (above) with bacteremia,
isolated after DAP therapy. Compared to S613, R712
harbors mutations associated with DAP-resistance; in liaF
(part of the liaFSR stress response system), cls1 (cardiolipin
synthase 1) and gdpD (involved in phospholipid
metabolism).
TM
Derivative of S613 manipulated genetically via allelic
exchange to harbor liaF, cls and gdpD alleles from R712,
resulting in amino acid changes in positions 177, 170 and 61
of LiaF, Cls1 and GdpD, respectively. These allelic
replacements led to DAP resistance.
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Reference(s
)
(176)
(176)

(176)

(127)

(127)

(143),(70)
(143),(70)

(143),(90),(
70)

TM∆liaR

DAP-susceptible derivative of TM harboring a non-polar (70, 90)
deletion of liaR, encoding the response regulator of the
LiaFSR system.
Plasmid with nisin inducible promoter for expression of
pbpZ, propogated in Dh5, selected for with erythromycin

pMSP3535

3.3. Results
3.3.1.

Daptomycin-resistant strains have constitutive activation of LiaX

LiaX localizes to the cell wall at basal levels in DAP-S strains and is highly surface
exposed and secreted in DAP-R strains (176). To identify changes in LiaX localization under
antibiotic exposure, DAP-S and DAP-R lab or clinical strains were stressed with increasing subinhibitory DAP concentrations, determined relative to their MIC, for 1 hour prior to
immunoblotting performed on whole-cell lysates and supernatants. LiaX was detected in the
whole-cell lysates and supernatants of DAP-S strains in a concentration-dependent manner, while
DAP-R strains constitutively produced and released high amounts of LiaX even in the absence of
DAP stress (Fig 31). The DAP-S clinical strain, S613, has higher basal levels of LiaX relative to
the DAP-S lab strain, OG1RF. This is likely since the patient was exposed to other antimicrobials
prior to DAP therapy (188). A band corresponding to the N-terminus was also detected in the
lysates or supernatants of strains that harbored the full-length liaX. In DAP-S strains, while the
N-terminal domain of LiaX, along with full-length LiaX, is present in the lysates under all DAP
stress conditions, it is only present in the supernatants under high DAP stress (Fig 31A). Thus,
extracellular release or presence of the N-terminus is associated with overall high protein levels
of LiaX. This data indicates that full-length LiaX is likely processed post-translationally and the
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N-terminal end is released separately. Additionally, there are significantly lower levels of the Nterminal domain alone in the extracellular milieu compared to the full-length LiaX.

Figure 31. LiaX localization in stressed daptomycin-susceptible and resistant strains
A. Immunoblotting cell lysates and trichloroacetic acid precipitated supernatants of
daptomycin-susceptible strains OG1RF and S613 with an antibody to the N-terminal of LiaX
in the absence or presence of daptomycin stress. MICs were determined to daptomycin and
0.25, 0.5 or 0.75x the MIC was added at early exponential cultures with incubation 2 hours.
Arrow indicates full length liaX (60 kDa) and N-terminus of LiaX (30 kDa). B.
Immunoblotting of lysates and supernatants of daptomycin-resistant derivatives of strains in
panel A with antibody to the N-terminal of LiaX. RNAP  antibody was used as loading control
for cell lysates.
3.3.2.

Overexpression of LiaX leads to extracellular release

LiaX lacks predicted transmembrane domains, a classical N-terminal secretion signal or
LPXTG motifs that would typically facilitate export of the protein to the surface from the
cytoplasm. Thus, it is unclear how LiaX is surface exposed or secreted into the extracellular
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milieu. We hypothesized that overexpression of LiaX and increased surface exposure could lead
to eventual expulsion into the extracellular environment. To determine if overproduction of LiaX
is sufficient for extracellular secretion, we cloned liaX in the plasmid pMSP3535 under a nisin
inducible promoter and delivered the construct to OG1RFliaX followed by immunoblotting
whole-cell lysates and supernatants. The lack of nisin induction did not lead to detectable lowlevel production of the protein. Induction with increasing concentrations of nisin (0-50 ng/ml)
leads to increased intracellular expression of LiaX is a dose-dependent manner (Fig 32). Indeed,
increased production of LiaX leads to eventual secretion. Interestingly, increased intracellular
production of LiaX starts to yield multiple smaller fragments including a fragment that
corresponds to the N-terminal domain of LiaX alone. The multiple fragments that do not
correspond to the N-terminus LiaX were observed to a lesser extent in the DAP-stressed strains
(Fig 31). This could be an artifact of overexpression leading to non-specific protease mediated
degradation. These fragments were not present at all in the supernatant fractions despite being
detected in lysates at concentrations similar to the N-terminal domain fragment. While there was
dose-dependent detection of LiaX in the extracellular environment, The N-terminal domain of
LiaX was detected only at the highest levels of induction and overexpression despite intracellular
processing with lower induction (Fig 32).
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Figure 32. LiaX localization from overexpression on a plasmid
Immunoblotting of cell lysates and trichloroacetic acid precipitated supernatants from
OG1RF∆liaX pMSP3535::liaX expression liaX under a nisin inducible promoter. The strains
were grown to early exponential phase and then in the absence or presence of nisin (0-50
ng/ml) for 2 hours prior to processing of cell lysates and supernatants. RNAP  antibody was
used as loading control for cell lysates.
3.3.3.

LiaX likely oligomerizes in the extracellular environment

In addition to the distinct N-terminal domain, we also observed a faint higher molecular
weight band when probing for LiaX in the supernatant fractions of DAP-R strains only (Fig 20).
Since SDS-PAGE can lead to artifacts due to sample loading, we sought to verify if this was a
distinct oligomeric form. We probed for LiaX in supernatant fractions using Native PAGE (NPAGE) that lacks the use of denaturing agents to maintain native protein structures followed by
immunoblotting. N-PAGE utilizes Coomassie G-250 as the charge-shift molecule as opposed to
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SDS to ensure proper sample migration during electrophoresis. As expected, the DAP-R clinical
strains, R712 and TM, had significantly higher levels of LiaX in the supernatant compared to their
DAP-S counterparts (Fig 33). However, the pattern and bands observed differed drastically from
what is observed in SDS-PAGE based immunoblotting on supernatant fractions (Fig 20). In the
DAP-S strain, S613, two forms of LiaX were clearly identifiable, namely, a monomer (60 kDa)
and dimer (120 kDa). There were significantly increased monomer and dimer forms in the DAPR strains (Fig 33). There was also more smearing observed in the DAP-R strains which is
commonly observed in N-PAGE due to increased protein aggregation. However, it is clear that
the highest band intensities do run along the monomer and dimer interfaces independent of the
smearing. In the TM DAP-R strain, there also faint bands that correspond to the trimer (180 kDa)
and tetramer (240 kDa) forms of LiaX (Fig 33). Thus, LiaX likely oligomerizes in the extracellular
environment.

Figure 33. LiaX oligomers in supernatant fractions
Native PAGE separation and immunoblotting of trichloroacetic acid precipitated supernatants
of DAP-S and DAP-R (red) strains to probe for LiaX (antibody to the N-terminal domain).
3.3.4.

Fsr-regulated proteases cleave LiaX
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The Fsr quorum sensing system regulates the zinc metalloprotease, GelE, which has been
known to proteolytically process surface proteins like AtlA, a peptidoglycan hydrolase, or
bacteriocins like EntV (183, 189).

Since LiaX is surface exposed and secreted into the

extracellular milieu, we hypothesized that fsr-regulated proteases process the full-length LiaX to
produce the sentinel N-terminal domain. We evaluated LiaX production and secretion in the
presence of sub-inhibitory DAP-stress in OG1RFfsrB, a strain lacking the FsrB response
regulator and production of both GelE and SprE, and OG1RF gelE- sprE-, a gelE disruption
mutant lacking production of GelE and SprE (127). As observed previously, bands corresponding
to the full-length and N-terminal domain of LiaX were observed in OG1RF whole-cell lysates in
a dose-dependent manner with increasing DAP stress (Fig 34A). At the highest level of DAP
stress and LiaX intracellular production, the N-terminal band was also observed in the supernatant
fraction. Both OG1RFfsrB and OG1RF gelE- sprE- lacked the band corresponding to the Nterminal domain of LiaX in the lysates and supernatant fractions (Fig 34B). However, full-length
LiaX was increasingly produced and eventually secreted to the environment in the presence of
increasing DAP stress. Thus, overall secretion of LiaX into the extracellular milieu is not mediated
by the Fsr system, GelE or SprE. The processing of the full-length LiaX into the N-terminal
domain is likely through proteolytic cleavage of the protease susceptible linker domain connecting
the C and N-terminal domains of LiaX by GelE or SprE.
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Figure 34. Fsr-regulated proteases process LiaX
Immunoblotting with an antibody to the N-terminal of LiaX shows that in OG1RF (A) there
is concentration-dependent increase in LiaX production and secretion with increasing
daptomycin stress. Notably, the N-terminal of LiaX is also detected. OG1RFfsrB and OG1RF
gelE- sprE-, both mutants lacking production of the gelEe and sprE proteases (B), only
produce and secrete full length LiaX with no detection of the N-terminal band in this western.
RNAP  antibody used as loading control for cell lysates. Mutants were contributed by
Barbara E. Murray.
3.3.5.

Variation in the fsr locus

While the Fsr quorum sensing system and gelatinase production have been important in
multiple animal models of E. faecalis infection, their presence is not essential for infections in
humans. The presence of the fsr locus or gelatinase production was not more commonly associated
with disease-associated isolates compared to commensal strains (190). However, it is unclear if
the presence of the fsr locus impacts disease severity. When clinical isolates are parsed by source,
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endocarditis isolates may have increased prevalence of the fsr locus compared to commensals
(191). Many strains that lack gelatinase production harbor a 23.9 kb deletion of the region
spanning a portion of fsrC to EF1841, which includes absence of the FsrB protease and the FsrA
response regulator (Fig 35) (184, 190). However, there are strains reported that lack gelatinase
production while harboring a presumed complete fsr locus (192).

Figure 35. Large deletion in the fsr locus of gelatinase negative strains
Reprinted with permission from the Journal of Clinical Microbiology (American Society for
Microbiology), Roberts JC, Singh KV, Okhuysen PC, Murray BE, 2004. Structure of the fsr
locus with the 23.9 kb deletion indicated that is common in gelatinase negative clinical isolates
indicated.
OG1RF when induced with DAP stress produced significantly higher levels of the
intracellular, processed N-terminal domain of LiaX compared to both DAP-S and DAP-R clinical
isolates (Fig 33). However, in both OG1RF and S613, similar levels of the N-terminal domain
were detected in the extracellular environment only in the presence of high DAP stress (0.75x
MIC) (Fig 33A). OG1RF had decreased levels of full-length LiaX produced relative to the DAPR R712. R712, despite having decreased intracellular detection of the N-terminus alone, had
consistent low-level detection of N-terminus in the supernatant fractions (Fig 33). We
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hypothesized that the discrepancy in the processing of the N-terminal domain of LiaX in OG1RF
relative to our clinical strains was due to differences in the fsr locus that impacts Fsr-regulated
protease activity. Both S613 and R712 have identical fsr loci with intact fsrABC, gelE and sprE
genes. Comparing the clinical strains to OG1RF, there are 54 single nucleotide polymorphisms
(SNPs) across the open reading frames of the fsr cluster with no SNPs in intergenic regions (Fig
36A). Interestingly, gelE harbors majority of the SNPs followed by sprE. Any of these SNPs
could impact gelatinase production or catalytic activity, a subject of future investigations. The
most drastic change was a 72 bp deletion occurring at the C-terminal end of the fsrC gene causing

Figure 36. Comparison of fsr locus of OG1RF and S613
Comparison of the nucleotide sequences forming the fsr locus (A) of OG1RF and S613
(maroon arrow) with alterations in S613 indicated by yellow ticks. Alignment of the Cterminal end of fsrC showing 72 bp deletion in S613 (dotted line).

a removal of 24 AA at 35 bp upstream of the stop codon (Fig 36B).
A previous group studying the molecular basis of impaired gelatinase production in strains
with an intact fsr locus identified a nonsense mutation in the C-terminal end of fsrC at AA position
403 causing a premature stop codon and truncation (185). The truncated FsrC alone abolished
gelatinase production, likely due to impaired ATPase activity needed for signal transduction to
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the FsrA response regulator. While the large deletion in the C-terminal domain of fsrC was 8 AA
upstream of the tryptophan at AA position 403 shown before to cause a gelatinase negative
phenotype, the deletion is in the cytoplasmic ATPase domain of FsrC important for interaction
with and phosphorylation of FsrA (185). The predicted structure of FsrC consists of six
transmembrane helices and three extracellular loops. The cytoplasmic histidine kinase domain
bears significant homology to the AgrC response regulator in S. aureus that contains the
dimerization and phosphotransfer interface proximal to the membrane and the catalytic ATP
binding domain at the C-terminal end (193). We modeled the predicted structure of the cytosolic
domain of OG1RF and S613. The FsrC of S613 was predicted to lack 2 of the 6 -strands stacked
against the helices which are important for dimerization and signal transduction in the AgrC
homolog (193) (Fig 37). More biochemical structures are needed to probe the structure-function
relationship between FsrC and gelatinase production in S613.
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Figure 37. Predicted structure of FsrC cytosolic domain of OG1RF and S613
The cytosolic domain of FsrC was modeled with SWISS-MODEL to generate a predicted
structure. The  strands missing in the predicted model of FsrC from S613 are indicated in
black.

3.3.6.

Daptomycin Resistant Strains show Enhanced Virulence in vivo Due to
Resistance to Host Innate Immunity

Inactivation of the LiaFSR system increases the ability of human innate immune cells to
clear both E. faecalis and E. faecium (142). Our binding studies showed that LiaX binds the
cationic human AMP, LL-37, with high affinity (Fig 24-23). Furthermore, proteases regulated by
the Fsr quorum sensing system, an important regulator of virulence and essential for pathogenesis
in animal models, are likely responsible for processing full-length LiaX to generate the N-terminal
domain alone (Fig 34). The N-terminal domain was also sufficient for protection of E. faecalis
against LL-37 (Fig 29). Thus, due to our data linking regulation of antimicrobial resistance with
virulence, we postulated that LiaX may play a role in E. faecalis pathogenesis and mediate
resistance to other host-derived AMPs. We tested this hypothesis by using the C. elegans infection
model (186). Both clinical (Fig 38A) and laboratory (Fig 38B) derived DAP-R strains displayed
increased virulence as measured by nematode killing, compared to their DAP-S parental strains.
To determine if the enhanced virulence was mediated by increased resistance to AMPs produced
by the innate immune system, we tested the ability of E. faecalis to infect nematodes lacking the
p38 MAP kinase pathway (Δpmk-1), the primary immune pathway that regulates production of
important immune effectors including CM disrupting AMPs in response to bacterial infection
(187). Consistent with our hypothesis, DAP-R strains had no virulence advantage over their DAPS counterparts when infecting the Δpmk-1 worms (Fig 38C-D).
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Figure 38. Daptomycin-resistant strains show enhanced virulence in C. elegans due to
innate immune resistance
Lethality of clinical (A) or laboratory isolates (B) in a wild-type Caenorhabditis elegans
infection assay. DAP resistance phenotype for each strain is indicated in parenthesis. Resistant
isolates are more virulent than their DAP-S counterparts. These differences in virulence are
abolished when using C. elegans harboring a pmk-1 deletion lacking the primary p38 MAP
kinase innate immune pathway (C,D). The figure represents results from three independent
experiments with 60-90 worms (**, p<0.05; NS, not significant). Nematode infection assays
were performed by Melissa C. Cruz under the guidance of Danielle E. Garsin.

3.3.7.

N-terminal Domain of LiaX Enhances Virulence in vivo

Since the N-terminus of LiaX serves as a potent signaling molecule that can interact with
AMPs, we hypothesized that supplementing the N-terminus of LiaX into the media would
modulate virulence of E. faecalis in the C. elegans model. Indeed, OG1RF and S613 were more
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virulent upon addition of the N-terminus of LiaX (Fig 39), in a dose-dependent manner (Fig 40A).
Addition of exogenous N-terminus of LiaX did not, however, alter the virulence of OG1RF liaR
and TM liaR (Fig 39, 40B). Of note, addition of the N-terminus alone was not toxic to the worms
(Fig 40C). These results suggest that the N-terminus of LiaX contributes to increased virulence
in vivo by mediating E. faecalis protection against AMPs produced by the innate immune system.

Figure 39. N-terminal domain of LiaX enhances virulence in vivo
C. elegans infection assay performed with lab strain OG1RF or clinical strain S613 and their
liaR deletion derivatives, OG1RFliaR and TMliaR, respectively, in the presence or absence
of 100 nM purified N-terminus LiaX. Data represented as average from three independent
experiments with 60-90 nematodes and significance calculated with a one-way ANOVA (**
p< 0.001). Nematode infection assays were performed by Melissa C. Cruz under the guidance
of Danielle E. Garsin.
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Figure 40. N-terminus of LiaX enhances virulence in a dose-dependent manner in vivo
A. C. elegans infection assay performed with lab strain OG1RF or clinical strain S613 with
exogenous N-terminus of LiaX added (5-100 nM). B. C. elegans infection assay with
exogenous N-terminus LiaX added testing laboratory and clinical strain liaR deletion
derivatives, OG1RFliaR and TMliaR, respectively. C. Toxicity assay performed with wildtype worms feeding on avirulent E. coli OP50 supplemented with 0.1-500 nM exogenous Nterminus LiaX showing no significant changes in survival. Data represented as average from
three independent experiments with 60-90 nematodes and significance calculated with a oneway ANOVA (** p< 0.001). Nematode infection assays were performed by Melissa C. Cruz
under the guidance of Danielle E. Garsin.
3.4. Discussion
In Chapter 2, we show that LiaX is the main modulator of the CM stress response to
daptomycin and AMPs with each domain having a distinct function. The C-terminus likely serves
as an inhibitory domain while the N-terminus serves as the extracellular sensing domain to
recognize antimicrobials and activate the LiaFSR stress response (176). In this chapter, we
establish LiaX as an important link between systems that regulate antimicrobial resistance and
those that modulate virulence. We also identify LiaX as a main modulator of virulence due to its
ability to enhance resistance to the innate immunity in a C. elegans infection model.
DAP-S overexpress and eventually secrete LiaX into the extracellular environment in a
dose-dependent manner in the presence of increasing DAP stress while DAP-R strains do this
constitutively, even in the absence of stress (Fig 31). DAP-R strains are likely better adapted to
respond to CM stress due to constitutive activation of CM remodeling, while DAP-S strains are
not able to mount a sufficient response or possess signal transduction delays as the levels of LiaX
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secreted do not match those present in DAP-R strains. The N-terminal domain of LiaX is detected
independently in the whole-cell lysates and supernatants in the presence of high DAP stress in
DAP-S strains and constitutively in DAP-R strains. Thus, LiaX is likely processed on the cell
surface prior to release into the environment. Overexpression of intracellular LiaX is sufficient
for secretion, but the processing of the N-terminal domain from full-length LiaX is dependent on
the presence of an active Fsr system and the proteases, GelE or SprE (Fig 32, 34). Even though
there are significantly lower levels of the N-terminal domain of LiaX in the extracellular milieu
than full-length LiaX, they are likely sufficient for its function as a sentinel since as low as 5 nM
of the N-terminus allotted protection to E. faecalis against DAP and AMPs (176). The precise
role for full-length LiaX or oligomers of LiaX (dimer, tetramer, trimer), also detected in the
supernatant fractions of DAP-R strains, remains to be elucidated. Interestingly, less N-terminus
is processed intracellularly in the clinical strains relative to OG1RF which could be due to
impaired ATPase or signal transduction activity of FsrC that has 24 AA deleted at the C-terminal
end leading to decreased protease activity (Fig 36-37). Thus, variation in the fsr locus of clinical
strains that has been shown to impact gelatinase production can also impact LiaX and
antimicrobial resistance in E. faecalis (184, 190). The increased intracellular processing of the Nterminus in OG1RF does not correlate with increased secretion of the N-terminus. Thus, the
mechanism of extracellular transport of the N-terminal domain of LiaX is still unclear. Further
studies need to determine if DAP-R clinical isolates require the presence of a functional Fsr
system and production of its associated proteases, GelE and SprE, in order to produce the Nterminal domain of LiaX alone. It would be important to observe LiaX dynamics in a DAP-R
clinical strain lacking an intact fsr locus or impaired in gelatinase production.
CM remodeling and DAP-R clearly has important implications in vivo. Here we show that
LiaX mediates increased virulence in C. elegans and DAP-R strains have no virulence advantage
over DAP-S strains when the innate immune system, responsible for the production of AMPs, is
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not functional. The N-terminus of LiaX alone is able to increase the virulence of E. faecalis
(laboratory and clinical isolates) in C. elegans. Thus, when mutations in liaFSR lead to the
extracellular release of the N-terminal domain, AMPs produced by the innate immune system are
sensed by LiaX, triggering the CM adaptive response and enhancing virulence. Since GelE and
SprE along with the Fsr system as a whole are important for virulence in vivo, including in C.
elegans infection model, it is important to determine if they are essential for the enhanced
virulence observed in DAP-R strains (194).
In summary, our results highlight the major role of a single protein in bridging the cell
envelope stress response to antibiotics with virulence regulation in E. faecalis. This breaks our
conventional understanding of impaired virulence as a fitness cost or defect that occurs in parallel
with increased antimicrobial resistance. Since the mechanism of action and resistance for DAP
overlaps with innate immune AMPs, it is likely that DAP-R strains are an exception in that
enhanced virulence is a byproduct of antimicrobial resistance. LiaX could contribute to increased
VRE colonization persistence and enhanced innate immune resistance while also increasing
likelihood of a disseminated, invasive infection.
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4. CHAPTER 4- MOLECULAR MECHANISM OF THE SEESAW EFFECT IN
MULTI-DRUG RESISTANT ENTEROCOCCI

This chapter is unpublished work with a manuscript in preparation. Sections of the materials and
methods section are derived from work published in the Proceedings of the National Academy of
Sciences entitled “Antimicrobial sensing coupled with cell membrane remodeling mediates
antibiotic resistance and virulence in Enterococcus faecalis”. I am the first author of this
publication (Khan, A., et al, 2019) and certain methods are replicated in the study described in
this chapter. This work is published under the Creative Commons Attribution-NonCommercialNoDerivatives License 4.0 which establishes authors retain copyright to their articles.
More information on PNAS’s permission policies associated with commercial use of PNAS
content can be found here: https://www.pnas.org/page/about/rights-permissions
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4.1. Introduction
Enterococci are intrinsically resistant to many -lactams that are considered front-line
agents for the treatment of infections caused by Gram-Positive and Gram-Negative pathogens
(137). They display the highest level of resistance to the monobactam aztreonam; followed by
cephalosporins, with new generation drugs like ceftaroline displaying low-level activity against
E. faecalis; and lastly, penicillins, with majority of hospital-associated strains of E. faecium
displaying high-level ampicillin-resistance (62). The primary mechanism of -lactam resistance
is the low-affinity penicillin-binding protein, Pbp5, which can cross-link peptidoglycan precursors
in the presence of -lactams (50, 52, 53). However, the ponA and pbpF genes are also essential
for cephalosporin resistance (50, 51).
DAP, a cationic agent, exerts its bactericidal activity by targeting anionic fluid
phospholipids at the division septum, which leads to a sequestration of more fluid lipids and
subsequent rigidification of the bilayer (68). Essential peripheral membrane proteins like MurG,
a lipid II synthase important in peptidoglycan synthesis; PlsX, an acyltransferase which
contributes to CM phospholipid biosynthesis and remodeling; or DivIVA, part of the cell division
machinery, also localize to RIFs at the division septum (195–197). Either DAP-mediated bilayer
disruptions or “bulky” DAP oligomers that block protein access to RIFs lead to delocalization of
peripheral membrane proteins, inhibiting cell envelope and lipid biogenesis and leading to cell
death (68). LiaX modulates DAP and AMP resistance by triggering CM remodeling and diversion
of anionic phospholipids away from the division septum, diverting DAP from its septal targets
(141, 176).
Development of DAP-R is often associated with -lactam resensitization, a phenomenon
known as the “seesaw effect” that has been exploited for DAP plus -lactam combination therapy
in the treatment of severe, resistant infections (104, 105, 111, 133, 198). In MRSA, the seesaw
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effect is associated with peptidoglycan synthesis delocalization and reduced membrane associated
Pbp2a (the mecA encoded low-affinity PBP important for methicillin resistance), among other cell
envelope perturbations. Interestingly, LiaX (referred to as Pbp5 associated protein in the study)
was identified as the main interacting partner of Pbp5 in a penicillin-resistant E. faecium strain
lacking ponA and pbpF and transcriptionally upregulated in the presence of penicillin (60).
Introduction of liaX into class A PBP lacking strains restores cephalosporin resistance. In MRSA,
Pbp2a, a homolog of the enterococcal Pbp5, was reported to have an allosteric site that binds
ceftaroline; this binding triggers conformational changes in Pbp2 leading to increased ability of
the active site to bind a second ceftaroline molecule (199). The study reported the presence of a
similar allosteric site in Pbp5 in E. faecium. While this was shown to be unlikely in structural
studies of Pbp5 from E. faecalis or E. faecium, the N1 and N2 N-terminal domains of Pbp5
displayed high mobility, with the largest whole-domain conformational changes observed in the
family of low-affinity PBPs.
In this chapter, we aim to investigate the molecular mechanism of the seesaw effect in
MDR E. faecalis. We hypothesized that, i) LiaX bridges CM adaptation and cell wall homeostasis,
and ii) emergence of DAP-R leads to -lactam resensitization due to CM remodeling, which has
a significant impact on PBP functions. We identified that modulation of LiaX leads to the seesaw
effect in various genetic backgrounds. We found that, i) CM anionic phospholipid redistribution
leads to mislocalization of PBPs, specifically Pbp5, which interacts strongly with and colocalizes
with LiaX, ii) key PBPs have increased -lactam binding affinity, iii) class A pbpF is
transcriptionally upregulated, and iv) PbpZ, shown to have the highest affinity to cephalosporins,
is essential for the seesaw effect (57). Dissection of the mechanism of the seesaw effect can
facilitate targeted deployment of DAP plus -lactam combination therapy in appropriate cases of
MDR enterococcal infections and aid the selection of a precise -lactam that synergizes best with
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DAP.
4.2. Materials and Methods
4.2.1.

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this work are listed in Table 7. Enterococcal strains
were grown on Brain Heart Infusion Agar (BHI, Becton Dickinson) or in broth at 37˚ C with
gentle agitation. E. coli strains XL-1 Blue, BTH101, and DH5 were grown on Luria-Bertani
(LB) agar or in broth at 37˚ C with 100 µg/mL ampicillin, 50 µg/mL kanamycin, 15 µg/mL
chloramphenicol, and 25 µg/mL gentamicin added for propagation of cells carrying pUT18,
pKNT25, pCE or pHOU1 derivatives. Minimum inhibitory concentrations (MIC) were measured
either by Etest (bioMerieux) according to the manufacturer’s instructions, or by broth
microdilution. Briefly, 0.5 McFarland standards for corresponding strains were prepared and
inoculated onto Muller-Hinton agar plates (Oxoid) for Etest MIC determinations. Strips were
placed on the agar surface after absorption of the bacterial inoculum and plates were placed at
37˚C. Broth microdilutions were used to determine ceftriaxone MICs in the presence of subinhibitory DAP in cation-adjusted, Mueller-Hinton II broth (Becton Dickinson) supplemented
with 50 µg/mL CaCl2. 50 µl of the broth consisting of DAP and CRO at the desired concentrations
was added to wells in a 96-well plate and 50 µl of a 1:150 dilution of a 0.5 McFarland inoculum
was added at the end. MICs were read after 24 hours of incubation.
4.2.2.

CRISPR/Cas9 System for Construction of Mutants

Nonpolar deletions of pbp genes in OG117, a derivative of OG1RF with a chromosomal Cas9,
were generated based on an optimized protocol derived from Hullahali et al. with primers
indicated in Table 9 (200). Briefly, the pCE plasmid for each genetic deletion was constructed
using Gibson Assembly. All primers were designed such that each fragment possesses at least a
20 bp overhang with the adjacent fragment to efficiently assemble the plasmid. Homologous
125

recombination regions were designed as 1000 bp upstream and downstream of the gene open
reading frame to prevent disruption of the genetic environment and amplified using the gDNA of
OG117 with a standard polymerase-chain reaction using a high-fidelity Taq polymerase (Phusion,
New England Bio Labs). The spacer for recognition of the gene was a 30bp region upstream of
the NGG PAM sequence located ~100 bp away either from the upstream or the downstream
homologous region and designed into the primers used to amplify two fragments from the pCE
plasmid by using PCR. The four PCR products, 2 homologous region fragments from gDNA and
2 plasmid fragments with the spacer built in, were run on an 0.8% agarose gel, column purified
(Promega, Wizard SV Gel and PCR Clean-up System) to obtain linear DNA fragments, and the
DNA concentration was quantified with a Qubit 4 (Thermo Fisher) dsDNA kit. An example of
the pCE construct used for the nonpolar deletion of ponA shows the four fragments along with
the overlapping primer sets (Fig 41). A 20 µl Gibson Assembly reaction was set up with the
fragment composition totaling 10 µl by using fragments at equimolar or 1:2 (plasmid:inserts)
ratios equaling at least 0.5 pmol of total DNA plus 10 µl of the Gibson Master Mix (New England
Bio Labs). The Gibson reaction was incubated at 50˚C for 1 hour followed by 2 µl transformed
into chemically competent DH5 cells (New England BioLabs) and selected on LB with
chloramphenicol. Positive colonies carrying pCE were identified with a PCR screen using primers
corresponding to the plasmid backbone and confirmed with Sanger Sequencing. Next, 200-500
ng of the plasmid DNA was directly electroporated into electrocompetent CK111 with selection
on BHI with chloramphenicol. CK111 positive colonies were screened with PCR using the same
primers as before. CK111 conjugation was set up with OG117 background strains through filter
mating. Briefly 100 µl of a mix of a 1:10 ratio of donor:recipient of exponentially growing cells
were spot on a filter paper placed on BHI agar followed by incubation for 24 h at 37˚C prior to
resuspending the filter and all colonies on the plate in 1 ml BHI broth. 100 µl of a 1:100 dilution
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of the conjugation was plated onto BHI with chloramphenicol and fusidic acid to ensure growth
of the OG117 recipient only. Deletion of the gene was screened with internal gene primers
followed by a PheS counterselection protocol (148). Candidates were grown for 24 h at 37˚C in
p-Chloro-Phe broth with glucose followed by plating on p-Chloro-Phe agar, followed by replica
plating to screen for colonies lacking the pCE plasmid. 2 candidates per mutant were subject to
whole-genome sequencing (Illumina MiSeq) to ensure there are no changes in the rest of the

genome.
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Figure 41. Plasmid map of the pCE CRISPR/ Cas9 construct to delete ponA
Map of pCE plasmid constructed with Gibson Assembly for the nonpolar deletion of ponA in
OG117, a derivative of OG1RF harboring a chromosomal Cas9 in an ectopic locus.
Overlapping primers indicated in purple generated a total of four fragments: FragA consists
of the 1000 bp upstream of ponA; FragB consists of the 1000 bp downstream of ponA; the
third fragment extends from PlasmidF-oriT to Spacer-R, incorporating the 30 bp spacer; and
the fourth fragment extends from Spacer-F to plasmidR-catR also overlapping with the 30 bp
spacer. Gibson Assembly reaction was set up with four fragments, adding up to a total of 0.5
pmol of DNA.
4.2.3.

PheS Counterselection System for Construction of Mutants

For deletion of liaX in all JH2-2 background strains, the p-chlorophenylalanine (p-Chl-Phe)
sensitivity counter-selection system (PheS*) was used (148). E. faecalis CK111 harboring the
same pHOU1 plasmid used to delete liaX in OG1RF, with ~ 800 bp upstream and downstream of
the liaX gene, was used as a donor strain to transfer the plasmid into the respective E.
faecalis recipient strain using a filter mating methodology (176). First recombination integrants
were selected on gentamicin (125 µg/ml) and fusidic acid (25 µg/ml) and subsequently the
gentamicin-resistant E. faecalis colonies that integrated the plasmid were grown on minimal
medium

9–yeast

extract–glucose

(MM9YEG)

supplemented

with

10

mM p-chloro-

phenylalanine. Double crossover events were screened by PCR, looking for the deletion of the
liaX gene. The presence of the deletion was confirmed by PCR, PFGE, and DNA sequencing.
Mutants were subject to WGS (Illumina MiSeq) to check for any other genome alterations.
4.2.4.

Complementation of Mutants
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Complementation plasmids for liaX and pbpZ were constructed with pAT392 or pMSP3535,
respectively (201). The same plasmid used to complement OG1RFliaX was used for JH2-2liaX
(176). The pbpZ gene was assembled into pMSP3535 in between the BamHI and XbaI cut sites
with Gibson Assembly using the primers in Table 9. Briefly, the pbpZ gene was PCR amplified
with 20-30 bp flanking regions that overlapped with pMSP3535 and pMSP3535 was also
linearized with PCR amplification. The same Gibson Assembly protocol was used as described
above. 100-200 ng of the plasmid was electroporated into the mutant strain with selection on BHI
with erythromycin (10 µg/ml). MIC determinations were performed in the presence of 10 ng/ml
nisin and erythromycin to induce pbpZ expression and maintain selective pressure.
4.2.5.

Fluorescence Microscopy

Visualization of membrane anionic phospholipids was performed with 10-N-nonyl acridine
orange (NAO, Thermo Fisher), a membrane dye with preferential binding to anionic
phospholipids, as described previously (70). Briefly, cells grown to early exponential phase in
tryptic soy broth were incubated with 1 µM NAO in the dark at 37˚C until strains reach midexponential phase. To visualize PBPs, mid-exponential phase cells were pelleted, washed and
incubated with 100 µM of Bocillin-FL (Thermo Fisher) in the dark at 37˚C. To visualize
membrane structures, mid-exponential phase cells were pelleted, washed and incubated with 1
µg/ml of FM4-64 (Molecular Probes, Thermo Fisher) at 37 C for 30 mins. For all protocols after
staining, cells were washed with normal saline, diluted 1:20 and immobilized on a poly-L-lysine
coated coverslip (Sigma-Aldrich) for 1 h, followed by washing the cover slip 3 times in saline.
Fluorescent images were taken on a Keyence BX-700 microscope using a Nikon PlanApo N 100x
objective, with a FITC filter set (excitation 485 nm, emission 517 nm) for NAO and Boc-FL or a
TRITC filter set (excitation 541 nm, emission 617 nm) for FM4-64. Each strain was visualized
with three biological replicates in three independent experiments.
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4.2.6.

Immunofluorescence microscopy

LiaX and Pbp5 localization was observed with immunofluorescence microscopy using a
previously described protocol (202). Briefly, mid-exponential phase cultures grown in BHI were
pelleted, washed in Phosphate Buffered Saline (PBS) and resuspended in 4% paraformaldehyde
(EMS, 157-4) with incubation for 15 min at room temperature and 45 min at 4˚C. Fixed cells were
pelleted, washed 3 times in PBS and resuspended in prechilled GTE buffer (50 mM glucose, 1
mM EDTA, 20 mM Tris HCl, pH 7.5) and diluted 1:20 in normal saline prior to immobilization
on a poly-L-lysine coated coverslip (Sigma-Aldrich) for 1 h, followed by gently washing the cover
3 times in saline. Unattached cells were aspirated between washes. Coverslips were treated with
0.2% Triton X-100 in PBS (PBS-T) for 10 sec followed by aspiration, immersion of slips in
methanol prechilled at -20˚C, and incubation at -20˚C for 10 min. Slips were removed from
methanol and completely dried on a cover slip rack. The following incubations were carried out:
PBS-T for 5 min, 2% Bovine Serum Albumin (BSA) in PBS-T for 1 h, PBS 10 s twice, 1:200
dilution of primary antibody to N-terminal of LiaX or Pbp5 in 2% BSA and PBS for 1 h, PBS 3
times for 10 s and once for 5 min, 1:100 dilution of secondary anti-rat Alexa-488 or anti-goat
Alexa-350 fluorescent conjugate antibodies (Molecular Probes, Thermo Fisher) in 2% BSA with
PBS for 1 h, 6 washes with PBS for 10 s and once for 5 min followed by 10 µl of Antifade
Mounting Medium (Vectashield) applied directly to the slides with coverslips laid on top and
sealed with nail polish. Fluorescent images were taken on a Keyence BX-700 microscope using
a Nikon PlanApo N 100x objective, with a FITC filter set (excitation 485 nm, emission 517 nm)
for LiaX or a DAPI filter set (excitation 359 nm, emission 416 nm) for Pbp5.
4.2.7.

Bacterial Two-hybrid Assays

Interaction between LiaX and Pbp5 was assessed with a bacterial two-hybrid system, using a
protocol described previously (203). Briefly, liaX and pbp5 were fused in-frame to the 3’ or 5’
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end of the T25 or T18 fragments of the adenylate cyclase, respectively, using the primer sets listed
in Table 9. The plasmids were subject to Sanger sequencing for confirmation. The protein
interaction assay was performed by co-transforming 5-50 ng of the plasmid DNAs, quantified by
Nanodrop, into the BTH101 reporter strain, plating on LB agar containing ampicillin (100 µg/ml),
kanamycin (50 µg/ml), X-gal (40 µg/ml) and IPTG (0.5 µM) and incubation at 30˚C in the dark
for 1-3 days. Positive and negative controls included co-transformation BTH101 with pKT25-zip
and pUT18C-zip, and BTH101 co-transformed with empty plasmids, respectively. Multiple
colonies were re-streaked on the same media to verify the presence or absence of -galactosidase
activity.
4.2.8.

Expression and Purification of Proteins

Purification of LiaX and the N-terminal domain of LiaX (residues 1-277) has been described in
detail previously (176). For Pbp5, briefly, the SUMO-tag was included for purification. The gene
encoding Pbp5 from S613 was cloned between the NcoI/HindIII sites of the modified pET-Duet
vector (Novagen, NJ, USA) containing the N-terminal His tagged SUMO peptide sequence and
expressed in Escherichia coli BL21(DE3) cells. Expression was induced with isopropyl β-D-1thiogalactopyranoside to 0.4 mM at an OD600 of ~0.7 and incubated at 15°C for 17 h. Cells were
harvested by centrifugation at 5000-x g for 15 min and washed in cold phosphate buffered saline
(0.1 M phosphate buffer, pH 7.4, 2.7 mM KCl, and 0.137 M NaCl). A frozen cell pellet was
resuspended in buffer A (50 mM Tris pH 7.4, 1 M NaCl, 20 mM Imidazole, 0.3 mM DTT, 0.2
mM PMSF, 5% (v/v) Glycerol) containing a complete protease inhibitor cocktail tablet, EDTAfree (Roche Diagnostics Corp, Indianapolis, IN, US). Lysis was performed using Branson Sonifier
250 (VWR Scientific). The supernatant was applied to the initial affinity column step (GE
Healthcare Life Sciences). The column was washed with 10 column volumes of buffer A, and
eluted with a step elution gradient from 20 mM to 1 M Imidazole. The fractions containing the
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protein of interest were pooled, dialyzed against 50 mM Tris pH 7.5, 0.3 mM DTT, and 5%
glycerol overnight at 4°C. N-terminal SUMO peptide (within the 6xHis tag) was removed by
treatment with His tagged SUMO protease and nickel column purification was repeated with the
same conditions. The fractions containing LiaX were pooled, dialyzed against 50 mM Tris pH
7.5, 2 mM TCEP, 0.2 mM EDTA, 5 % glycerol, and purified over a Q-XL Sepharose column (GE
Healthcare) using a 0.1-1 M NaCl gradient. The peak fractions were pooled, concentrated and
loaded onto a Superdex-200 column (GE Healthcare, HiLoad 16/60) for the final purification step.
For certain in vitro protein interaction studies, the N-terminal His tag was not removed to allow
for adherence to columns. The sample purity was assessed by SDS–PAGE and found to be >95%.
4.2.9.

In vitro Pull-down Assays

Pull-down assays were performed to verify interactions between LiaX or N-terminal of LiaX with
Pbp5. For the in vitro assay with purified proteins, a HisPur column (Ni-NTA Spin Column,
Thermo Fisher) was used and equilibrated with Equilibration Buffer (20 mM sodium phosphate,
300 mM NaCl, 10 mM imidazole, pH 7.4) followed by washes (10 mM imidazole solution) and
adding 1 mg of the N-terminal His-tagged purified bait proteins with incubation at 4˚C for 1 h
with gentle rocking. Flow through was collected by centrifugation at 1250 x g for 1 min followed
by 5 washes. The prey protein lacking a His-tag (1 mg) was added to the column followed by
incubation at 4˚C for 1 h with gentle rocking followed by capture of flow through by
centrifugation and 5 washes. The bait-prey complexes were eluted in 290 mM imidazole followed
by analysis with SDS-PAGE and visualization of the proteins by Commassie staining. For the
pull-down assay using cell lysates, 7 mg purified His-tagged N-terminal of LiaX was adhered to
the HisPur columns using a similar protocol described above. OG1RF or S613 mid-exponential
phase cultures in BHI were collected, pelleted and washed with PBS prior to resuspension in PBS
with protease inhibitor cocktails (Roche). Cell lysates were obtained by mechanical lysis using a
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FastPrep 24 machine with glass beads followed by centrifugation of cell debris at 13,000 rpm for
20 min at 4˚C. Supernatant was collected and protein concentration was determined with a
bicinchoninic acid assay (BCA, Thermo Fisher). 7 mg of the cell lysates were added to the column
with the bait protein and incubated for 30 min at 4˚C prior to subsequent washes and elutions in
increasing imidazole concentrations. Fractions were concentrated using 5 ml Amicon filter tubes
(Millipore) to reduce sample volume to less than 500 l prior to being subject to SDS-PAGE.
Western blotting was performed using 10% SDS-PAGE gels at 200 V that were transferred onto
polyvinylidene difluoride (PVDF) membranes using the iBlot 2 transfer system (Thermo Fisher)
before being blocked and probed using the iBind Flex (Thermo Fisher) system with the anti-goat
primary antibody to Pbp5 (1:25,000) and a horseradish peroxidase-conjugated secondary antibody
(1:3000) followed by detection with a Pico chemiluminescent substrate (Thermo Fisher) and
visualization with an Alpha Imager (BioRad). Band intensities were normalized for background
and quantified on ImageJ.
4.2.10. Bocillin Labeling of PBPs
To extract membrane embedded PBPs, cells were grown to mid-exponential phase from an
overnight culture (1:50 dilution) into fresh BHI, pelleted and washed with PBS prior to
resuspension in PBS with protease inhibitor cocktails (Roche). Cell were lysed by mechanical
lysis using a FastPrep 24 machine with glass beads followed by centrifugation of cell debris at
13,000 rpm for 20 min at 4˚C. Supernatant was collected and membrane fractions were collected
by ultracentrifugation (70,000 xg) at 4˚C for 1 h. The supernatant was discarded and the
membrane pellets were thoroughly resuspended in 150 l of PBS with protease inhibitors
followed by protein quantification with a BCA assay. 50 g of protein per sample were incubated
with 50 M BOC-Fl in the dark at 37˚C for 10-15 min. The reaction was stopped by addition of
0.1% Triton-X followed by incubation at 4˚C for 20 min prior to centrifugation (21,000 rpm, 4 C,
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20 min) and collection of the supernatant that was subject to SDS-PAGE on 10% polyacrylamide
gels. Gels were run in a tank covered with aluminum foil in the dark at 150 V for 2 h followed by
visualization of PBPs in the Alpha Imager (BioRad) under the 488 nm excitation filter. Band
intensities were quantified on ImageJ.
4.2.11. Quantitative real-time PCR (qRT-PCR)
To determine if the ponA, pbpZ, pbpF, pbpA, pbpB and pbp5 genes are differentially regulated in
DAP-R strains relative to their DAP-S counterparts, qRT-PCR was performed. RNA extraction
was performed in exponential phase growth using Purelink RNA Mini Kit (Ambion) or RNeasy
Kit (Qiagen) in three biological replicates from each strain grown in BHI broth. Subsequently,
treatment with Turbo DNAse kit (Ambion) was performed to remove genomic DNA. The cDNA
was generated from ~1 µg of purified RNA using SuperScriptTM II Reverse Transcriptase
(Invitrogen). Evaluation of gene expression was conducted with 5 ng of cDNA using
SsoAdvancedTM Universal SYBR Green Supermix (Bio-Rad) or BR SYBR Green Supermix
(Quanta Biosciences) in CFX96 TouchTM Real-Time PCR Detection System (Bio-Rad). Relative
expression ratios were calculated by normalizing to the housekeeping genes gyrB and gdhA. The
liaY gene, encoding for an effector fo the LiaFSR system, was included as a control to observe
upregulation in DAP-R strains. Since the efficiency was different in the primers investigated, fold
changes were calculated using efficiency corrected calculation model described by Pfaffl. Primer
efficiency was determined by LinRegPCR program in each reaction. Differences in gene
expression between pairs of strains, were calculated using the normalized expression for each
gene, and analyzed with one-way ANOVA (p<0.01). Results are an average of three independent
experiments with three biological replicates each.
Table 8- Bacterial strains and plasmids used in Chapter 4
E.
Strain

faecalis Relevant Characteristics
134

Reference(s
)

S613

VAN-resistant, DAP-susceptible isolate from a patient with
bacteremia and isolated before DAP therapy.
R712
VAN-resistant, DAP-resistant isolate from the same patient
that S613 was isolated from (above) with bacteremia,
isolated after DAP therapy. Compared to S613, R712
harbors mutations associated with DAP-resistance; in liaF
(part of the liaFSR stress response system), cls1 (cardiolipin
synthase 1) and gdpD (involved in phospholipid
metabolism).
OG1RF
Laboratory, wild-type strain
OG1RFΔliaX
OG1RF harboring nonpolar deletion of liaX with an
activated LiaFSR system
OG1RFliaX*289
Derivative of OG1RF harboring a frameshift mutation
leading to stop codon in position 289 resulting in a Cterminal truncation of LiaX. This mutation was shown to be
integral for DAP resistance when S613, a DAP-susceptible
clinical isolate, was experimentally involved under DAP
pressure (89).
OG1RFΔliaX:: OG1RFΔliaX complemented with liaX in plasmid pAT392
pAT392::liaX
under the control of the constitutive P2 promoter
BTH101
E. coli reporter strain for bacterial two-hybrid system that
lacks endogenous adenylate cyclase gene
XL-1 Blue
Wild-type Eschericia coli strain used for propagation of
bacterial two-hybrid system plasmids
Wild-type Eschericia coli strain used for propagation of
Dh5
pCE CRISPR/Cas9 plasmid with PheS counterselection
system
JH2-2
Laboratory, wild-type strain
JH2-2 ΔponA, JH2-2 derivative lacking ponA or pbp5 gene
JH2-2 Δpbp5
JH2-2 ΔliaX
JH2-2 harboring nonpolar deletion of liaX with an activated
LiaFSR system
JH2-2
JH2-2ΔliaX complemented with liaX in plasmid pAT392
ΔliaX::pAT392: under the control of the constitutive P2 promoter
:liaX
JH2-2
ΔponA JH2-2 strains with ponA or pbp5 gene deleted also harboring
ΔliaX,
JH2-2 nonpolar deletion of liaX with an activated LiaFSR system
Δpbp5 ΔliaX
OG117
OG1RF derivative with a chromosomal Cas9 for genetic
manipulation with CRISPR/ Cas9 system
OG117 ΔliaX
OG117 harboring nonpolar deletion of liaX with an
activated LiaFSR system
OG117 ΔponA, OG117 derivatives harboring nonpolar deletions of ponA,
OG117 Δpbp5, pbpZ or pbp5 gene
OG117 ΔpbpZ
OG117 ΔponA OG117 strains with ponA, pbpZ or pbp5 gene deleted also
ΔliaX, OG117 harboring nonpolar deletion of liaX with an activated
Δpbp5
ΔliaX, LiaFSR system
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(63)
(63)

(176)
(176)

(176)
Euromedex
kit (203)

(50)
This work
This work

This work

(200)
This work
This work

This work

OG117 ΔpbpZ
ΔliaX
OG117 ΔpbpZ
ΔliaX::pMSP35
35::pbpZ
pAT392

pMSP3535
pCE

pKT25

pKNT25

pUT18

pUT18C

pKT25-zip
pUT38C-zip

OG1RFΔpbpZΔliaX complemented with liaX in plasmid
pMSP3535 under the control of a nisin (10ng/ml) inducible
promoter
Plasmid with constitutive P2 promoter for expression of
liaX, propagated in TG1 E. coli strain with a chromosomal
replicase, selected for with gentamicin
Plasmid with nisin inducible promoter for expression of
pbpZ, propogated in Dh5, selected for with erythromycin
Plasmid used for CRISPR/Cas9 genetic manipulation in
OG117 that harbors a PheS counterselection system,
propagated in Dh5, selected for with chloramphenicol
Bacterial two-hybrid system plasmids
Encodes the T25 fragment of the adenylate cyclase gene
(cya) expressed under a lac promoter with a multi-cloning
site (MCS) at 3’ end, propagated in XL-1 Blue, selected for
with kanamycin
Encodes the T25 fragment of the adenylate cyclase gene
(cya) fused downstream in-frame of the MCS so fusions can
be created at 5’ end, propagated in XL-1 Blue, selected for
with kanamycin
Encodes the T18 fragment of the adenylate cyclase gene
(cya) expressed under a lac promoter with a multi-cloning
site (MCS) at 5’ end, propagated in XL-1 Blue, selected for
with ampicillin
Encodes the T25 fragment of the adenylate cyclase gene
(cya) with MCS downstream in-frame at 3’ end, propagated
in XL-1 Blue, selected for with amipicillin
Derivative of pKT25 with a leucine zipper of GCN4 is fused
in frame to the T25 fragment
Derivative of pUT18C with a leucine zipper of GCN4 is
fused in frame to the T25 fragment

This work

(176)

This work
(200)

Euromedex

Table 9- Oligonucleotides used in Chapter 4
Primer

Sequence

#2010

5’ atattacagctccagatccatatccttcttttgttcattccaattattgcc 3’

#2011

5’ catgatgagccccgtactttaaatagcaactcctttgttatactt 3’

#2012

5’ gttgctatttaaagtacggggctcatcatgagc 3’

#2013

5’ gaaaaaggagaagtcggttcagaaaatccggaagcggtaattgaatc 3’
136

Characteristics
In frame Deletion of ponA
Forward, fragment A 1000bp
upstream of ponA with 20 bp
overlap with pCE for
overhangs (underlined)
Reverse, fragment A with 20
bp overlap with fragment B
Forward, fragment B 1000bp
downstream of ponA with 20
bp overlap with fragment A

#2014

#2015

#1891

#1894

#2016

#2017
#2018
#2019
#2020
#2021

#2062

#2063
#2064
#2065
#2066
#2067

#2253

#2256
#2194
#2195

#1459

Reverse, fragment B with
overlap with pCE
Forward, fragment with
spacer and overlap with pCE
5’ tcatcgattggggtagctttggctttttcgtttcattgctattatacccatgtag 3’
till catR gene
Reverse, fragment with
spacer and overlap with pCE
5’ tttctgaaccgacttctcctt 3’
till oriT
Forward, primer in oriT to
amplify pCE fragment with
5’ aagaaggatatggatctggag 3’
#2015
Reverse, primer in catR to
amplify pCE fragment with
#2014
In frame Deletion of pbp5
5’ atattacagctccagatccatatccttcttttttgttgaatcatctgtataag 3’
Forward,
fragment
A
upstream with pCE overlaps
underlined
5’ gtttcgttcattttctcttttcaataatcccctaactatataat 3’
Reverse, fragment A
5’ ggattattgaaaagagaaaatgaacgaaacg 3’
Forward,
fragment
B
downstream
5’ gaaaaaggagaagtcggttcagaaagacatcgtccaaggaagttcc 3’
Reverse, fragment B
5’ agcgtttgataaagaattaagagggcaagagttttagagtcatgttgtttagaatgg Forward, spacer till catR in
3’
pCE
5’ tcttgccctcttaattctttatcaaacgcttttcattgctattatacccatgtag 3’
Reverse, spacer till oriT in
pCE
In frame Deletion of pbpZ
5’ atattacagctccagatccatatccttcttagtaaagtatttcaagaatttca 3’
Forward,
fragment
A
upstream with pCE overlaps
underlined
5’ agcttaacttaccaaattcttctgtgttattatagcaaaaaaa 3’
Reverse, fragment A
5’ ttttgctataataacacagaagaatttggtaagttaagcttg 3’
Forward,
fragment
B
downstream
5’ aagcgaaaaaggagaagtcggttcagaaactgagaaaaaattggaagaaag Reverse, fragment B
3’
5’ tctggccaactacccaacgacttatgctgagttttagagtcatgttgtttagaatgg Forward, spacer till catR in
3’
pCE
5’ tcagcataagtcgttgggtagttggccagatttcattgctattatacccatgtag 3’ Reverse, spacer till oriT in
pCE
pMSP3535
pbpZ
complementation
5’cactatagggagaccggcctcgagtctagattagttgttctttttattatcgt 3’
Forward, pbpZ gene with 54
bp upstream to include
ribosomal binding site,
overlap with pMSP3535
(underlined)
5’ gttgtaaaacaggagactctgcatggatccgcaattggtgtagaaactat 3’
Reverse, pbpZ gene
5’ ggatccatgcagagtctcc 3’
Forward,
pMSP3535
fragment
5’ tctagactcgaggccggtc 3’
Reverse,
pMSP3535
fragment
pKT25/ pKNT25 with liaX
5’ gctctagagaaagaaagagaacgcgtattag 3’
5’cgaaaaagccaaagctaccccaatcgatgagttttagagtcatgttgtttagaatgg
3’
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#1460

5’ cgggatccttatccgtatcttttaggaaaatacttcc 3’

#1457

5’ cgggatccggaacgaagcaatcgtaataaaaaatc 3’

#1458

5’ cggaattctatttaatggttgcttctaagtaatcaattaatg 3’

#1217
#1218

5’ acaggtgatcttgccaaacg 3’
5’ ggtttcacggacgatttcac 3’

#1264
#1265

5’ aaaaggcatgttggcttcaaa 3’
5’ gcttccctggcaagttgcta 3’

#1903
#1904

5’ tgttgtgcgggtaggtaatg 3’
5’ tgtggtgctgaagaggtagta 3’

#1905
#1906

5’ gcagttgagattgtcatggatttag 3’
5’ cgacgtgcttgttcttcatattg 3’

#1907
#1908

5’ cgatcagtgggtgattggttat 3’
5’ gcgctactgccttccaaata 3’

#1909
#1910

5’ tgcacgcggataccattatt 3’
5’ ggcggtaatcttcttgacctatc 3’

#1911
#1912

5’ aaacgattacggaaccacaaatc 3’
5’ aagtcgggtcttcaacagtatc 3’

#1817
#1818

5’ gatcaagtcgcagatttaatggatg 3’
5’ ttctgcactgtcctgtgtattt 3’

#1223
#1224

5’ tggctaggaattgacccaac 3’
5’ atcgcttcctgttcttccag 3’

Forward, liaX gene, XbaI cut
site
Reverse, liaX gene, BamHI
cut site
pUT18/ pUT18C with pbp5
Forward, liaX gene, XbaI cut
site
Reverse, liaX gene, BamHI
cut site
qRT-PCR gdhA
Forward
Reverse
qRT-PCR gryB
Forward
Reverse
qRT-PCR ponA
Forward
Reverse
qRT-PCR pbpZ
Forward
Reverse
qRT-PCR pbpF
Forward
Reverse
qRT-PCR pbpA
Forward
Reverse
qRT-PCR pbpB
Forward
Reverse
qRT-PCR pbp5
Forward
Reverse
qRT-PCR liaY
Forward
Reverse

4.3. Results
4.3.1.

LiaX Modulates the Seesaw Effect

Experimental evolution of a DAP-S clinical strain, S613, identified mutations in liaF, liaS,
or liaX as an initial adaptation step to all successful trajectories to DAP-R with the most frequent
second step being mutations in cls (cardiolipin synthase) (89). Recapitulation of the liaX mutation,
a frameshift at amino acid position 289 causing a C-terminal domain truncation (OG1RFliaX*289),
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or a nonpolar deletion (OG1RFliaX) in a DAP-S laboratory strain (OG1RF) showed that loss of
liaX function was sufficient for DAP-R with a ~10 fold increase in DAP MIC (176). We assessed
the MICs of these liaX mutants and the complemented version (OG1RFliaX pAT392::liaX) in
response to different classes of -lactams. LiaX-modulated DAP-R led to a drastic reduction in
early generation cephalosporin MICs and a modest reduction in MICs for ampicillin, newer
generation cephalosporins (ceftaroline) and carbapenem, with reversion of this phenotype upon
complementation of liaX (Table 10). Thus, LiaX modulates DAP-R and -lactam resensitization.
Interestingly, the MIC to VAN, a cell wall synthesis inhibitor that targets peptidoglycan
precursors, did not change indicating that the mechanism is specific to PBP modifications and not
just general cell wall perturbations. From this point forward, ceftariaxone (CRO) will be used as
a marker of the presence of the seesaw effect due to the drastic MIC changes.
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Table 10. Daptomycin and -lactam MICs of strains displaying the seesaw effect
Minimum inhibitory concentration (MIC, all in g/ml) determinations of liaX mutants and
complement strains. Cephalosporin generation (gen) indicated, MICs in blue indicate
seesaw effect.
4.3.2.

Cell

Membrane

Remodeling

Leads

to

Penicillin-binding

Protein

Mislocalization
Development of DAP-R after failure of DAP therapy in a patient with fatal bacteremia
was associated with overproduction and extracellular release of LiaX relative to the DAP-S strain,
S613, obtained before DAP therapy was started (143, 176). LiaX-modulated DAP-R in the clinical
strain, R712, and lab strains is associated with activation of the LiaFSR system and diversion of
anionic phospholipids away from the cell division septum. While the CRO MIC of R712 remains
the same as S613 (> 256 g/ml), we determined the CRO MIC in the presence of a sub-inhibitory
concentration of DAP (0.25g/ml, Figure 42) and while S613 stayed > 256 g/ml, R712 showed
a dramatic reduction to 2 g/ml indicating high-level synergy. Thus, there is variation in the extent
of the seesaw effect based on the strain background. To determine if CM alterations impact cell
wall synthesis machinery, we stained the pairs of DAP-S and DAP-R strains with bocillin-FL
(BOC), a fluorescent penicillin derivative that binds PBPs. Our previous studies with 10-N-nonylacridine orange staining show that anionic phospholipids are localized to the division septum in
DAP-S strains and diverted away into redistributed microdomains in DAP-R strains (Figure 42).
Mirroring the phospholipid distribution pattern, DAP-R lab and clinical strains- OG1RFliaX,
OG1RFliaX*289 and R712, showed a mislocalization of PBPs to nonseptal sites while DAP-S strains
showed septal PBP localization as expected (Figure 42). This phenotype was reverted upon
complementation of liaX in OG1RFliaX. Of note, representative fluorescence micrographs are
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displayed in all figures in this chapter and we will include a quantification of average fluorescence
intensity across cell length for n=50 cells per strain, similar to our previous study (176), in the
final manuscript for publication.

Figure 42. Anionic phospholipids and penicillin-binding proteins mislocalize in
daptomycin-resistant strains
Representative fluorescent microscope images of anionic phospholipids visualized by staining
with 10N-nonyl-acridine orange (all NAO images are reprinted with permission from PNAS
(Khan, A., et., al, 2019) or mBio (Tran T.T., et. al., 2013), or penicillin-binding proteins
visualized by staining with bocillin-FL. Nonsusceptibe MICs indicated in red, susceptible in
blue. Scale bar: 0.5 M. NAO staining was performed with Truc T. Tran.
Since DAP-R is associated with nonseptal membrane invaginations and deformities that
lead to aberrant cell division (143), we hypothesized that while nonseptal lipid microdomains are
essential to protect septal targets from DAP, they also lead to aberrant PBP localization. However,
BOC and NAO have overlapping excitation and emission spectra. Thus, we chose FM4-64, a
nonspecific lipophilic dye, to visualize membrane structures (141) and simultaneously stained
cells with BOC to visualize PBP localization. In both representative DAP-R lab and clinical
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strains, FM4-64 showed membrane deformities and aberrant CM invaginations while DAP-S
strains only have a septal CM invagination (Figure 43). Interestingly, the PBPs directly
colocalized with the FM4-64 stained membrane structures and in DAP-R strains were localized
to non-septal CM deformities indicating that alterations in CM architecture alter localization of
cell wall synthesis machinery (Figure 43).

Figure 43. Penicillin-binding proteins localize to non-septal lipid domains and sites of
membrane deformities in daptomycin-resistant strains
Representative fluorescent images of membrane structure stained with FM4-64 and PBPs
visualized with bocillin-FL. Nonsusceptible MICs indicated in red, susceptible in blue. Scale
bar: 0.5 M. * MIC determined in the presence of 0.25 g/ml DAP. FM4-64 and BOC-Fl
staining was performed with April H. Nguyen.
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4.3.3.

LiaX Colocalizes and Interacts with Pbp5

Proteins that constitute machinery involved in cell division septum formation, cell wall
synthesis and lipid biogenesis generally localize to the mid-cell. As seen in Figure 43,
phospholipid rearrangements and alterations in CM structure mislocalize these proteins, further
suggesting that the relative saturation of anionic phospholipids like cardiolipin and PG at the midcell likely serves as a protein localization signal. We hypothesized that components of the LiaFSR
stress response system, such as LiaX, also localize to the mid-cell. Additionally, due to the
dramatic seesaw effect in DAP-R strains, we hypothesized that the low-affinity Pbp5, most
responsible for intrinsic or acquired -lactam resistance, also mislocalizes in DAP-R strains.
To test these ideas, we performed immunofluorescence microscopy on strains captured in
mid-exponential phase with primary antibodies to LiaX and Pbp5, using Alexa 488 nm and 350
nm secondary conjugates, respectively. Indeed, LiaX localizes to punctate foci that might be old
and newly formed division septa in the DAP-S OG1RF and S613 strains, and colocalizes with
Pbp5, which is expected to localize to sites of cell division (Fig 44). In the DAP-R R712, however,
LiaX and Pbp5 seemed to be more homogenously distributed in a peppered pattern all throughout
the cell surface with no preferential localization of foci to specific sites in the cell (Fig 44). Thus,
proteins involved in cell envelope stress adaptation and cell wall homeostasis can colocalize and
mobilize together within the cell.
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Figure 44. Localization of LiaX and Pbp5 in daptomycin-susceptible and resistant strains
Representative immunofluorescence images of LiaX and Pbp5 visualized with Alexa 488 nm
and 350 nm secondary conjugates and a brightfield overlay. Nonsusceptible MICs indicated in
red, susceptible in blue. Scale bar: 0.5 M. * MIC determined in the presence of 0.25 g/ml
DAP.

LiaX localizes to the cell surface at basal levels in DAP-S strains and colocalizes at the
division septum with PBPs, but is overexpressed and secreted in DAP-R strains (176). Thus, we
hypothesized that besides CM architectural changes impacting PBP localization, it is possible that
alterations to LiaX in DAP-R strains break a stabilizing interaction between LiaX and Pbp5,
ultimately also contributing to Pbp5 mislocalization. LiaX was shown to strongly interact with
Pbp5 via an in vivo tandem affinity pull-down assay in a penicillin-resistant E. faecium, although
that strain was susceptible to cephalosporins as it lacked ponA and pbpF (60). Thus, we
hypothesized that LiaX and Pbp5 interact in E. faecalis, and that this interaction is important for
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the seesaw effect.
We first assessed the LiaX-Pbp5 interaction with a bacterial two-hybrid system, which is
based on the reassociation of separate T18 and T25 domains of adenylate cyclase that are fused
to protein-protein interaction domains being tested.

Protein-protein interactions result in

reconstitution of adenylate cyclase activity in a cya- strain, which is in turn measured by increased
-galactosidase activity (203). LiaX was fused to the T25 domain and Pbp5 to the T18 domain of
adenylate cyclase, and the interaction was assessed in an E. coli BTH101 reporter strain. LiaX
and Pbp5 had a strong positive interaction, as shown by the blue colored colonies on X-Gal plates,
indicating -galactosidase activity (Fig 45A). Attempts to quantify the interaction with a standard
-galactosidase assay did not work as the assay is performed on exponential phase cultures while
protein-protein interactions on an agar plate are assessed in the dark at 30˚C incubation for 1-2
days. Colonies of the BTH101 strain co-transformed with T25-LiaX and T18-Pbp5 clearly display
a strong blue color similar to the positive control on a plate with the IPTG inducer and X-gal
substrate, while the negative controls remain white (Fig 45A). Thus, we are assessing alternative
incubation conditions to quantify -galactosidase activity. To verify the interaction, we also
performed an in vitro pull-down assay with his-tagged LiaX or the N-terminal domain of LiaX
immobilized on a column with purified Pbp5 added, with subsequent washes followed by elution.
We included the N-terminal domain of LiaX in this assessment, as previous localization studies
indicate that the N-terminal domain is surface exposed and secreted, thus likely capable of serving
as the interacting domain with Pbp5. The results indicate a potential strong interaction of LiaX
and its N-terminus with Pbp5 (Figure 45B).
To verify if native Pbp5 and LiaX can interact in a DAP-S strain, where we observed
Pbp5 and LiaX colocalization at the division septum, we performed a pull down assay with lysates
from exponentially growing OG1RF cells and his-tagged LiaX adhered to a column (Fig 45C).
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Immunoblotting with a primary antibody to Pbp5 on the flow through and subsequent elutions
with increasing imidazole concentrations indicated that Pbp5 strongly interacts with LiaX as it
eluted at imidazole concentrations as high as 500 mM (Fig 45C). Taken together, all our data
indicates that LiaX and Pbp5 interact strongly. Of note, 7 mg of purified LiaX were loaded onto
the His column with 7 mg of the cell lysates passed through to maintain a 1:1 ratio.
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Figure 45. LiaX and Pbp5 interact with high affinity
LiaX and Pbp5 interaction assessment with the bacterial two-hybrid system (A)- agar plate
divided into quadrants with BTH101 E. coli reporter strain negative control (white)
transformed with empty T18 and T25 plasmids, positive control (blue) with T18 and T25
fused to leucine zipper repeats and a representative colony harboring T25-LiaX and T18-Pbp5
(blue); (B) in vitro pull-down assay with purified Pbp5 (red arrow), LiaX (black arrow) and
N-terminal domain of LiaX (white arrow); (C) pull down assay with lysates from OG1RF and
LiaX on a His-column with Pbp5 probed by immunoblotting with relative band intensities
quantified by ImageJ and (D) microscale thermophoresis experiment with his-tagged LiaX as
ligand and purified Pbp5 with normalized fluorescence plotted. In vitro pull down with
purified proteins was performed by Milya Davlieva, in vitro pull down with lysates and
binding assays were performed with Orville A. Pemberton.
Attempts to perform the same experiment with S613 lysates did not yield as clear results (Fig
46). Although the LiaX-Pbp5 interaction is likely strong, as Pbp5 was present in the 500 mM
imidazole elution, there was significant background Pbp5 eluting in the control column as well
(Fig 46A). However, there was more background in the control column. This may be due to a
precise ratio of LiaX: Pbp5 being important for capturing interactions. S613 is a clinical strain
that has significantly higher basal levels of LiaX surface exposed relative to OG1RF, which can
explain why the 1:1 ratio of bait: lysate did not work as well. Finally, the strength of the LiaXPbp5 interaction was measured by microscale thermophoresis (MST) by quantifying fluorescence
changes emitted by NT647-labeled his-tagged LiaX in the presence of increasing concentrations
of Pbp5 (Fig 45D). The KD for the interaction was 21.4 nM +/- 6.67, indicating a strong interaction
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between LiaX and Pbp5.

Figure 46. LiaX and Pbp5 pull down assay in S613
Pull down assay with lysates from S613 and LiaX adhered to His column with immunoblotting
to probe for Pbp5 in flow through and elution with increasing imidazole (IM) concentrations
(A) with quantification of relative band intensity on ImageJ (B). Pull down was performed
with Orville A. Pemberton.
4.3.4.

PBPs in DAP-R strains Have Increased β-lactam Binding Affinity

To determine if the mislocalization of PBPs affects their -lactam binding affinity, we labeled
membrane embedded PBPs from DAP-S and DAP-R strains in vitro with BOC-Fl, a fluorescent
derivative of penicillin, and visualized binding. DAP-R lab and clinical strains showed increased
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-lactam binding affinity in multiple PBP mutant strains, including ponA, pbp5, and pbpA/F,
compared to DAP-S strains (Fig 47). PBPs that are similar in molecular weight, like PbpA and
PbpF, can be difficult to resolve with SDS-PAGE since they required prolonged run times that
can affect resolution of bands. The identification of PBPs is based on previous genetic studies and
we have included strains harboring a deletion of ponA or pbp5, the genes encoding for the highest
and lowest molecular weight PBPs, as controls for reference (50). Of note, the band corresponding
to PbpF was uncertain and identified by inference, but a recent study reliably identified PbpF as
the band above Pbp5 (204). -lactam binding affinity was quantified for the most prominent and
easily distinguishable PBPs, PonA and Pbp5, using band intensities. These results indicate that
DAP-R mutants of liaX have greater -lactam binding affinities than the DAP-S OG1RF strain,
and this effect was reverted by complementation with liaX on a plasmid (Fig 47). The same pattern
was observed for the clinical strains. Interestingly, OG1RF, the wild-type strain, has no detectable
band corresponding to PonA, which is apparent in its DAP-R derivatives (Fig 47B).
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Figure 47. Increased -lactam binding affinity of PBPs in daptomycin-resistant strains
Labeling of PBPs in membrane fractions of strains with 100 M bocillin-FL (BOC-FL) and
resolving PBPs on an SDS-PAGE (A) gel with quantification of ponA and pbp5 band
intensities (B) by ImageJ. * p< 0.05

To determine if the observed increased -lactam binding affinity to PBPs was due to
increased active site accessibility of -lactams or alterations in PBP levels, we assessed
transcription of all pbp genes with qRT-PCR in the DAP-R strains relative to their DAP-S
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counterparts. As expected, liaY was upregulated in DAP-R strains due to activation of the LiaFSR
stress response system (176). Of the PBPs that displayed drastically increased -lactam binding
affinity, like PonA and Pbp5, there were no significant alterations in transcript levels, which was
also confirmed by immublotting for Pbp5 protein levels (Figure 48). However, pbpF was
consistently upregulated in the DAP-R strains, which likely contributes to the increased BOC-FL
band intensity corresponding to PbpF in Figure 47. PbpF is interestingly the only cell wall
synthesis protein that is in the LiaR regulon and upregulated along with other genes involved in
maintaining CM homeostasis. It is possible that pbpF is upregulated to compensate for the
compromised functions of other mislocalized PBPs. To assess this, we are currently attempting
to delete pbpF in DAP-R strains.
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Figure 48. Increased -lactam affinity of PBPs is not due to increased pbp expression
Transcript levels of all six pbp genes assessed with qRT-PCR in DAP-R strains relative to their
DAP-S counterparts using liaY, an effector of the LiaFSR system, as a positive control (A), *
p < 0.05, and Pbp5 protein levels assessed by immunoblotting (B) with DAP-R strains
indicated in red.
Different classes of -lactams tend to have different PBP binding profiles based on
affinity. Cephalosporins tend to saturate class A PBPs while penicillins tend to saturate lower
molecular weight class B PBPs. However, PBP binding profiles have been shown to be
increasingly complex in recent studies. Studies show that PbpZ shows highest susceptibility to
cephalosporin’s, followed by PbpF and PbpB (57, 204). Thus, we aimed to determine the PBP
binding profile of CRO in DAP-S OG1RF relative to the DAP-R OG1RFliaX with a BOC-FL
competition experiment. Membrane embedded PBPs were incubated with increasing
concentrations of CRO relative to the MIC of the strain followed by labeling with BOC-FL (Fig
49). Band intensity indicates the sites available for BOC-FL binding that CRO has not already
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saturated. As mentioned before, the band corresponding to PonA does not appear in OG1RF and
reappears in the DAP-R derivatives, indicating the affinity of PonA is being altered drastically.
In this experiment, in both DAP-S and DAP-R strains, CRO had the highest affinity for PbpZ,
PbpB and PbpF with the least affinity for Pbp5 (Fig 49). This correlates with previous studies
(204). However, in OG1RF liaX, the affinity of PonA does not change significantly with
increasing CRO incubation, which also correlates with previous reports (57).

Figure 49. PBP binding profile of ceftriaxone
Labeling of PBPs in membrane fractions of strains with increasing concentrations of
ceftriaxone (CRO) relative to the MIC followed by labeling with 100 M bocillin-FL (BOCFL) and resolving PBPs on an SDS-PAGE gel.
4.3.5.

PbpZ is Essential for the Seesaw Effect

Since PbpZ is uniquely susceptible to cephalosporins, we hypothesized that it is likely
important for the drastic reduction in cephalosporin MICs observed upon the development of
DAP-R. Thus, we assessed if the presence of PbpZ was essential for the seesaw effect by creating
a nonpolar deletion in the OG117 strain background, a derivative of OG1RF with a chromosomal
Cas9 allowing for gene editing with the CRISPR/Cas9 system (200). Interestingly, while a
deletion of pbpZ in the DAP-S background did not alter MICs, deletion of pbpZ in the DAP-R
background led to abolishment of the seesaw as the strain became nonsusceptibile to both DAP
and CRO (Table 11). To look at the opposite end of the spectrum, we assessed if PonA, the PBP
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that showed no alterations in CRO binding in the CRO and BOC-FL competition experiment but
had drastic increase in binding affinity of BOC-FL alone, was important for the seesaw effect.
Deletion of ponA did not change the pattern of the seesaw effect in OG117 liaX (Table 11). To
confirm if the genetic manipulation was effective, we also deleted pbp5, which is well known to
be essential for -lactam resistance. Deletion of pbp5 in wild-type OG117 led to
hypersusceptibility to CRO. This hypersusceptibility remained upon deletion of liaX, which led
to DAP-R (Table 11). Thus, pbpZ is essential for the seesaw effect. Similarly, we are
systematically assessing the role of pbpF, pbpA, and pbpB in the seesaw effect.

Table 11. MICs, phospholipid and PBP localization in strains with pbp deletions
Daptomycin (DAP) and ceftriaxone (CRO) MICs of OG117 background strains with
description of the 10-N nonyl acridine orange (NAO) and bocillin-FL (BOC-FL) staining
pattern indicating localization of anionic phospholipids and PBPs, respectively.
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4.3.6.

PBP Affinities Differential in Different Genetic Backgrounds

It is notable that BOC-FL staining of PBPs in wild-type OG1RF showed no band
corresponding to PonA. Thus, we compared wild-type JH2-2, another well characterized
laboratory strain of E. faecalis, with OG1RF. BOC-FL staining showed that they both had varying
PBP profiles with JH2-2 harboring a PonA band (Fig 50A). To determine if this variation was
due to differential pbp expression levels, we performed qRT-PCR. No drastic alterations in pbp
transcription were observed in OG117 relative to JH2-2 or S613, the DAP-S clinical strain (Fig
50B). Examination of the amino acid (AA) sequences encoded by the ponA genes in OG117 and
JH2-2 showed a single AA change at position 36 (leucine to valine) in JH2-2 which is likely not
solely responsible for the drastic change in affinity as it is not located in the transpeptidase or
penicillin-binding domain. However, given our evidence that the interaction between LiaX and
Pbp5 is important to localize Pbp5 to the division septum in wild-type cells, it is possible that
alterations in LiaX can alter function of other PBPs. Examination of the AA sequence of LiaX
showed multiple substitutions in the N-terminal domain (N14D, S28P, A129V, E172K) that are
predicted to be surface exposed and thus capable of interacting with PBPs. Thus, it would be
interesting to probe the impact of these substitutions on PonA binding affinity or on the interaction
between LiaX and PonA.
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Figure 50. Comparison of PBP profiles of JH2-2 and OG1RF
Bocillin-FL (BOC-FL) stained PBPs separated by SDS-PAGE (A) and qRT-PCR measuring
transcript levels of all pbp genes in OG117 relative to S613 or JH2-2.

4.3.7.

PBP Binding Affinity in DAP-R Strains of Different Genetic Backgrounds

To determine if PBP binding affinity is altered in DAP-R E. faecalis strains independent
of genetic background, we deleted liaX in JH2-2 (DAP MIC 2 g/ml), which led to an increase in
DAP MIC to 24 g/ml. The CRO MIC went from >256 g/ml to 2 g/ml in the presence of subinhibitory DAP (0.25 g/ml which is 0.96x MIC), similar to the DAP-R patient isolate, R712.
This phenotype was reverted with complementation of liaX on a plasmid, pAT392. Labeling of
membrane embedded PBPs showed increased -lactam binding affinity for Pbp5 (Fig 51).
Interestingly, the PonA band was absent upon deletion of liaX in the wild-type JH2-2 background,
which was the opposite change in PonA affinity that occurred in the DAP-R OG1RF background
strains (Fig 51). Of note, the pbp5 sequences of OG1RF and JH2-2 are identical. Thus, different
genetic backgrounds of E. faecalis have altered PBP binding affinities with no differences in AA
sequence. To determine how the seesaw effect affects PBP -lactam binding affinities in the
absence of select important PBPs, we deleted liaX in a JH2-2 ponA background (50). The seesaw
effect still occurs with the CRO MIC, in the presence of 0.25 g/ml DAP, dropping from >256
g/ml (in JH2-2ponA) to 2 g/ml as the DAP MIC rises to 24 g/ml, upon deletion of liaX.
Interestingly, in addition to Pbp5, PbpA also has increased -lactam binding affinity in JH22ponAliaX relative to JH2-2ponA (Fig 51). Thus, deletion of a pbp leads to compensatory
effects with alterations in the activity of other PBPs.
To determine if these compensatory effects are due to alterations in liaX or a direct
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function of the seesaw effect, we deleted liaX in JH2-2pbp5, a strain background with a starting
low CRO MIC of 0.5 g/ml. JH2-2pbp5liaX had a high DAP MIC of 16 g/ml with no change
in the CRO MIC. However, PbpA in JH2-2pbp5liaX had increased -lactam binding affinity
relative to JH2-2pbp5 while the affinity of PonA remained the same (Fig 51).

Figure 51. Increased -lactam affinity of PBPs in daptomycin-resistant strains of JH2-2
background
Bocillin-FL (BOC-FL) stained PBPs separated by SDS-PAGE (A) in JH2-2 background. Pbp5
is indicated by the red arrow and DAP-R strains are indicated in red.

To observe if the same variation in PBP -lactam binding affinity upon deletion of liaX
exists when select PBPs are manipulated in another genetic background, we assessed BOC-FL
binding to PBPs in the OG117 background PBP mutants (Table 11) and observed a similar
pattern. These changes in affinity were not due to alterations in pbp transcripts (Fig 52).
Consistent with previous results, pbpF was upregulated in all DAP-R strains. The pbpF gene was
also upregulated in the JH2-2pbp5liaX strain, which even in the absence of DAP-R was
susceptible to CRO due to the loss of pbp5 (Fig 52C). Thus, PbpF upregulation is a direct result
of LiaFSR system activation in DAP-R strains, and may serve as a safety mechanism to account
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for the compromised function of other PBPs.

Figure 52. Transcriptional analysis of pbp genes in JH2-2 background mutants
Transcript levels of pbp genes assessed in DAP-R strains relative to their DAP-S counterparts.
* p < 0.05
4.4. Discussion
DAP is a vital front-line, lipopeptide antibiotic used for MDR enterococcal infections and
kills cells by disrupting bacterial CM integrity (68). DAP is an especially valuable agent against
enterococci due to their high-level of intrinsic resistance to many -lactams. However, increasing
rates of DAP resistance often leave clinicians with few to no treatment options (64, 205, 206).
Early in vitro studies on clinical isolates of Enterococcus spp., MRSA and coagulase-negative
staphylococci reported synergy between DAP and -lactams or a resensitization to -lactams
158

observed upon development of DAP-R (94, 97–99). These in vitro observations began to be
translated to clinical practice with the success of DAP plus -lactam combination therapy against
deep-seated, MDR infections when DAP monotherapy and combination therapy with other agents
failed (105, 111, 198). Despite the seesaw effect being exploited for clinical utility, the molecular
mechanism in enterococci was unknown. A DAP-R E. faecium clinical isolate that displayed the
seesaw effect was shown to have increased membrane fluidity, increased cell wall thickness and
a decrease in the overall net positive cell surface charge leading to increased binding of cationic
DAP (104). Thus, membrane alterations associated with DAP-R were implied to be a key player
in the seesaw effect.
In this study, we demonstrate that CM adaptation and DAP-R, mediated by an effector of
the LiaFSR stress response system (LiaX), leads to alterations in PBPs in the cell wall synthesis
machinery, likely explaining the molecular basis of the seesaw effect. LiaX, a sentinel protein, is
highly secreted in DAP-R E. faecalis strains to recognize antimicrobials in the environment (176).
We show that LiaX mediates a redistribution of anionic phospholipids away from the division
septum in DAP-R strains, preventing cationic DAP from binding to its septal targets, and that a
negative consequence of this CM remodeling is the mislocalization of PBPs away from the septum
(Figure 42-43). Thus, our proposed mechanistic model is that in a wild-type, DAP-S,
cephalosporin resistant strain, anionic phospholipids mediate proper localization of PBPs to the
division septum where they interact with LiaX, likely stabilizing them further (Figure 53A). In
DAP-R strains, LiaX is overexpressed, highly surface exposed and secreted into the extracellular
environment where it binds antimicrobials leading to activation of the LiaFSR stress response
system mediating CM adaptation (176). CM remodeling occurs where anionic phospholipids are
diverted into microdomains away from the division septum to prevent DAP from binding its septal
targets. However, this drastic CM restructuring leads to mislocalization of LiaX and certain PBPs
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to nonseptal sites of CM deformities and anionic lipid microdomains which likely causes the
increase in the -lactam binding affinity of PBPs important for intrinsic cephalosporin resistance
like Pbp5 (Figure 53B). Hypothetically, due to decreased functionality of certain PBPs, pbpF is
upregulated by the LiaFSR system to compensate for peptidoglycan synthesis. PbpZ, a class A
PBP that is uniquely susceptible to cephalosporins, likely retains functionality and becomes more
important for cell wall synthesis due to the decreased functionality of other PBPs (Figure 53B).
A deletion of pbpZ abolishes the seesaw effect in a DAP-R strain indicating that another PBP
likely steps in to compensate for peptidoglycan synthesis and the lack of a PBP that is easily
saturated by cephalosporins maintains cephalosporin resistance. Thus, the redundancies in PBP
function is likely contributing to the seesaw effect.
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Figure 53. Proposed model of the molecular mechanism of the seesaw effect.
In DAP-S strains (A) that are intrinsically cephalosporin resistant, anionic phospholipids likely
facilitate proper localization of LiaX and PBPs to the division septum. In DAP-R strains (B)
LiaX is highly surface exposed and secreted leading to activation of CM remodeling. Anionic
phospholipids are diverted away from the division septum in order to protect septal targets
from DAP but is also associated with mislocalization of LiaX and PBPs important for -lactam
resistance, like Pbp5, leading to their increased -lactam binding affinity. However, as the cell
still needs to synthesize the cell wall, other PBPs like PbpF are upregulated by the LiaFSR
system to compensate. PbpZ likely takes a more prominent role in peptidoglycan synthesis,
but its unique susceptibility to cephalosporins leads to cell death in the presence of low
concentrations of cephalosporins. Thus, the seesaw effect is a negative consequence of CM
adaptation.
We are systematically deleting pbpF, pbpA, and pbpB to assess their essentiality to the
seesaw effect and performing immunofluorescence experiments to determine localization of
PBPs. We are also performing all microscopy and -lactam binding affinity experiments in the
presence of DAP, CRO and DAP + CRO to precisely determine alterations in phospholipid
distribution and PBP affinities under stress. To determine if DAP-R is associated with a
compromised cell wall structure, we are quantifying peptidoglycan structure and performing
lysozyme and mutanolysin stress tests to test wall integrity in DAP-S versus DAP-R strains. We
are also assessing PBP redundancy by determining pbp expression and PBP -lactam binding
affinities in a wild-type or DAP-R background with individual pbp genes deleted. Finally, we are
performing an in vitro evolution experiment to evolve DAP-R clinical and lab strains (with the
seesaw effect) in the presence of DAP + CRO with DAP and CRO alone as controls to determine
which factors facilitate i) the seesaw “breaking” that leads to resistance to both DAP and CRO,
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ii) resistance to the DAP and CRO combination.
There are additional questions remaining to be answered to fully define the mechanism
behind the seesaw effect. Molecular mechanisms of cell division and cell wall synthesis are still
poorly understood in enterococci and are important to fully dissect the seesaw effect. From other
Gram-positive ovococci, we can infer that there are likely two sets of PBPs involved in septal and
sidewall synthesis (207). These two sets of PBPs have distinct and overlapping functions and
likely rely on different localization cues. As -lactams target PBP transpeptidation activity, and
monofunctional transpeptidases like Pbp5 are mislocalized away from the division septum,
compromising their function, bifunctional class A PBPs like PbpF and PbpZ likely compensate
and become more important. However, as PBP -lactam binding profiles vary, the functionally
important PBPs are also more susceptible to cephalosporin binding, which leads to the seesaw
phenomenon. Thus, it is important to dissect the role of proteins that are important for proper PBP
localization and function, especially as CM remodeling seems to affect some PBPs more than
others. LiaX was identified as a main interacting partner of Pbp5 in -lactam resistant E. faecium
and hypothesized to stabilize Pbp5 confirmation through allostery (60). We propose that
disruption of the LiaX-PBP interaction alters PBP conformation, increasing the ability of lactams to bind PBPs. Our study therefore shows that LiaX is an important bridge between CM
adaptation and regulation of cell wall homeostasis.
This study could aid in the development of a biomarker-based diagnostic and
provide insight into determining when the combination can be deployed in a targeted manner to
prevent emergence of resistance. This study provides direction for further studies to dissect which
particular -lactam synergizes best with DAP depending on its PBP binding profile.
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5. CHAPTER 5- LIAX AS A BIOMARKER OF DAPTOMYCIN
NONSUSCEPTIBILITY

Portions of the work described in the chapter pertaining to the ELISA test for LiaX are part of a
pending patent application. I hold the second largest contribution and serve as the alternate lead
after the lead contributor who is my primary research advisor, Dr. Cesar A. Arias. I conceived
the idea with Dr. Arias, performed all initial proof of concept studies, and developed the ELISA
protocol. Dr. Truc T. Tran and Dr. Dierdre Axell-House have contributed to continued
development of the test using a cohort of clinical isolates.
Portions of the work described in the chapter pertaining to the seesaw effect are part of an
unpublished manuscript in submission titled “Mechanistic Insights into The Differential Efficacy
of Daptomycin Plus β-Lactam Combinations Against Daptomycin-Resistant Enterococcus
faecium” (Razieh Kebriaei, Kyle C. Stamper, Kavindra V. Singh, Ayesha Khan, Seth A. Rice, An
Q. Dinh , Truc T. Tran, Barbara E. Murray, Cesar A. Arias, Michael J. Rybak) in which I am a
co-author. Only the data and figures that I generated are included in this chapter.
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5.1. Introduction
Conventional antimicrobial susceptibility testing methodologies for DAP have major
pitfalls. Reliable results are complicated to obtain since MIC based methods are heavily
influenced by inoculum and calcium concentration in the media (64). Agar based methods are
restrictive since the diffusion of calcium and DAP through agar is unreliable. Beyond DAP, MIC
based testing has greater problems for all antibiotics and pathogens. The standard media utilized
for testing is Mueller-Hinton (MH), defined in 1941 by Hinton and Mueller, to be suitable for
enrichment of a variety of microbes (208). While there has been limited evolution of this defined
media, such as supplementing it with 50 g/ mL calcium for DAP testing, there has been little
progress matching the emergence of novel antimicrobials and accompanying MDR pathogens.
Recent studies have demonstrated that modified susceptibility testing using media intended to
more accurately mimic the chemical composition of human body fluids is discordant with current
standard testing in MH (209, 210). Furthermore, murine models demonstrated that testing in hostmimicking media was more predictive of treatment efficacy compared to testing in MH.
Studies from our lab were instrumental in demonstrating that E. faecium clinical strains
with mutations in the liaFSR system, despite having MICs lower than 4 g/ml (the first established
CLSI breakpoint, Table 1), were likely to lead to failure of DAP therapy (77, 78). This led to the
revision of breakpoints by CLSI (Table 1). However, the problem goes beyond shifting
breakpoints but rather that testing that utilizes the “MIC” as a measure of susceptibility is
inherently unreliable and unreproducible (82). The MIC fails to account for early mutations that
predispose a strain to develop DAP-R under the selective pressure provided by DAP therapy.
Thus, we hypothesized that ELISAs measuring surface exposure of LiaX could be used to predict
true DAP-nonsusceptibility. In this chapter, we show the “proof of concept” data that launched a
large-scale investigation to further develop this test using a cohort of VRE and vancomycin165

sensitive enterococcal isolates called VENOUS (Vancomycin-Resistant Enterococci Outcomes
Study) that were collected from patients with bacteremia from 16 sites in the United States, two
in South America, and two in Europe.
DAP-R in E. faecium, similar to S. aureus, is associated with changes in phospholipid
composition that lead to an increase in positive cell surface charge and repulsion of DAP from the
surface (62). While DAP-R E. faecium strains harboring mutations in liaFSR respond to DAP and
-lactam combination therapy, strains harboring mutations in yycFG, the second most frequent
pathway, do not respond to the combination (74). YycFG is a two component regulatory system
that maintains cell wall homeostasis, modulates peptidoglycan synthesis, and autolysin expression
(75).
While high-dose DAP monotherapy leads to the development of DAP-R in a DAP tolerant
strain harboring liaFSR mutations (Hou503), DAP and -lactam combination therapy shows
effective killing and prevents the emergence of resistance in a simulated endocardial vegetation
(SEV) PK/PD model (211). We recently observed that for another DAP-R strain with liaFSR
mutations (R497), only DAP in combination with ampicillin was effective in killing and
preventing resistance, while DAP with CRO, ertapenem, or ceftaroline did not show efficacy.
These results were confirmed in the SEV and a humanized rat endocarditis model. Thus, we
sought to determine the mechanism of the varying efficacies of the DAP and -lactam
combinations.
5.2. Materials and Methods
5.2.1.

Bacterial strains, plasmids and growth conditions

The bacterial strains and plasmids used in this work are listed in Table 12. Enterococcal
strains were grown on Brain Heart Infusion Agar (BHI, Becton Dickinson) or in broth at 37˚ C
with gentle agitation. Minimum inhibitory concentrations (MIC) for daptomycin were verified via
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Etest (bioMerieux) according to the manufacturer’s instructions or broth microdilution. Briefly,
0.5 McFarland standards for corresponding strains were prepared and inoculated onto MullerHinton agar plates (Oxoid). Strips were placed on the agar surface after absorption of the bacterial
inoculum and plates were placed at 37˚C. MICs were read after 24 h of incubation. Broth
microdilutions were performed in a 96-well microtiter plate with a 1:150 dilution of a 0.5
McFarland inoculation of the strain with MICs read after 24 h of incubation.
Table 12- Bacterial strains used in Chapter 5
E. faecalis Strain
S613
R712

TM

TM∆liaR

OG1RF
OG1RFΔliaX

E. faecium Strain

S447
Hou503
R497

Relevant Characteristics

Reference(
s)
VAN-resistant, DAP-S isolate from a patient with (143),(70)
bacteremia and isolated before DAP therapy.
VAN-resistant, DAP-R isolate from the same patient (143),(70)
that S613 was isolated from (above) with bacteremia,
isolated after DAP therapy. Compared to S613, R712
harbors mutations associated with DAP-resistance;
in liaF (part of the liaFSR stress response system),
cls1 (cardiolipin synthase 1) and gdpD (involved in
phospholipid metabolism).
Derivative of S613 manipulated genetically via (143),(90),(
allelic exchange to harbor liaF, cls and gdpD alleles 70)
from R712, resulting in amino acid changes in
positions 177, 170 and 61 of LiaF, Cls1 and GdpD,
respectively. These allelic replacements led to DAP
resistance.
DAP-S derivative of TM harboring a non-polar (70, 90)
deletion of liaR, encoding the response regulator of
the LiaFSR system.
Laboratory, wild-type strain
OG1RF harboring nonpolar deletion of liaX with an This work
activated LiaFSR system

DAP
Relevant Characteristics
MIC
(µg/ml)
2
VAN-resistant, DAP-S patient isolate
3
VAN-resistant, DAP tolerant patient
isolate harboring mutations in liaFSR
16
VAN-resistant, DAP-R patient isolate
harboring mutations in liaFSR
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Reference(
s)
(74)
(74)
(74)

Hou515

3

R446

16

Remainder of isolates

-

VAN-resistant, DAP tolerant patient (74)
isolate harboring mutations in yycFG
VAN-resistant, DAP-R patient isolate (74)
harboring mutations in yycFG
All remainder of isolates are clinical This work
strains from patients with bacteremia, their
MICs are indicated in the figures

Same immunoblotting and whole-cell ELISA protocols as Chapter 2
5.2.2.

Time Kill Assays

Assays were performed in a 50 ml of MH broth supplemented with 50 g/ml calcium and with an
initial inocula of 107 cfu/ml in a flask shaking at 37˚C. DAP was added at 5x the MIC of the strain
which was determined by broth microdilution and bacterial colony counts were performed at 0, 6
and 24 h time points by pelleting 1 ml of culture, washing 2 times in saline before resuspending
in 150 ul and spotting 3 spots of 1:10, 1:100 and 1:1000 dilutions each on BHI agar. Bactericidal
activity was defined as a > 3 log10 decrease at 24 h compared to the initial inoculum at 0 h. The
limit of detection was 200 cfu/ml assuming we obtained maximum plating efficiency at all time
points.
Same bocillin-FL labeling and qRT-PCR protocols for pbp genes as Chapter 4
Table 13- Oligonucleotides used in Chapter 5
Primer

Sequence

#1217
#1218

5’ acaggtgatcttgccaaacg 3’
5’ ggtttcacggacgatttcac 3’

Characteristics
qRT-PCR gdhA
Forward
Reverse

#1264
#1265

5’ aaaaggcatgttggcttcaaa 3’
5’ gcttccctggcaagttgcta 3’

qRT-PCR gryB
Forward
Reverse

#2142
#2143

5’ gtctggacatagctggaagatg 3’
5’gcggtgaactgtactacaaaga 3’

#2144
#2145

5’ gacacacaattgccgacta 3’
5’ gcatcagatctgtctggattt 3’

qRT-PCR ponA
Forward
Reverse
qRT-PCR pbpZ
Forward
Reverse
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#2152
#2153

5’ cgagcatcacgggtttgata 3’
5’ gctgctgagtgatcgtactt 3’

#2140
#2141

5’ cagtattcgcctggtgcttat 3’
5’ gcgctagtaatcgtgcctaaa 3’

#2154
#2156

5’ aggtgtcgctggtctttattt 3’
5’ tctttgtctggaactgcgtatc 3’

#1827
#1828

5’ acgggatctcacaagaagattac 3’
5’ aacgtagatccaggagcataa 3’

5.2.3.

qRT-PCR pbpF
Forward
Reverse
qRT-PCR pbpA
Forward
Reverse
qRT-PCR pbpB
Forward
Reverse
qRT-PCR pbp5
Forward
Reverse

Pbp5 sequence analysis

Whole-genome sequences for S447, HOU503 and R497 are available on the NCBI website and
were used to retrieve the pbp5 sequence. DNA and amino acid sequence multiple alignments were
performed

using

the

MUSCLE

tool

from

the

EBI

website

(http://www.ebi.ac.uk/Tools/msa/muscle/). The results of the bioinformatics analysis were
confirmed by PCR amplification and Sanger Sequencing. The substitutions found in Hou503 were
modeled onto the crystal structure of benzyl-penicillin bound Pbp5 in SWISS PDB Viewer (212).
5.3. Results
5.3.1.

LiaX is Highly Surface Exposed and Secreted in DAP-R E. faecium

LiaX from E. faecium has 59% amino acid sequence identity with that from E. faecalis.
To determine if LiaX localization dynamics are similar in E. faecium to our previous observations
in E. faecalis, we performed immunoblotting with antibodies to the full-length LiaX on wholecell lysates and TCA-precipitated supernatants from representative DAP-S, DAP tolerant and
DAP-R strains with mutations in liaFSR or yycFG. DAP tolerant strains are defined as strains
with low DAP MICs (1-3 g/ml) where DAP still does not retain bactericidal activity in standard
time-kill assays due to early adaptation mutations (74). Higher levels of LiaX were detected in
the lysates of DAP tolerant and DAP-R strains representative of both LiaFSR (Hou503, R497)
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and YycFG (Hou515, R446) pathways compared to the DAP-S strain (S447) (Fig 54). However,
only higher levels of LiaX were detected in the supernatants of the DAP-R strains, independent
of pathway (Fig 54). Notably, we do not have an antibody specific to the N-terminal domain of
LiaX in E. faecium and since the N-terminus is present at significantly lower levels than the fulllength in E. faecalis, that could explain the lack of detection here.

Figure 54. LiaX production and localization in E. faecium
Immunoblotting of whole-cell lysates and supernatant fractions from E. faecium isolates
with antibodies to the full-length LiaX.
5.3.2.

LiaX ELISA Test for Daptomycin Nonsusceptibility

To determine if an ELISA performed on whole-cells would be able to identify DAP
nonsusceptible isolates, we used representative DAP-S, DAP tolerant or DAP-R patient strains of
both E. faecalis and E. faecium that we have published whole-genome sequencing data for (63,
74). For E. faecalis, we used the DAP-S clinical strain S613 as an arbitrary cut-off and for E.
faecium we used S447. LiaX was highly surface exposed in all DAP tolerant and DAP-R strains
relative to the DAP-S cut-off strains (Fig 55). As expected, the level of detection and difference
relative to the DAP-S strain was much higher for E. faecalis than in E. faecium. This is likely
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since we used an antibody specific to the N-terminal domain of LiaX in E. faecalis which we
hypothesize is surface exposed as the C-terminus interacts with membrane embedded components
of the LiaFSR system. Thus, in order to more accurately detect LiaX in E. faecium, the more
clinically important of the two pathogens, we plan on producing monoclonal antibodies to
conserved epitopes on the N-terminal domain.

Figure 55. Whole-cell ELISA on patient E. faecalis and E. faecium isolates as proof of
concept of LiaX as a biomarker of daptomycin nonsusceptibility
Whole-cell ELISA assay with antibodies to the N-terminal domain of LiaX for E. faecalis or
to the full-length LiaX from E. faecium comparing DAP-S reference strains (grey) with DAP
tolerant (light blue) or DAP-R (dark blue) strains. Red dotted line indicates the “cut-off”
used based on the internal DAP-S control.
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There is significant variability between individual ELISA experiments, which is why it is
important to run internal controls in each experiment. It is unlikely that we will establish a firm
cut-off value as opposed to a set difference in absorbance relative to the DAP-S control. In our
preliminary assessment using isolates from the VENOUS cohort for which we have patient
clinical data, along with isolates from previous studies, we observed significant variability in LiaX
detection in isolates with MICs greater than 4 g/ml (Fig 56A). Notably, certain isolates that were
reported by the clinical microbiology laboratory to have low or high DAP MICs, did not match
with the ELISA test (Fig 56A). For example, C568 had an absorbance value significantly above
the DAP-S cut-off despite having a reported DAP MIC less than 2 g/ml while C512 had an
absorbance that fell below the cut-off with a reported DAP MIC of 4 g/ml (Fig 56A). Upon
performing time kill assays, we determined that DAP did not possess bactericidal activity against
C568 (defined as a greater than 3 log10 decrease in inoculum) similar to the DAP tolerant (Hou503,
Hou515) and DAP-R strains (R497) (Fig 56B). DAP retained activity against C512 similar to the
DAP-S strain (S447) (Fig 56B). Thus, the ELISA served as a more reliable predictor of the
efficacy of DAP than the MIC based testing used by clinical labs for these isolates.
The value of an optimized ELISA for LiaX can also be illustrated through a patient care.
A patient with VRE bacteremia had initial blood cultures where the isolate MIC was reported by
the clinical lab as 3 g/ml by E-test (Fig 57). The patient was started on high-dose DAP therapy
but was persistently bacteremic with subsequent blood cultures growing the same E. faecium,
confirmed by WGS analysis. Over the subsequent 4 days of DAP therapy, while the isolate MICs
only increased to 4 g/ml which is still within one doubling dilution from the initial isolate, an
ELISA for LiaX in the supernatant fractions showed the isolate had started to respond to DAP
therapy with a time-dependent increase in secretion of LiaX (Fig 57). The patient eventually failed
DAP therapy. Thus, a test circumventing MICs might be more predictive of failure of DAP
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therapy, as MIC based phenotypic susceptibility testing only accounts for the current infection as
measured and not the future course of infection.
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Figure 56. Preliminary data correlating LiaX ELISA on E. faecium from VENOUS study
with time kill assays
A. Whole-cell ELISA assay with antibodies to the full-length LiaX from E. faecium comparing
DAP-S reference strain (purple) with strains that were reported to have MICs of 4 g/ml
(yellow) or MICs greater than 8 g/ml (red). Red dotted line indicates the cut off for
“resistance” based on the revised CLSI breakpoints. * p < 0.05, ** p < 0.0001 B. Time kill
assays in the presence of DAP at 5x MIC with cfu counts performed at 0, 6 and 24 h time
points. Red dotted line indicates the cut-off for a >3 log10 decrease in initial inoculum.
Experiments were performed with Truc T. Tran and Dierdre Axell-House.
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Figure 57. LiaX ELISA is predictive of DAP failure in patient with VRE bacteremia
A. Whole-cell ELISA assay with antibodies to the full-length LiaX from E. faecium
comparing DAP-S reference strain (S447) with isolates obtained from the repeat blood
cultures of a patient with E. faecium. Red dotted line indicates the susceptible cut-off for the
ELISA.
5.3.3.

PBP5 Sequence Determines Differential Efficacies of DAP and -lactam
Combination Therapy

While Hou503, the DAP tolerant strain, can be killed by DAP in combination with CRO,
ertapenem, ceftaroline or ampicillin, R497 can only be killed by DAP in combination with
ampicillin (data not shown). To evaluate the mechanistic basis of the varying efficacies of DAP
and β-lactam combinations, we hypothesized that R497 only responds to the DAP plus AMP
combination due to decreased PBP5 β-lactam binding affinity relative to that of HOU503. BOCFL labeling of PBPs embedded in the membrane revealed that the low molecular weight PBP5 of
HOU503 had increased β-lactam binding affinity relative to a DAP-susceptible strain S447, or
the DAP-resistant, R497 (Fig 58B). Relative gene expression levels of all pbp genes were
evaluated between S447, HOU503 and R497 by qRT-PCR with normalization to the
housekeeping genes, gyrB and ddl. There were no significant changes in pbp transcript levels in
the strains (Fig 58A). Immunoblotting also indicated no significant changes in PBP5 protein
levels between the strains (Fig 58C). These results suggested that pbp5 allele sequence variation
is likely contributing to alterations in β-lactam binding affinity.
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Figure 58. Increased Pbp5 binding affinity in Hou503 relative to Pbp5 is the mechanism
behind broad efficacy of DAP and -lactam combination therapy.
A. qRT-PCR quantifying expression of pbp genes at mid-exponential phase in E. faecium
strains. Gene expression normalized to gyrB and ddl housekeeping genes. * p < 0.005 B.
Bocillin-FL labeling of PBPs in membrane fractions with Pbp5 indicated with a red arrow.
C. PBP5 protein levels determined by immunoblotting on whole-cell lysates.

176

We compared the pbp5 sequence of the strains. All three clinical strains (S447, HOU503
and R497) had classical mutations widely associated with high-level AMP-resistance (M485A
and a serine insertion at position 466) (52, 53, 55). Interestingly, the Pbp5 predicted amino acid
sequences of the DAP-susceptible S447, and DAP-resistant R497, were identical. In contrast,
Pbp5 of HOU503 had mutations in the transpeptidase domain (H408Q, A462V, T546N, T558A,
S582G, V586L) and the penicillin-binding domain (Q632K, L642P) compared to that of R497
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Figure 59. Pbp5 mutations in Hou503 modeled onto crystal structure
Mutated amino acid residues in the PBP5 allele of HOU503, relative to that of R497, are
indicated on the PBP5 crystal structure (PDB: 6MKG) from E. faecium bound to penicillin
using Swiss PDB viewer. HOU503 and R497 both harbor classic ampicillin-resistance
associated pbp5 mutations like M485A and 466’S. HOU503 harbors additional substitutions
in key residues in the penicillin-binding and transpeptidase domains of PBP5.

(Fig 59) (212).

HOU503 harbors, to our knowledge, a previously unreported pbp5 allele

that includes both classical AMP-susceptible and AMP-resistance related mutations in the E.
faecium population. We speculate that these substitutions produce a hybrid pbp5 allele and
contribute to increased β-lactam binding affinity to Pbp5. Thus, pbp5 alleles are likely to correlate
with the activity of specific β-lactams in the seesaw effect associated with non-susceptibility to
DAP.
Discussion
LiaX is a multifunctional protein that modulates DAP-R and the seesaw effect in E. faecalis.
Here we show that it is likely a key modulator of DAP-R in E. faecium independent of the pathway
to resistance. DAP tolerant and DAP-R strains harboring mutations in liaFSR or yycFG have
higher surface exposure of LiaX relative to DAP-S strains (Fig 54-55). DAP-R strains have higher
secretion of LiaX than both DAP tolerant and DAP-S strains (Fig 54). Thus, LiaX is an ideal
biomarker of true DAP nonsusceptibility since there is crosstalk between the two most common
pathways to resistance in E. faecium that affects LiaX localization dynamics. Since LiaFSR is a
CM stress response system and YycFG is a cell wall homeostasis regulatory system, besides the
mechanistic basis of the seesaw effect in E. faecalis, this is the second line of evidence that LiaX
is implicated in maintaining broad cell envelope homeostasis.
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The LiaX ELISA test can likely serve as a better predictor of DAP nonsusceptibility
compared to standard MIC based susceptibility testing methods (Fig 55-57). Significant
optimization of the test needs to be performed to increase reliability and sensitivity. We need a
more specific monoclonal antibody to conserved epitopes in the N-terminal domain to reach the
level of sensitivity of detection obtained using the LiaX N-terminus antibody in E. faecalis (Fig
55). Our preliminary data with isolates from the VENOUS study shows that the LiaX test better
predicts the efficacy of DAP compared to the MIC reported by the clinical microbiology (Fig 56).
For clinical isolates with high DAP MICs (reported by the clinical lab) that fell below the
“susceptible” cut-off in the LiaX ELISA, DAP retained bactericidal activity against them in timekill assays. For clinical isolates with low DAP MICs that fell above the “susceptible” cut-off in
the LiaX ELISA, DAP did not have bactericidal activity against them in time-kill assays. Thus,
the LiaX test could prevent major errors, that lead to under-calling or over-calling of resistance,
respectively, in susceptibility testing. Another potential utility of the diagnostic is that LiaX could
serve as a predictor of the efficacy of DAP and β-lactam combination therapy. The test as it
currently stands is not able to discriminate between isolates with mutations in liaFSR, that do
respond to the combination, and those with mutations in yycFG, that do not respond to the
combination. However, we have preliminary data indicating that pre-induction of isolates with
DAP and AMP prior to the LiaX ELISA can identify those that respond to the combination (data
not shown).
While DAP in combination with ertapenem, ceftaroline or ampicillin was shown to be
efficacious against Hou503, only DAP with ampicillin works against R497 (211). Hou503 has a
“hybrid” pbp5 allele harboring substitutions classically associated with either ampicillin-sensitive
or ampicillin-resistant strains of E. faecium (Fig 59). This hybrid pbp5 had increased β-lactam
binding affinity compared to the pbp5 allele of R497, which was the mechanistic basis of the
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varying DAP and β-lactam combination efficacies. Thus, pbp5 sequences could likely serve as an
indicator of which precise β-lactam synergizes best with DAP against a particular strain.

6. CHAPTER 6- CONCLUSIONS AND FUTURE DIRECTIONS

Portions of this chapter are derived from the 2018 published manuscript in Expert Reviews in
Anti-Infective Therapy entitled “Mechanisms of antimicrobial resistance among hospitalassociated pathogens” (1). I am the first-author of the review (Khan, A., Miller, W.R., Arias,
C.A.) and Taylor & Francis publishing allows reuse of published material as components of a
thesis dissertation.
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6.1. Conclusions
In 1899, MacCullum and Hastings described the case of acute infective endocarditis in a
37-year-old German man that reported to their institution with a fever that left him bed-ridden for
more than 2 months (11). Over the next 18 days, they continuously isolated a recalcitrant organism
we now know as E. faecalis from the patient’s blood. The patient eventually died from cardiac
failure, succumbing to the infection. In 2014, a neutropenic patient with refractory B-cell acute
lymphocytic leukemia became colonized with VRE during his cancer treatment and eventually
developed bacteremia with E. faecium. Over the next 3 months, despite the medical team trying
several antimicrobials including DAP, ampicillin, gentamicin, tigecycline, linezolid, and
quinupristin-dalfopristin, the patient did not clear the infection (37). Even with an arsenal of
antibiotics and staggering medical innovation between the first and second case, many patients
still die every year from MDR enterococcal infections (7). VRE made the shift from commensal
colonizers to infecting pathogens by expanding their virulence determinants, and most
importantly, acquiring an impressive repertoire of antimicrobial resistance determinants. This
dissertation dissects novel molecular mechanisms of resistance in E. faecalis and navigates
the broader implications of these findings for clinical care.
Despite rising rates of resistance in VRE to DAP, a key front-line drug for MDR
infections, the precise molecular mechanism of resistance was unknown. Due to rising DAP-R,
clinicians are often left with no treatment options, which underscores an urgent need for
innovation. Over the last decade, our lab has identified a stress response system, LiaFSR, as the
main mediator of DAP-R in clinical strains through alterations in CM phospholipid content or
architecture (63, 74, 90, 91, 132). In my dissertation, I built off of this foundation and identified
a novel mechanism of resistance and CM adaptation to DAP and innate immune AMPs that also
contributes to hypervirulence in E. faecalis in vivo.
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In Chapter 2, I identified LiaX, a novel effector of the LiaFSR system, as the main
modulator the CM stress response to antimicrobials (176). LiaX has two distinct domains, each
with independent functions. In DAP-S strains, LiaX is expressed at basal levels and localizes to
the cell wall where the C-terminal domain ensures the LiaFSR system is in an “OFF” state. LiaX
can turn “ON” DAP-R in one of two ways. Mutations in liaFSR that occur in clinical settings,
lead to overexpression and secretion of LiaX into the extracellular environment. The N-terminal
domain is processed and secreted separately where it acts as a sentinel to bind antimicrobials and
protect E. faecalis against DAP or human cationic AMPs via activation of CM remodeling (176).
Studies have shown cross resistance between DAP and cationic AMPs in Gram-Positive
pathogens (130, 133, 134). In Chapter 2, I established the N-terminal domain of LiaX as the
mechanistic link between DAP and AMP resistance.
In Chapter 3, I showed CM remodeling and DAP-R can have greater consequences to
enterococcal virulence in vivo and identified LiaX as the mechanistic link between antimicrobial
resistance and virulence regulation. In investigating the localization dynamics of LiaX, I showed
that DAP-S strains display a temporal lag in responding to DAP stress (176). While DAP-R strains
constitutively overproduce and secrete both LiaX and the N-terminus, DAP-S strains only do so
under near-inhibitory levels of DAP stress and fail to amount an equivalent response as DAP-R
strains. While the precise mechanism of LiaX surface exposure and secretion remains unclear,
LiaX and N-terminus secretion is dependent on overproduction of the protein. Studies have
extensively demonstrated the Fsr quorum sensing system to be a key regulator of virulence in E.
faecalis via production of extracellular proteases (183, 194, 213, 214). In Chapter 3, I
demonstrated that the Fsr-regulated proteases, GelE and SprE, are essential for processing of the
N-terminal domain of LiaX from the full-length protein. There also seem to be key differences in
the level of processing in OG1RF compared to the clinical strains, which are likely associated
with variations in the fsr locus. In Chapter 3, LiaX was also shown to modulate resistance to the
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innate immune system of C. elegans, leading to enhanced virulence of DAP-R strains in vivo.
Thus, LiaX bridges systems that regulate antimicrobial resistance and virulence in enterococci,
which creates a paradigm shift in allowing for MDR strains to possess enhanced virulence rather
than fitness costs to pathogenesis.
In Chapter 4, I demonstrated that the seesaw effect (-lactam resensitization upon
emergence of DAP-R) is a negative consequence of CM alterations that are essential for DAP-R.
While studies have exploited the seesaw effect for successfully deploying DAP and -lactam
combination therapy against severe infections, the mechanism behind the efficacy was unknown
(105, 108, 111, 129, 198). Cell wall synthesis machinery is delocalized as a result of CM
remodeling that occurs during DAP-R, thus enhancing the -lactam binding affinity of important
PBPs. I also identified LiaX as a bridge between CM adaptation and cell wall homeostasis
regulation. LiaX interacts with and likely stabilizes PBP5, a PBP essential for -lactam resistance,
and the dynamic shifts in LiaX localization in DAP-R strains documented in Chapters 2 and 3
likely impact PBP functions. Certain class A PBPs, like PbpF and PbpZ, gain importance in DAPR when other PBPs are compromised. However, since these PBPs are uniquely susceptible to
binding cephalosporins, the cell is vulnerable to lysis in the presence of cephalosporins.
In Chapter 5, I demonstrated the utility of dissecting novel mechanisms of resistance and
how they could be effectively translated to having potentially valuable clinical applications. The
findings on LiaX in Chapter 2 and 3 allowed us to conceive a diagnostic tool that could
circumvent major limitations of MIC based antimicrobial susceptibility testing (AST). The
findings on the mechanistic basis of the seesaw effect in Chapter 4 can facilitate our
understanding of when it is appropriate to deploy DAP and β-lactam combination therapy and
specifically which β-lactam works best. Further development needs to focus on testing if the
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ELISA using LiaX or a PBP as a biomarker can discriminate between isolates that do or do not
respond to DAP and β-lactam combinations.
Taken together, the work in this dissertation offers valuable insight into complex
molecular mechanisms of antimicrobial resistance in MDR enterococci that can be exploited for
innovative treatment strategies. The findings here also shed light into how enterococci balance
antimicrobial resistance with virulence to ensure their ability to persist and survive does not
hinder their pathogenic potential for causing deep-seated infections.
6.2. Future Directions
6.2.1.

Filling the Mechanistic Gaps for Cell Membrane Adaptation

The full mechanism behind DAP-R is still not elucidated. While Chapter 2 shows that
LiaX is a key sentinel for enterococci to survey the environment for danger, the cell surface
receptors that carry out signal transduction once LiaX binds antimicrobials are yet to be identified.
LiaX likely signals via the transmembrane regulators, LiaF or LiaS, or via the effectors cotranscribed with and in the same operon as liaX, LiaY or LiaZ. Once the LiaFSR system is
activated, the effectors that are directly responsible for remodeling the CM are unknown.
Mutations in the gene encoding for cardiolipin synthase (cls) are the second most common
mutations important for the evolution of DAP-R and co-occur with mutations in the liaFSR system
(63, 74, 89). While PG is a primary target to facilitate insertion of DAP into the CM, cardiolipin
has been shown to be important for “flipping” of DAP oligomers into the inner leaflet (62). Along
with CM remodeling, LiaX also mediates a decrease in cardiolipin with a parallel increase in PG
in DAP-R strains. It is possible that the transmembrane effectors, LiaYZ, relocalize Cls away
from the division septum, inhibiting Cls function and thereby production of cardiolipin. This
would lead to the accumulation of PG that is upstream in the biochemical pathway. Thus,
nonseptal overproduction of PG could serve as the ultimate distraction for DAP to spare the
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division septum from DAP. LiaX also modulates an increase in overall CM rigidity in DAP-R
strains. Since regions with fluid lipids are important for DAP insertion and “flipping”, an increase
in bilayer rigidity could make it difficult for DAP to insert and oligomerize.
While it is clear that the Fsr quorum sensing system modulates processing of LiaX, it is
unclear how GelE or SprE cleave LiaX. I hypothesize that the proteolytic processing is not
efficient since high levels of the full-length LiaX need to be overexpressed to achieve low level
secretion of the N-terminal domain. Cleavage likely occurs at the protease susceptible linker
domain connecting the N and C-terminus of LiaX, but the precise site remains to be identified.
Since GelE and SprE production is triggered at late exponential phase due to accumulation of the
GBAP autoinducer, optimal LiaX cleavage likely occurs at the same stage. Additionally, LiaX is
surface transported through a nonclassical secretion mechanism which is common in other
bacteria, especially for secretion of proteins at the septum and poles (215). However, the precise
mechanism needs to be dissected. One possibility is that it is transported via membrane vesicles,
which have been documented in E. faecium to contain virulence factors and antimicrobial
resistance associated proteins (216).
6.2.2.

Filling the Mechanistic Gaps for the Seesaw Effect

While Chapter 4 shows that PBPs are mislocalized in DAP-R strains, including Pbp5, I
am confirming the localization of PbpF and PbpZ. I hypothesize that since pbpF is upregulated in
all DAP-R strains, it is likely compensating for compromised function of other PBPs and thus still
located at the septum. Since PbpZ is essential for the seesaw effect, I hypothesize that it also takes
over the transglycosylase and transpeptidase functions of other PBPs since its deletion leads to
abolishment of the seesaw. This dissertation demonstrates that PBPs have both overlapping and
distinct functions. The redundancy in PBP roles is likely responsible for certain class A PBPs
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compensating for peptidoglycan synthesis, despite drastic alterations in localization of cell wall
synthesis proteins.
Anionic phospholipids are known to be a key signal for proper localization of cell wall
synthesis and cell division machinery (207, 217, 218). However, since certain PBPs retain
functionality in the presence of CM remodeling, it is clear that they remain at the division septum
and thus recognize a different localization signal than anionic phospholipids. The work in this
dissertation inevitably raises a lot of important questions about enterococcal cell division and cell
wall synthesis. These processes have not been well studied in enterococci. We know that ovococci
have two sets of cell wall machinery active during different parts of cell division (207). From one
such ovococcal species, S. pneumoniae, we can hypothesize that both machineries likely localize
at mid-cell, but insert peptidoglycan in the peripheral wall to create the “oval” shape and in the
septal wall in parallel with FtsZ-driven membrane invagination (219). Interestingly, S.
pneumoniae PBPs can alter their localization (septal or equatorial rings) when other PBPs are
deleted. Thus, they can interchangeably perform septal or peripheral wall synthesis (220). Based
on this, I hypothesize that a similar phenomenon is occurring in the seesaw effect. When certain
PBPs are compromised, others step in to ensure there is peptidoglycan synthesis occurring at both
sites. More detailed studies to dissect enterococcal cell division and peptidoglycan synthesis are
essential to further understand the seesaw effect.
6.2.3.

Translation of Molecular Findings on LiaX to Diagnostics

In Chapter 1, I covered the major pitfalls of conventional AST methodologies for
daptomycin. To address these pitfalls, we assessed if an ELISA that measures levels of LiaX on
the surface of cells could be used as a diagnostic tool to predict true DAP nonsusceptibility. While
the diagnostic test is promising, the ELISA protocol as it stands needs to undergo significant
optimization, which includes developing a more sensitive and specific monoclonal antibody,
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reduction in total testing time, and reduction of or automation of labor intensive steps.
Commercial level optimization beyond what we are capable of achieving in a research lab is
needed for this test. The ELISA technique in general has proven to be a valuable diagnostic tool
in the clinical lab for rapid detection of organisms and infectious serology. ELISA based tests
include detection of Campylobacter antigens in feces, Clostridium difficile toxins A and B in
feces, Candida and Aspergillus mannan and galactomannan in serum and HIV antibodies in blood
(221, 222). The main utility of these tests is that they circumvent culture-based methods for
detection, which have a longer turnaround time. Our initial purpose was to circumvent limitations
of existing susceptibility testing platforms and thus, the ELISA was optimized on culture-based
techniques. Since LiaX is secreted in high levels by DAP or AMP resistant strains, a diagnostic
test to directly test for antibodies to LiaX in human sera or test for LiaX shedding in feces due to
VRE dominance are reasonable next steps. This would allow us to use LiaX as a biomarker for
direct from sample testing.
6.2.4.

Translation of Molecular Findings on LiaX to Anti-adaptation Therapeutics

Beyond diagnostics, innovative therapeutic design involves delving beyond classic
growth-inhibiting molecule discovery. The LiaFSR system plays a prominent role in allowing
Gram-Positive bacteria to defend themselves against antimicrobials, environmental stress and the
host immune system. Deletion of this stress response in enterococci leads to hypersusceptibility
to a broad range of antimicrobials, innate immune AMPs, enhances the ability of the innate
immune system to clear the bacteria and enhances efficacy of DAP therapy (90, 91, 132). This
dissertation adds insights into bacterial adaptation and evolution that expose the LiaX signal
transduction pathway as a major target for development of “anti-adaptation” therapeutics. Drug
mediated modification of cell signaling is the basis of many cancer therapeutics, and similarly,
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anti-adaptation molecules for pathogens could impede fast evolution of the bug restoring efficacy
of existing drugs.
6.2.5.

Picking the “Right” Antibiotic Regimen

Dissecting the genetic and mechanistic bases of antimicrobial resistance has important
implications for the development of innovative diagnostics and therapeutics. However,
understanding the basic science behind resistance can have more immediate applications to patient
care. As I pursue my training in clinical microbiology, my passion lies in how we can take our
mechanistic insights into antimicrobial resistance from basic science research and translate them
by taking a precision medicine approach to treating extensive-drug resistant infections. Patient
outcomes for invasive infections like sepsis, bacteremia and pneumonia depend largely on timely
selection or dosing of the “right” antibiotics. This is especially true when dealing with MDR
pathogens (223). In the standard algorithm for therapy, clinicians start empiric antimicrobials to
cover for all possible high risk pathogens while sending cultures to the clinical microbiology lab
(Fig 60). Inappropriate broad-spectrum therapy contributes to increased all-cause mortality in
patients, leads to increased rates of antimicrobial resistance and causes drastic disruption of the
microbiome that allows opportunistic pathogens like VRE and C. difficile to take over.
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Figure 60. Algorithm for clinical selection of antibiotics for treatment
Standard algorithm for initial empiric antimicrobial therapy for treatment of infections and
guided de-escalation using results from the clinical microbiology laboratory.

6.2.6.

Limitations of Existing Antimicrobial Susceptibility Testing

There are several shortcomings to current phenotypic and genotypic AST in the clinical
microbiology lab. First, results have a long turnaround time. Second, phenotypic testing is limited
by using “MIC” as an indicator of susceptibility. Molecular genotypic assays for direct from
sample detection of resistance genes like blood culture panels that can detect mecA for MRSA,
vanA and vanB for VRE, blaCTX-M for ESBL producers, and blaNDM or blaKPC for carbapenemase
producers, have led to better patient outcomes (224, 225). However, existing genotypic testing is
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limited to a small subset of genes while many other resistance mechanisms that lead to phenotypic
resistance could be missed (226).
6.2.7.

Applying Mechanistic Insights to Precision Medicine

WGS has the potential to address major hurdles in existing AST. WGS can predict
susceptibility by detecting for the presence or absence of resistance determinants, mobile elements
and mutations in relevant genes associated with therapeutic failure of select bug/ drug
combinations. Oxford Nanopore based testing allows for long-read data analysis in real-time in
results as fast as 15 mins from the start of the sequencing run. We have demonstrated the utility
of using WGS in conjunction with phenotypic testing to take a precision medicine approach to
treating extensively drug resistant (XDR) Gram-Negative infections (227, 228).
Two patients with deep-seated infections came to our institution at independent facilities
as their culture results reported a XDR P. aeruginosa clone that was resistant to all -lactams
including the novel -lactam/ -lactamase inhibitor combinations (227). We suspected these
isolates harbored metallo--lactamases (MBLs), and thus based on our mechanistic insights, we
performed in vitro combination testing with ceftazidime/ avibactam and aztreonam. Our
hypothesis was that avibactam, a reversible inhibitor, can inhibit multiple -lactamases but lacks
activity against MBLs, so it would “protect” aztreonam, which can function in the presence of
MBLs. The first patient was started on the combination and successfully cured. We performed
phylogenetic analysis with long and short-read WGS, which revealed both patient isolates to be
ST309 and closely related to XDR strains in Mexico. Rather than a MBL, both isolates had two
variants (19 and 26) of the ESBL, GES, in tandem on a mobile class 1 integron. Similar insight
was used to take a personalized medicine approach in treating a patient who had a simultaneous
infection with carbapenem-resistant E. coli, K. pneumoniae and P. aeruginosa, where we used
WGS to identify a likely horizontal transfer of an IncFII plasmid carrying blaNDM-1 between the
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Enterobacteriacea (228). Successful microbiological cure was also achieved as a result of
ceftazidime/ avibactam and aztreonam combination testing. Thus, we utilized our mechanistic
insights on resistance along with next generation sequencing based genotypic information to cater
a phenotypic synergy test that selected optimal treatment for the patient. We also exploited WGS
to conduct epidemiological analysis to gain an understanding of local and national resistance
patterns.
We hope to take a similar approach to treating VRE in the future as detailed above. We
are performing long and short read sequencing on our existing VENOUS multi-center cohort of
clinical enterococcal isolates to build a database of mobile genetic elements like plasmids,
transposons and integrons and AMR determinants correlated with clinical outcome data. The long
term goal would be to use WGS diagnostic tools to perform direct from sample metagenomics to
detect mutations in or presence of resistance elements that would predict failure of therapy with
select antimicrobials, circumventing limitations of existing AST and decreasing turnaround time
significantly.
6.3. Limitations to Next Generation Diagnostics
Thus far, the clinical utility of WGS based diagnostics has been demonstrated largely
through outbreak tracking and surveillance or individual “last ditch” case reports like ours without
many rigorous clinical outcome studies showing clear advancement of patient care (229). Our
WGS analysis still relied on culture-based identification of organisms. WGS is limited to existing
knowledge of AMR mechanisms. Along with the need for bioinformatic expertise to process most
WGS data outputs and state-of-the-art computational infrastructure, the staggeringly high
operation costs still make these tools inaccessible to any low-resource settings facing the largest
burden of antimicrobial resistance in our world.
6.4. Looking to the Future
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The future of innovation in infectious diseases diagnostics holds promise and excitement
because there is recognition of the value of synergy between clinicians and microbiologists for
advancement of patient care. My dissertation has demonstrated the long-term utility of dissecting
resistance mechanisms, as LiaX could serve as a target for development of anti-adaptation
adjuvants. My thesis shows the value of molecular research to short-term innovation as our
findings on LiaX ignited development of a diagnostic to predict DAP-R. I have also applied
mechanistic insights on AMR to aid clinicians in last-resort personalized medicine for the
treatment of MDR infections (227, 228). As WGS tools become more cost-effective and
standardized with widespread use, clinical microbiologists with basic science research expertise
and bioinformatics knowledge will be at the forefront of validating, standardizing and generating
robust clinical outcome data to bring next generation diagnostics to patients.

The concurrent rise of resistance in parallel with the introduction of novel antimicrobials
is a constant Darwinian struggle that will continue through time. Vigilance and a deep
understanding of how these microorganisms evolve to survive antimicrobial attack and
persistence will be required to hold back the rising tide of resistance. The future looks less dire
and, we believe, the dawn of the era of personalized medicine in infectious diseases is finally at
hand.

The work in this dissertation and the future directions stemming from it have shown us
that clinically-driven molecular dissection of evolution in “superbugs” and innovations in
diagnostics are key tools in the fight against antimicrobial resistance.
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