Single-Cell, Real-Time Detection of Antimicrobial Peptide’s Attack in Live E. coli Cells

By
Zhilin Yang

A dissertation submitted in partial fulfillment of

the requirements of the degree of

Doctor of Philosophy
(Chemistry)

At the
University of Wisconsin-Madison

2018

Date of Final oral Examination: 6/12/2018

The dissertation is approved by the following members of the Final Oral Committee:
James C. Weisshaar, Professor, Chemistry
Lloyd M Smith, Professor, Chemistry
Samuel H. Gellman, Professor, Chemistry

Alessandro Senes, Associate Professor, Biochemistry



© Copyright by Zhilin Yang. Student 2018

All Rights Reserved



TABLE OF CONTENTS
ACKNOWIEAGEMENT ...t ns vi
N 011 1 = 0! USSP SPTRSPR X
ADDIEVIALION ...t Xi
Chapter 1. INtrodUCTION .......ccooiiieiic e 1
Part I: Cell envelop of E. coli and oxidative stress in E. cOli...........c.cccveenne.e, 2
Cell enVelop OF E. COliu..uviiiiiiiic e 2
OXidative STress IN E. COI ... 3
Part 11: Antimicrobial PEPLIdES ........ccceeveiiiiiece e 4
The discovery of antimicrobial PEPLIdES ..........cccoeiiiiiiiiii e 4
AMPs: promising platform for novel antibiotics ..........cccooviiiiiii 5
AMPs: modulators for the immuUNEe SYSTEM ........cccoecveii i 6
Direct antimicrobial mechanisms of AMPS ..o, 7
Single-cell, time-lapse fluorescence microscope study of AMPS ..........cccovveviciieiiennenn, 8
FIOUIE L L bbb bbbt b bbbt 12
FIOUIE L2 bbb bbb bbbt 13
RETEIENCES ... bbb bbbt 14

Chapter 2. Melittin-induced permeabilization, re-sealing, and re-

permeabilization of E. coli Membranes ..........cccocovevievicie i, 20
N 0] £ - [o! SRR 21

] 8 oo (101 o] o USSP SRSRRRI 22
V=3 T T LSS 23
Bacterial strains, materials, and growth conditions ...........c.ccccccvevieiiieiie e 23

Minimum Inhibitory Concentration (MIC) ASSAY ........cccveiieiiiieiie i 24



ol (o0 ) OSSR SSSRSTI 25
RESUITS ...t 27
TIMING OVEIVIBW ...ttt bbbttt bbb 27
Transient disruption of the E. coli membrane barrier by melittin ...........cccccooviivene 27
Transient formation of invaginations in the CM and pooling of periplasmic GFP ...... 29
Timing of localized disruption of the CM to SytoX Orange ..........ccceevevvevvereeiveseennenn, 30
Timing of OM and CM permeabilization and re-sealing to GFP .........c..cccccovevvviieenene, 31
DISCUSSION ..ttt b bbbt b bbb et b e 34
Melittin interactions with model lipid BHAYErS ..., 34
Proposed mechanism of membrane permeabilization and re-sealing steps .................. 37
Proposed mechanism of cell shrinkage and periplasmic bubble formation .................. 39
Comparisons across antimicrobial PePtides ..........cccevviiriiiiiiiie i 42
CONCIUSION .ttt b ettt 43
TADIE 2.0 bbbt 45
TADIE 2.2 bbbt 46
FIOUIE 2.1 bbb bbbttt bbbttt e e 47
FIQUIE 2.2 .ottt ettt ettt e et e et e e bt e s teenteetseabeentesaeesteeneenreere e 48
FIOUIE 2.3 ettt et e et st e e be et e e ae e s teenteete e te e st e areenteenteereereens 49
FIQUIE 2.4 ...ttt et e et e et e e ae e st e et e e teeebeentesaeesteeneenreenre e 50
FIQUIE 2.5 bbb bbbttt 52
AAPPENAIX ittt bbbttt b e bbbt 54
APPENGIX 2A ..ottt 54
APPENAIX 2B ... b 56
APPENAIX 2C ...t a e et e e e ra e 57
APPENAIX 2D ...ttt e e ra e 59
APPENTIX 2E ... e 60

APPENAIX 2F ...t 61



R I EINICES .. e ettt e e e e r e e e e ——— 63

Chapter 3. HaloTag Assay Suggests Common Mechanism of E. coli

Membrane Permeabilization Induced by Cationic Peptides...........cccccevverienne. 67
ADSTFACT. ... 68
INEFOTUCTION ...t et n et 69
IMIEENOOS. ...t b bbb 72
RESUIES AN AISCUSSION ...t 73

PIEIMINGAIY TESTS.....eieeieetiet et sb ettt 74
Membrane permeabilization and re-sealing induced by copolymer MMs3:CHX37 ....... 76
Membrane permeabilization and re-sealing induced by LL-37 ......c.cccoovvviiiiiiniinnnn, 79
Rapid CM permeabilization induced by CMI15..........ccooiiiiiiiiiie e 79
General mechaniStic INSIGNTS ........ooiiiiiiie e 80
ACKNOWIBAGEMENT ... bbbt 83
TaDIE 3.0 . 84
1o 0T T OSSPSR 85
FIOUIE 3.2 ettt e b e ettt e et e et e e ae e s beenteets e te e st e aneenteennenreere e 86
U 3.3 ettt bbbt 88
FIQUIE BL4 bbbttt bbb bbbttt 89
U 3.5 bbbttt 90
1o U T 7 TSSOSO 91
y AN o] o1 g o | ST UPR PSP 92
APPENAIX SA .ottt ettt e et e ae e e re e 96
APPENTIX BB ..ttt 97
APPENTIX BC ..ttt bbbt 99
APPENTIX 3D ..ttt bbb 100

RETEIEINCES ...t 101



Chapter 4. Oxidative stress induced in E. coli by the human antimicrobial

01<] 11 [0 L I RS PTR 105
ADSEFACT ...t 106
INErOAUCTION ...ttt 107
IMIEENOTS. ... bbbt 109

Bacterial strains, materials and growth Conditions ...........c.ccoccvevviiievecieseene e, 109
Minimum Inhibitory Concentration (MIC) ASSAY ........ccccvereereiiieiiiereeieseeseeee e 110
TIME-1PSE FECOVEIY BSSAY .....veuvereeiiiesiisiesieeiee ettt sttt 111
Microfluidics Chamber for Aerobic and Anaerobic Measurements.............cc.ccceeee.e. 111
IVHICTOSCOPY vttt sttt sttt bbbt e e bbbt 112
CellROX Green OXidation ASSAY .........c.cciverueiieeieeriesieseesieaeesseessesaesseesseseesreessesnes 113
Amplex Red OXidation ASSAY ........ccccceiiieiieieiiieiee e eseeseeseesre e sre e saesraessesnesreas 114
RESUITS ...ttt 114

Minimum inhibitory concentration of some AMPs depend on growth conditions ...114

Bactericidal effects of LL-37 at the minimum inhibitory concentration in aerobic

GroWEh CONAITIONS ..ottt ra e ste e e e sre e re e 115
Sequence of membrane permeabilization events in aerobic growth conditions ........ 116
Overview of real-time oxidative Stress Signals ..........cccovviriiieienn e, 118
Onset of CellROX* fluorescence occurs on entry of LL-37 into the periplasm ........ 118
No effect of the enantiomer D-LL-37 on CellROX* signal level ..............cccovenne, 121
Attenuation of CellROX* response by pre-treatment with cyanide..............c..ccoc....... 122

Onset of resorufin fluorescence in aerobic conditions follows CM permeabilization124

Smaller signals of oxidative stress on cytochrome oxidase—bd deletion mutant strain

.............................................................................................................................................. 125
Smaller signals of oxidative stress in growth under anaerobic fermentation conditions

.............................................................................................................................................. 126
Smaller signals of oxidative stress in growth under anaerobic respiration................. 127

Magnitude of CellROX* signals for Melittin, Cecropin A, and Indolicidin ............. 128



DISCUSSION ..ottt bbbttt b et b e n e nen e 129
TADIE 4.1 ottt 135
TADIE 4.2 .o 136
FIOUIE 4.1 bbbttt e bbbt 137
FIQUIE 4.2 ettt et bbb 139
10 U TSRS 141
10 0 SRR 143
1o U TSRS 144
FIOUIE 4.6 ..ttt bbbt 145
APPENAIX ittt bbb bbbt 146
APPENAIX A ettt 146
APPENTIX 4B ... e enes 147
AN o] 0T a0 D L OSSR 149
APPENGIX AD ...t re e reanes 150
APPENAIX AE ... 151
APPENAIX AF ...t 153
APPENAIX AG ..ttt bbbttt 154
RETEIENCES ... 155
Chapter 5. FULUFe direCtIONS.......cccviieiieciecee e 159
Combination effects of AMPs and AMP & antibiotiCS ..........cccoeviiiiiiiiiiieien 160
Membrane permeabilization effects of AMPs under anaerobic condition............... 161
RETEIENCES ...t 163

Chapter 6. Track antimicrobial peptides actions on single E. coli cells under
TNE MICTOSCOPE ... et 164



Vi

Acknowledgement

It has been 22 years in school starting from kindergarten. Finally, | am leaving school. |
cannot believe that this long journey is going to end soon. Were | not here today, | could not
have imagined that | were able to pave all the way here, almost getting a doctoral degree from
University of Wisconsin at Madison. In this final assignment at school, | would like to thank

everyone who contribute to my PhD degree.

First and foremost, | want to thank my parents. Due to personal health or family financial
issues, unfortunately neither of them could make it to university though they were all top
students in their classes. So, they tried their best to avoid similar tragedies on me. They spared no
efforts to educate, love, care, support and encourage me. They also set good examples in life to
me what kind of traits that | should have. | cannot appreciate more for what they have

contributed, sacrificed and endured.

| also want to thank all the other family members and relatives who helped me. |
especially want to thank my aunt Eva Yang and her husband John Pan. Aunt Eva has always
been treating me as her child since | was born. She supported me both mentally and financially.
As the first person in my family who studied and worked abroad, she influenced me in many

ways. | also want to thank uncle John who helped me a lot with my GRE writing.

Next, I would like to thank all the teachers that | have encountered. | feel very grateful
and lucky to have so many amazing and responsible teachers. | especially want to thank my
English teachers, chemistry teachers and physics teachers in the middle school and high school.

They helped me to shape my interests in these three subjects, which are most related to what |



vii
am doing now. | also want to say big thank you to all my headteachers who helped me a lot not
only in study but also in life. | want to thank my undergraduate course advisor Professor Fengpei
Du for giving me a lot of help and advices. | want to thank Professor Xuefeng Li for the help and
support. I want to thank Professor Zhengying Pan from Peking University Shenzhen Graduate
School for giving me an opportunity to have my first real research experience in his lab. I also

want to thank my undergraduate research advisor Professor Hongchao Guo for his training,

which lead to my first first-author paper in his lab.

Before graduate school, my family was in somewhat tough situation. Therefore, I really
want to thank to all those scholarship, fellowship and personal support that helped me to go
through university. | also want to thank my classmates and good friends who accompanied me all

the way.

Graduate school is a new chapter and graduate school in Wisconsin is cold. Fortunately, |

met many warm-hearted people here and they helped me to enjoy those five years.

| would like to thank former and current Weisshaar group members. | thank Dr. Heejun

Choi, Dr. Ken Barns and Dr. Nambirajan Rangarajan for their help with initiating my projects in
Weisshaar lab. | particularly want to thank Dr. Choi, who was my mentor, collaborator and good
friend. He helped me a lot both in science and life. I also want to thank my peer members
Sonisilpa Mohapatra and Nikolai Radzinski for their help and accompanying. | want to thank my
juniors Mainak Mustafi, Anurag Agrawal and Yanyu Zhu for some fun conversations both inside
and outside science. | also what to thank two undergraduates that | have dealt with, Meghan
Turner and Sam Rider for bringing different experiences to me. In addition, | would like to thank

past group member Dr. Somenath Bakshi and Dr. Wenting Li for all kinds of help and tips.


https://www.facebook.com/nikolai.radzinski?hc_ref=ARTGclqu693fexnmaKCtmCyuKcK2AbLZ63nbYWG_Fkjv2wiy9M5kqfplVkgp33P_HUE&fref=nf

viii

Outside the lab, 1 would like to thank all the staff members in the chemistry department
for all kinds of help and support. For example, | want to thank Sue Martin Zernicke and Kristi
Hemmings for coordination and free food, Chad Skemp for purchasing, Arrietta Clauss for
career information sessions, Kendall Schneider for machine shop help, Rob McClain for
electronics help, Comhelp for computer stuffs, Tracy Drier for glassblowing instructions, and
GSFLC for organizing various activities. | want to thank Professor Lingjun Li, who was the first
professor that | interacted with since landing in Madison, for leaving me a very good impression
of the chemistry department. | also want to thank other badgers for the help with research. For
example, | want to thank Thiago Santos and John Crooks from Weibel lab for help with getting
KEIO collection strains and microfluidics fabrication. | want to thank Patricia Sanchez from
Gourse lab for providing P1 phage. | want to thank Lesie Rank from Gellman lab for help with

peptide synthesis.

Graduate school is packed with research and long. However, life needs a balance.
Therefore, | want to thank people who made my graduate school relaxing and enjoyable. | want
to thank my otto Dr. Yusuke Okuno and his parents for the care and support. Yusuke
accompanied me through the last three years of my PhD. | really want to thank him for his great
patience and kindness. My life has more flavors because of his appearance. In addition, | really
want to thank all my badminton friends. Without them, I would not be able to enjoy exercises
continuously in the last five years. I also want to thank all other friends | made in Madison,
especially Zhengwei Chen, Yajin Chen, Chunhua Yao, and Yaoxin Liang. They are all very nice
people and we shared a lot of good memories. | also want to thank Dr. Runhui Liu and Dr.
Chenxuan Wang for sharing their scientific experiences. | want to thank Le Zhang from

University of Missouri for keeping encouraging me since applying for graduate school.



Besides exercises, music my other way to relax. For that, | want to thank composer
Yanni. His music always makes me feel peaceful and focus quickly. I also want to thank the
beautiful views in Madison. Biking in the summer morning from home to the department

enlightens my day.

PhD is long and easy to get lost. Therefore, | feel honored to have Professor Lloyd Smith
and Professor Samuel Gellman serving in my committee for the last four years. They are all great
scientists and provided me many suggestions in terms of science. They also supported me very
well when I was applying for HHMI international student fellowship and postdoc. Moreover, |
am very happy to have Professor Alessandro Senes joining my thesis committee. | am looking

forward to the tips he is going to give to me.

Last but not least, | want to say thank you so much to my advisor Professor James
Weisshaar. Jim has always been very supportive. He is always there whenever | need advice and
help. He gives feedbacks very promptly. He gives encouragement so that | was able to try and
learn new things. In addition, he is very considerate to students. Under his training, | really
enjoyed my graduate school. I wish all the best to his remaining time at office and new life after

retirement.

Rome was not built in a day, but they were laying bricks every hour. The page is too

short, so the acknowledgment is to be continued......



Abstract

Antimicrobial peptides (AMPs) are important bacterial population regulators used by
nearly all living organisms. Understanding bacteria-AMPs interaction will help to understand
bacterial imbalance causing human chronic inflammatory diseases. In addition, unlike small
molecule antibiotics, AMPs are multifunctional and less susceptible to development of bacterial
resistance, serving as a platform to design a new class of peptide-based antibiotics. To obtain the
complete picture of AMP action, my thesis work utilized single-cell, time-lapse quantitative
fluorescence microscopy with various fluorescent indicators and the E. coli model system to
directly observe bacterial cellular responses upon AMP attack. The technique reveals cell response
heterogeneity and enables correlation of different phenomena in space and time, rendering clues
of interactions between different AMP mechanisms. | identified and dissected complex membrane
events during the attack of Melittin on E. coli. | have developed a new single-cell, time-lapse
fluorescence microscopy assay that reports on the permeabilization of the E. coli outer membrane
to small molecules, with the use of HaloTag technique. In addition, my co-worker and | found that
some antimicrobial peptides inhibit E. coli growth more efficiently in aerobic than in anaerobic
conditions, likely due to oxidative stress. In the detailed study of human antimicrobial peptide LL-
37, we found that LL-37 induces reactive oxygen species formation after entry into the periplasm,
but before permeabilization of the cytoplasmic membrane. We also found that LL-37 targets
specifically cytochrome oxidase bd of the electron transport chain, resulting in elevated level of

reactive oxygen species.



ABBREVIATIONS

E. coli: Escherichia coli

OM: Outer Membrane
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Chapter 1

Introduction



This introductory chapter comprises two parts. Part | describes the general structure of
Escherichia coli (E. coli) cell envelope and brief description of oxidative stress in E. coli. E. coli
is the model organism used throughout my thesis work. The introduction of oxidative stress
would assist the reading of chapter 4. Part Il introduces antimicrobial peptides (AMPSs) in terms
of discovery, significance and mechanisms, techniques developed in our lab and a brief summary
of my thesis work.

PART I: CELL ENVELOP OF E. COLI and OXIDATIVE STRESS IN E. COLI

Cell envelop of E. coli

E. coli is a well and widely studied Gram-negative bacteria, with a complete collection of
single-gene deletion mutants available. Meanwhile, E. coli is one of the leading Gram-negative
bacteria that cause many diseases, such as recurrent urinary tract infections, neonatal meningitis,
and colon cancer?.

In order to increase its survival rate, E. coli has developed a multilayered envelop, which
is composed of outer membrane (OM), periplasm and cytoplasmic membrane (CM) (Figure
1.1)2. OM and CM are lipid bilayers both containing transmembrane proteins and lipoproteins,
but with different structures®. OM has phospholipids confined to its inner surface and
lipopolysaccharide (LPS) attached to its outer surface. OM acts as a barrier against foreign
molecules from outside with LPS layer reinforcing the barrier function. Anionic phospholipids
and LPS yields net negative charge on OM. Most of the transmembrane proteins on OM are
channels enabling passive diffusion of small molecules (~600 Da). However, recently outer
membrane porin F (OmpF) was suggested to allow the passage of large molecules such as

colicins (~3.5 kDa)*.



The periplasmic space between OM and CM is thin, occupying only ~10% of the cell
volume®. It houses the peptidoglycan layer, which is important for the cell growth and cell
shape®®, and some important proteins especially enzymes for the formation of disulphide bonds®.

Further inward lies the CM. The CM phospholipid bilayer consists of
phosphatidylethanolamine (neutral, 70-80%), phosphatidylglycerol (-1 charge, 15-20%), and a
small amount of cardiolipin (-2 charge, <5%)*°. The CM is responsible for respiration and
membrane potential generation.

Oxidative stress in E. coli

E. coli grows under both aerobic condition and anaerobic condition, mainly due to its
flexible electron transport chain in the CM. The electron transport chain is composed of
dehydrogenases, a quinone pool, and reductases (Figure 1.1)*. Dehydrogenases transfer
electrons from specific donors to a quinone pool. Then electrons from reduced quinones are
transferred to different electron acceptors through terminal reductases. At the aerobic condition,
E. coli runs active electron transport chain using NADH as the major electron donor, NADH
dehydrogenase (NDH) complexes as the major dehydrogenases, ubiquinone as the major
quinone, and two primary oxidoreductases, cytochrome bosz and cytochrome oxidase bd, with O
as the major terminal electron acceptor'?. When Oz concentration is high, cytochrome bos
predominates. At low O concentration, cytochrome bd expression increases. Both cytochrome
bos and cytochrome bd contribute to proton motive force generation, but the H*/e™ ratio is 2 for
cytochrome boz and 1 for cytochrome bd?2,

In reality, O is not completely reduced by the aerobic electron transport chain. Some
partially reduced O species might leak out from the electron transport chain or form after

accidental interaction with the exposed redox moieties of electron-transfer enzymes especially



the abundant flavoenzymes'#. These partially reduced O species are called reactive oxygen
species (ROS) which include superoxide (O2’), hydrogen peroxide (H202) and hydroxy! radical
(*OH) (Figure 1.1). The charged Oz is not permeable to the membrane at neutral pH, but
uncharged H,O2 penetrates membranes'’. Therefore, ROS level within the cytoploasm increases
whenever exogenous H»O: is present. ROS, especially *OH, cause strong oxidative stress to E.
coli cells. They can damage many intracellular components, including heme-containing proteins
and DNAY,

To combat oxidative stress, E. coli produces a variety of scavengers such as
superoxidases (SOD), peroxidases and catalases. E. coli contains three SODs, two in the
cytoplasm (Mn-SOD and Fe-SOD) and one in the periplasm (CuZn-SOD)*"18, In general, the
cytoplasmic SODs are abundant enough to convert O2"to H20, and keep steady state O™ at
subnanomolar concentration. H2O: is primarily scavenged by peroxidases. When H20- doses
saturates peroxidases, the expression of catalases will be strongly induced and catalases will take
over the H2O> scavenging job. However, if ROS accumulated inside cells saturate all ROS
scavengers, cells will suffer growth defect and possible death. Recent studies show that some
bactericidal antibiotics impose oxidative stress in E. coli, likely contributing to their killing
activity!9-20,

PART I1: Antimicrobial peptides
The discovery of antimicrobial peptides

Antimicrobial peptides are relatively short peptides (~12-50 aa) that exist in nearly all

organisms, protecting the hosts from invading pathogens. They are typically cationic and

amphipathic, but vary in conformation, structure, hydrophobicity, and amphipathicity??2. AMPs



display a broad spectrum of activities against a range of bacteria, fungi, viruses, parasites and
cancer cells®2°,

The discovery of AMPs dates back to the late 19" century when researchers observed
bacterial cell death after phagocytosis?® and bread yeast death by some lethal substance in the
wheat flour?’. Researchers suspected that some natural antimicrobial compounds might exist. In
1939, soil microbiologist René Dubos extracted the first AMP from a soil Bacillus strain®. This
AMP showed strong antibacterial activity, even protecting mice from Pneumococcus infection?®.
In the following year, René Dubos collaborated with biochemist Rollin Hotchkiss and they
characterized and identified the antimicrobial extract to be gramicidin®. Later, gramicidin
became the first clinically tested and commercially manufactured antibiotic agent®. It was used
as a topical antibiotic to treat wounds and ulcers during World War Il. Following gramicidin,
more and more AMPs were discovered and characterized from nature, such as purothionin from
plant®?, defensins from rabbit®* and human®*, bombinin® and magainins*® from frog, and
cecropins from moth®’. As of January 2018, more than 2950 natural AMPs have been reported,
AMPs: promising platform for novel antibiotics

Before the introduction of antibiotics, patients could barely survive from bacterial
infections. The promotion of penicillin and streptomycin in 1943 saved millions of lives and
brought the ‘Golden Age of antibiotics’. Unfortunately, the ‘Golden Age of antibiotics’ was just
a flash in the pan, resulting in an upgraded war between human and bacteria.

At the very beginning, it was not expected that the development and application of
antibiotics would be coupled with bacterial antibiotic resistance evolution. Bacteria develop
resistance quickly, as traditional antibiotics only target specific cellular activities, and thus many

traditional antibiotics have short shelf time. During the ‘Golden Age of antibiotics’, the



investigation of natural antimicrobial compounds slowed down, and research focused on the
modification of existing compounds. This enabled some bacteria to outpace the development of
new antibiotics. In the early 1960s, multidrug-resistant bacteria emerged. Worse still, no new
antibiotics have been approved since 1960s, except daptomycin which was discovered in 1968
but not approved until 2003%. The abuse of antibiotics in clinics and livestock aggravated the
situation. Now the challenges from bacteria are more and more severe and it is more and more
pressing to search for novel alternative antibiotics.

Under this circumstance, the ancient soldier AMP attracts attention again and is
considered a promising candidate for future antibiotics. AMPs are much less likely to induce
resistance in bacteria, in part due to their broad spectrum of activities and multiple modes of
action. They can be used as either a single antimicrobial agent or combination with traditional
antibiotics, delaying antibiotic resistance formation and fighting against multi-drug resistant
bacteria®®*!, Some AMP-based antibiotics are already in the clinical trial phase 11 or 111423 such
as Omiganan (Microbiologix Biotech) for bacteria and fungi/bloodstream infections,
Surotomycin (Merck) for Clostridium difficile-associated diarrhea, and Brilacidin (PolyMedix)
for Staphylococcus aureus skin infections. Still, some bottlenecks halted the development of
AMPs from the bench to the clinic*, and one of them is the lack of structure-function
relationship.

AMPs: modulators for the immune system

For a long time, AMPs were thought to fight against bacteria directly. Gradually, studies
show that many AMPs also act as immune signaling molecules*. For some AMPs,
immunomodulation is their primary role inside the hosts*®. Therefore, AMPs are also called host

defense peptides.



Tight regulation of immunological responses by AMPs is vital for the proper
maintenance of commensal microorganisms in the hosts’ complex environment of all living
organisms*¢-’. Dysregulation of commensal flora was found to associate with many human
chronic inflammatory diseases, such as asthma, cancer, and stroke*®-*°, Understanding the
circumstances of such balanced and sometimes imbalanced interactions between bacteria and
host AMPs is necessary to explore the causes and therapeutic implications for human chronic
inflammatory diseases.

Direct antimicrobial mechanisms of AMPs

Originally, AMPs were characterized as pore formers, causing loss of membrane
integrity. However, recent studies have shown that AMPs also cause damages to intracellular
targets.

Membrane permeabilization by AMPs has been extensively studied with synthetic lipid
bilayers, by exploiting techniques such as X-ray crystallography, Nuclear Magnetic Resonance
spectroscopy, Fourier transform infrared, and fluorescence optical spectroscopy?® 3. The
attraction, attachment, insertion and orientation of AMPs, as well as the orientation of the lipids
and the thickness and integrity of the lipid bilayer were measured. Numerous models were
proposed to explain the lipid bilayer disruption by AMPs. There are four models that are most
popular: 1) barrel-stave model in which peptides insert perpendicular to the membrane and form
barrel-like pores; 2) toroidal model in which peptides insert perpendicular to the membrane but
twist local membrane curvature resulting in toroidal pores; 3) carpet model in which peptides act
as detergents and dissolve the membranes into micelle-like structures; and 4) aggregate model in
which peptides aggregate on the membrane surface and interact with the hydrophobic fatty acid

‘tails’ forming disorganized and transient pores (Figure 1.2). Although the artificial membrane



studies provide insights to the membrane permeabilization activity of AMPs at the molecular
level, they may not accurately reflect what happens to the real biological membrane. Currently
there are still some gaps between these two systems®?,

In the recent years, researchers have been trying to better understand the direct
antimicrobial mechanisms of AMPs on cells and found that AMPs do more than membrane
permeabilization. The speculation initially came from the observation that E. coli growth reduces
significantly while membrane remains intact under the attack of Bac7 fragments®3. The finding
that buforin Il enters the cytoplasm without permeabilizing the cytoplasmic membrane drove the
exploration of possible intracellular targets®*°. Indeed, AMPs can affect many essential
biological processes®. For example, buforin Il and tachyplesin can bind to DNA. Pleurocidin
and indolicidin can inhibit the synthesis of DNA, RNA and protein. Histains and apidaecin can
inhibit enzymatic activity. Gramicidin can inhibit cytochrome oxidase bd complex®’. Some
AMPs target both membrane and intracellular activities, and some AMPs target multiple
intracellular activities. It is evident that AMPs display complex mechanisms in their attack on
microbes. Furthermore, AMPs activities may be modulated by the environment, based on the
result that the bacterial killing ability of some AMPs is stronger at lower salt concentration®® or
in a reducing environment®®,

Despite these observations, there is still no clear understanding of the mechanisms by
which AMPs attenuate growth and ultimately kill cells. Obtaining a complete picture of existing
and underlying AMPs mechanisms and their roles in the lethality of AMPs is essential to identify
novel antibacterial targets, to assist the rational design of effective peptide-based antibiotics, and
to better understand human chronic inflammatory diseases caused by bacteria imbalance.

Single-cell, time-lapse fluorescence microscope study of AMPs



Live-cell imaging techniques are powerful tools to uncover the dynamic, multifaceted
actions of AMPs on the bacterial cells®®. They are exempted from sample fixation and
processing, which are typically required for techniques such as immunolocalization®, electron
microscopy®?, and atomic force microscopy®?. However, historically most live-cell studies of
AMP mechanisms have been restricted to either imaging individual cells at a specific time point,
or imaging the entire cell population at different time points after AMP treatment. The former
fails to track the dynamic responses of cells to AMPs, and the latter only reflects the average
AMP effect on the entire population. Neither shows the heterogeneity of cell responses owing to
AMPs multifaceted mechanisms. To circumvent this issue, our lab has developed several single-
cell, time-lapse fluorescence microscope assays by utilizing various fluorescent indicators and
phase contrast®®-%, These assays allow the imaging and quantitative measurements on the same
cells to monitor their complex and dynamic changes in response to AMPs on the time scale of a
few seconds to tens of minutes. In addition, different biochemical events can be observed in the
same cells in space and time, enabling the dissection and correlation of the complex
antimicrobial modes of AMPs in live cells. Our lab has applied these techniques to well-
understood Gram-negative bacterium E. coli and Gram-positive bacterium Bacillus subtilis.

Our first application of the single-cell, time-lapse fluorescence microscopy technique was
reported in 2010, on the actions of human AMP LL-37 in single live E. coli cells®. Prior to that
work, the understanding of antimicrobial mechanism of LL-37 was restrained to model
membrane studies and bulk assays. LL-37 was only known to disrupt membranes. By using
rhodamine labeled LL-37, our lab found that there LL-37 attacks E. coli cells in three distinct
phases. First LL-37 binds to the outer surface of OM. Then in the phase 2, LL-37 gains access to

the periplasm at the curved region of OM, either at the septum region for septating cells or
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endcap for nonseptating cells, inducing cell shrinkage and OM permeabilization to Green
Fluorescent Protein (GFP, 26 kDa) size molecules. Interestingly, cell length decreases gradually
while LL-37 slowly spreads across the entire cell. The phase 2 lasts about 5-10 min. Finally, CM
also becomes permeabilized. In 2015, we reported new assays to detect reactive oxygen species
(ROS) formation in the single E. coli cells at real time®’. In that work, we studied the activities of
synthetic AMP CM15. We found that CM15 enhances ROS level inside E. coli cells dramatically
in the aerobic condition, likely to explain why CM15 activity is stronger in the aerobic condition
than in the anaerobic condition.

My thesis work applied the existing assays and designed new assays to reveal the actions
of AMPs more clearly in live E. coli cells. In Chapter 2, | observed and dissected a series of
events induced in E. coli membranes by Melittin. Strikingly, six separate events happened within
~20 s. Moreover, for the first time we observed membrane resealing behavior soon after
membrane permeabilization under the attack of AMPs. In Chapter 3, by applying HaloTag
technique, | developed a new single-cell, time-lapse fluorescence microscopy assay that reports
on the permeabilization of the E. coli OM to small molecules, with time resolution of 3 s or
better. The new assay suggests a common mechanism of E. coli membrane permeabilization
induced by cationic peptides. We hypothesize that cationic peptides may all cause OM
permeabilization to small molecules first and possibly including themselves. After a time lag, the
OM is transiently and abruptly permeabilized to large molecules such as GFP, followed by
abrupt CM permeabilization. In Chapter 4, we found that similar to CM15, some AMPs also
inhibit E. coli growth more efficiently in aerobic than in anaerobic conditions, likely due to
oxidative stress. In a detailed study of LL-37, we found that LL-37 induces ROS after entry into

the periplasm, but before permeabilization of the cytoplasmic membrane. We also found that LL-
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37 targets specifically cytochrome oxidase bd on the electron transport chain, resulting in
elevated ROS level. Chapter 5 describes possible future extensions of this work. Chapter 6 is an
extended chapter for communicating Ph.D. research to the public, with the support from

Wisconsin Initiative for Science Literacy (WISL).
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Figure 1.1 The scheme of E. coli envelope, and ROS formation and scavenging. The OM is a
lipid bilayer with phospholipids in its inner leaflet, lipopolysaccharide (LPS) in its outer leaflet,
and proteins across or anchored. The periplasm lies between the OM and the CM, housing the
peptidoglycan cell wall. The CM is a lipid bilayer composed of phospholipids (PL), also
containing integral membrane proteins and lipoproteins. The electron transport chain resides in

the CM. Several enzymes are expressed to scavenge ROS.
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Chapter 2

Melittin-induced Permeabilization, Re-sealing,

and Re-permeabilization of E. coli Membranes

Adapted from publication listed below:

Yang, Z., Choi, H., and Weisshaar, J. C. (2018) Melittin-induced permeabilization, re-sealing,

and re-permeabilization of E. coli Membranes, Biophys J 114, 368-379.

*ZY, HC, and JCW all contributed to design of the project. ZY performed the majority of the
experiments. HC performed the experiments of CM15 with E. coli cells expressing periplasmic
GFP. ZY and JCW analyzed the data and wrote the manuscript. HC helped edit the manuscript.

Supplemental movies are available online.
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ABSTRACT

The permeabilization of model lipid bilayers by cationic peptides has been studied extensively
over decades, with the bee-sting toxin melittin perhaps serving as the canonical example.
However, the relevance of these studies to the permeabilization of real bacterial membranes by
antimicrobial peptides remains uncertain. Here we employ single-cell fluorescence microscopy
in a detailed study of the interactions of melittin with the outer membrane (OM) and the
cytoplasmic membrane (CM) of live E. coli. Using periplasmic GFP as probe, we find that
melittin at twice the minimum inhibitory concentration (MIC) first induces abrupt cell shrinkage
and permeabilization of the OM to GFP. Within ~4 s of OM permeabilization, the CM
invaginates to form inward facing “periplasmic bubbles”. Seconds later the bubbles begin to leak
periplasmic GFP into the cytoplasm. Permeabilization is localized, consistent with possible
formation of toroidal pores. Within ~20 s, first the OM and then the CM re-seals to GFP. Some
2—-20 min later, both CM and OM are re-permeabilized to GFP. We invoke a mechanism based
on curvature stress concepts derived from model bilayer studies. The permeabilization and re-
sealing events involve sequential, time-dependent build-up of melittin density within the outer
and inner leaflets of each bilayer. We also propose a mechanical explanation for the early cell
shrinkage event induced by melittin and a variety of other cationic peptides. As peptides gain
access to the periplasm, they bind to the anionic peptido-crosslinks of the lipopolysaccharide
layer, increasing its longitudinal elastic modulus. The cell wall shrinks because it can withstand
the same turgor pressure with smaller overall extension. Shrinkage in turn induces invagination
of the CM, preserving its surface area. We conclude by comparing the behavior of different

peptides.
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INTRODUCTION

Melittin, a toxic component of bee venom, is a 26-residue cationic peptide of +6 charge that
can lyse eukaryotic cells and kill bacterial cells . In the crystal structure of melittin, the peptide
adopts a bent, amphipathic helical structure. Residues 1-10 and 13-26 form helices whose axes
lie 120° apart due to the presence of Pro-14 2. Melittin has served as an important model for
understanding the mechanisms by which cationic antimicrobial peptides (AMPs) permeabilize
lipid vesicles. Previous work includes studies of small, large, and giant unilamellar vesicles
(SUVs, LUVs, and GUVs), both zwitterionic and anionic 3. At peptide-to-lipid (P/L) ratios of
~1/100 or lower, melittin induces permeabilization sites (usually interpreted as pores) that pass
small ions and organic dye molecules > 8. Even after a long observation time, not all of the dye
is released °, consistent with formation of transient pores with lifetimes on the order of 10 ms 3.
At P/L ratios of ~1/50 or higher, melittin evidently induces permanent, equilibrium
permeabilization sites in GUVs 7. Oriented circular dichroism of melittin interacting with
hydrated multilayers shows that at these higher concentrations, most melittin molecules change
orientation from parallel to perpendicular to the bilayer plane ’. This is consistent with formation
of toroidal pores, although other permeabilization models are possible. Accordingly, neutron
diffraction experiments on multilayers at high P/L have detected D,O-filled pores of 4.4 nm
inside diameter *°. Most recently, stable permeabilization sites have been induced in cytoplasmic
membrane spheroplasts derived from E. coli .

The relevance of studies of AMP interactions with model lipid bilayers to the mechanisms
by which the same peptides Kill real bacterial cells remains uncertain *2. In an effort to provide
more information, we and others have used single-cell, time-resolved fluorescence microscopy to

directly observe membrane permeabilization events in live bacterial cells 132°. Here we present a
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detailed study of melittin interactions with the membranes of live E. coli. Surprisingly, using
GFP as the probe species, we observe sequential permeabilization, re-sealing, and
re-permeabilization of both the outer membrane (OM) and the cytoplasmic membrane (CM).
Seconds after the initiation of OM permeabilization, we detect short-lived, inward facing
invaginations in the CM. For septating cells, these “periplasmic bubbles” evidently provide the
conduit through which GFP, the dye Sytox Orange, and presumably melittin itself, gain access to
the cytoplasm. We suggest that when melittin crosses the OM and enters the periplasm, it binds
to anionic crosslinks of the peptidoglycan (PG) layer L. This causes the cell wall to stiffen and
contract. Cell wall shrinkage in turn forces the CM to shrink in length by invagination. Our
proposed mechanism for the permeabilization and re-sealing events invokes the same curvature
stress arguments originally used to explain AMP permeabilization and re-sealing of lipid vesicles

57,22

METHODS

We have developed a variety of real-time, single-cell imaging protocols that reveal the
sequence of events in the attack of AMPs on live E. coli at an unusual level of detail. The
protocols differ in imaging modality, labeling methods, and camera frame rate. In all
experiments reported here, cells are plated in a microfluidics chamber and are growing in a
continuous flow of aerated, 30°C EZ rich defined medium (EZRDM). The flow of 10 uM
melittin (twice the aerobic MIC) in EZRDM begins at t = 0 and continues throughout the
duration of the imaging experiment. This maintains a constant peptide concentration in the cell
surround.

Bacterial strains, materials, and growth conditions

The background (“WT?”) strain is MG1655 (K12) in all cases. Experiments on periplasmic

GFP used strain JCW10, in which TorA-GFP is expressed from plasmid pJW1 as previously
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described 23. TorA-GFP is transported to the periplasm by the twin-arginine transport system and
the TorA signal peptide is cleaved, leaving free GFP in the periplasm. Under our induction
conditions, at least 90% of the green fluorescence comes from GFP that has been transported to
the periplasm. This was shown in studies of LL-37 2° and Cecropin A *8, both of which induced
loss of at least 90% of total green fluorescence after permeabilization of the OM and before
permeabilization of the CM to Sytox dye. Efficient export of GFP to the periplasm is
corroborated in the present work by inspection of transverse intensity linescans, which exhibit
two distinct peaks; see below. In the strain JCW1, cytoplasmic GFPmut2 was expressed using
the lac promoter on the plasmid pMGS053, as previously described 2,

Melittin was purchased from Sigma-Aldrich (M2272). LL-37 was purchased from Anaspec
(61302). The hybrid synthetic peptide CM15 with C-terminal amidation was received from
Jimmy Feix (Medical College of Wisconsin, Milwaukee). The DNA stains Sytox Green (S7020)
and Sytox Orange (S11368), and the membrane dye FM4-64 (T13320) were purchased from
Thermo-Fisher Scientific. The Sytox dyes are essentially non-fluorescent in solution phase, but
exhibit strong fluorescence on binding to chromosomal DNA.

Bulk cultures were grown in EZ rich, defined medium (EZRDM) 2°, which is a MOPS-
buffered solution at pH = 7.4 supplemented with metal ions (M2130; Teknova), glucose
(2 mg/mL), amino acids and vitamins (M2104; Teknova), nitrogenous bases (M2103; Teknova),
1.32 mM K2HPOQOg4, and 76 mM NaCl. Cultures were grown from glycerol frozen stock to
stationary phase overnight at 30°C. Subcultures were grown to exponential phase (OD =0.2-0.6
at 600 nm) at 30°C before sampling for the microscopy experiments.

Minimum Inhibitory Concentration (MIC) Assay
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The aerobic MIC values for the various AMPs (Table 2.1) were determined using the broth
microdilution method as previously described 2°. Two-fold serial dilutions of melittin in EZRDM
were performed in separate rows of a polystyrene 96-well plate, with each plate containing an
inoculum of E. coli MG1655. The inoculum was a 1:20 dilution from a bulk culture at midlog
phase (ODsoo = 0.5) grown at 30°C. The plate was incubated at 30°C and shaken at 200 rpm in a
Lab-Line Orbital Environ Shaker (model 3527) for 6 hr. The MIC value was taken as the lowest
concentration for which no growth was discernible (<0.05 ODsoo)
after 6 hr.

Microscopy

As previously described 7, imaging of individual cells was carried out at 30°C in a
microfluidics chamber consisting of a single rectilinear channel of uniform height of 50 pm and
width of 6 mm, with a channel length of 11 mm. The total chamber volume is ~10 pL. After
bonding of the PDMS chamber to the glass coverslip, 0.01% poly-L-lysine (molecular weight
>150,000 Da) was injected through the chamber for 30 min and rinsed thoroughly with Millipore
water. E. coli cells are immobilized on the coverslip but grow normally. During imaging
experiments, the chamber was maintained at 30°C with an automatic temperature controller.

Single-cell imaging was performed on two different microscopes: a Nikon TE300 inverted
microscope with a 100x, 1.3 N.A. phase contrast objective and a Nikon Eclipse Ti inverted
microscope with a 100x, 1.45 N.A. phase contrast objective. For the TE300, images were further
magnified 1.45x in a home-built magnification box. GFP, Sytox Green, and FM4-64 were
imaged using 488 nm excitation (Coherent Sapphire laser), expanded to illuminate the field of
view uniformly. Sytox Orange was imaged using 561 nm excitation (Coherent Sapphire laser).

Laser intensities at the sample were typically ~5 W/cm? at 488 nm and ~2.5 W/cm? at 561 nm.
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Fluorescence images were obtained with an EMCCD camera, either Andor iXon 897 or Andor
iXon 887. In both cases, the pixel size corresponds to 110 = 10 nm at the sample.

The slower, one-color time-lapse movies were obtained with 50-ms exposure time in each
channel, with fluorescence and phase contrast images interleaved at 6-s intervals (12 s per
complete cycle). The emission filter was HQ525/50 (Chroma Technology), for GFP, and Sytox
Green and D675/50 (Chroma Technology) for FM4-64. For fast one-color movies, fluorescence
images only were acquired at 0.5 sec/cycle with 50-ms exposure time. For fast two-color
experiments, pManager was used to obtain the data and switch filters between frames using a
LB10-NW filter wheel (Sutter). The time-lapse movies were obtained with 50-ms exposure time
each, with green fluorescence (488 nm excitation) and red fluorescence (561 nm excitation)

(2 sec/cycle). To minimize spectral bleed-through in the two-color experiments, we utilized the
narrow filters HQ510/20 for the green channel and HQ600/50M for the red channel.

For the FM4-64 membrane staining assay, MG1655 cells were incubated with 1pg/ml
FM4-64 for 10 min before plating on microfluidics chamber. Fresh, pre-warmed, aerated
EZRDM was used to wash away unbound cells. After the wash, 10 uM melittin plus 1 pg/ml
FM4-64 was injected when taking the movies. To maintain good aeration and steady bulk
concentrations, the medium with melittin and FM4-64 was flowed continuously at 0.3 mL/min

for a minute first, and then at 0.3 ml/hr for the rest of the experiment.
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RESULTS
Timing overview

The series of membrane-related events we are able detect is complex. Details will follow.
For the sake of clarity, in Figure 2.1 we present a composite average timeline showing seven
membrane-related events observed after the onset of flow of 10 uM melittin at t = 0. We label
the times at which specific membrane permeabilization or re-sealing events occur by the
sequence ti, to, ..., t7 with the index corresponding to the typical order of events in time. The
events include the onset of OM permeabilization to periplasmic GFP (t1), the onset of
“periplasmic bubble” formation (t), the onset of CM permeabilization to Sytox Orange (tz), the
onset of CM permeabilization to periplasmic GFP (t4), the re-sealing of the OM to GFP (ts), the
re-sealing of the CM to GFP (ts), and the re-permeabilization of both CM and OM to GFP (t7).
Figure 2.1 is an amalgamation of results from the different experiments described below—no
single experiment detects all seven events. The times in Figure 2.1 are averages across cells
measured relative to t1, the widely variable time of the onset of OM permeabilization and cell
shrinkage. Quantitative details of the timing of specific events relative to each other are provided
as histograms in Appendix 2A. Means and standard deviations are provided in Table 2.2.
Transient disruption of the E. coli membrane barrier by melittin

The first experiments use the E. coli strain JCW10, which expresses GFP that is transported
to the periplasm by the Tat system 23. On excitation at 488 nm, cells exhibit a halo of green
fluorescence (Figure 2.2A, B), indicating a predominantly periplasmic spatial distribution of
GFP. Typically ~90% or more of total GFP has been transferred to the periplasm before the
melittin experiment begins &2, as confirmed by the double-peaked transverse intensity linescan

(Figure 2.2B). Fluorescence images are interleaved with phase contrast images that monitor cell
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length vs time to a precision of £50 nm. One full imaging cycle is completed every 12 s.
At least 90% of the 25 cells in a typical field of view exhibit a similar sequence of membrane—
related events, but each cell has its own timing.

A representative example is shown in Figure 2.2 and Movie S1. Att; = 36 s, the OM is
permeabilized to GFP and the cell shrinks in length (Figure 2.2C). This cell loses 37% of its
GFP intensity and 20% of its length in less than two camera frames (<24 s). Each cell is
different. The fractional GFP loss at t; ranges from 36% to 64%, with a mean across cells of
~50%. The spatial distribution of the remaining GFP quickly changes from the periplasmic
(halo) distribution to that of a filled cytoplasm (Figure 2.2B), indicating CM permeabilization
and influx of periplasmic GFP into the larger cytoplasmic volume. Beginning at time ts = 60 s,
the rate of GFP loss decreases abruptly. (The intervening timing events t, t3, and t4 will be
determined from other experiments.) After a transition period, ~10 times slower leakage of GFP
out of the cell envelope continues, as inferred from the subtle decrease in total GFP intensity
from t = 5-21 min. Evidently the breach in the cell envelope has largely re-sealed to GFP. At t; =
21 min, fast leakage resumes, and by t = 23 min all GFP has been lost to the cell surround. It is
not clear from these experiments which membrane(s) (OM or CM or both) have re-sealed over
the 21 min interval (ts — t1) to contain most of the remaining GFP. Nor is it clear which
membrane(s) have “re-permeabilized” to enable complete loss of GFP beginning at t7 = 21 min.

The distribution of times t1 between the onset of melittin flow at t = 0 and the onset of GFP
loss and cell shrinkage is shown in Appendix 2A. Across 40 cells, the mean is <t;>=3.7 £ 6.4
min (x one standard deviation). From 12 s/cycle imaging, we can only infer that the time interval
(ts — t1) during which the OM leaks periplasmic GFP rapidly to the surround is shorter than

~24 s. Sampling at 12 s/cycle is too slow to capture this difference accurately.



29

Transient formation of invaginations in the CM and pooling of periplasmic GFP

During the same 12 s/cycle movies of periplasmic GFP, in ~30% of cells we observe
formation of bright, transient puncta of GFP at essentially the same time as cell shrinkage and
loss of ~50% of the GFP intensity. When observed, the puncta typically last only one or two
frames, or ~12 s. The bright puncta are evidently caused by pooling of GFP within the periplasm;
as soon as a punctum appears, the periplasmic halo of the remaining GFP becomes much
dimmer. To test whether such short-lived puncta occur in all cells, we repeated the experiment
with periplasmic GFP imaging at the much faster camera rate of 0.5 s/cycle. These faster movies
reveal that all cells exhibit transient puncta of GFP fluorescence. Three examples are shown in
Figure 2.3 and Movie S2. In 12 of 18 septating cells, the puncta form in pairs on opposite sides
of the septal region (Figure 2.3B), suggesting that GFP may sometimes be pooling in a
circumferential “donut” structure surrounding the septal region. In non-septating cells, single
puncta may form anywhere along the cell periphery. The puncta are typically larger than the
diffraction limit in size. Intensity linescans across the puncta have cross sections of ~400-700
nm FWHM. The puncta evidently have sufficient volume to cause pooling of much of the
remaining periplasmic GFP within several seconds.

The bright puncta are apparently invaginations in the CM (inward facing periplasmic
volumes) rather than blebs in the OM (outward facing periplasmic volumes). The intensity peak
of a punctum always moves inward (towards the long cell axis) as the bubble expands. In
addition, we use evidence from the higher signal-to-noise images of the membrane stain FM4-64
during addition of melittin (Appendix 2B). In those images, the excess membrane always faces
inward rather than outward. Furthermore, we see no evidence of outward facing blebs in the

phase contrast images. Finally, for cells expressing cytoplasmic rather than periplasmic GFP
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(Appendix 2C), we observe no transient outward facing GFP bubbles. Evidence below will
indicate that the GFP puncta are short-lived because the periplasmic bubbles soon leak GFP into
the much larger cytoplasmic volume as well as the cell surround.
Timing of localized disruption of the CM to Sytox Orange

In the 12 s/cycle movies of periplasmic GFP, the periplasmic halo image evolves to a filled
cytoplasmic image shortly after the initial loss of GFP intensity (Figure 2.2A, B). This indicates
CM permeabilization to GFP and concomitant loss of periplasmic GFP to the much larger
cytoplasmic volume. To gain more insight into the nature and timing of CM disruption, we
obtained a set of two-color, 2 s/cycle movies imaging periplasmic GFP and the DNA stain Sytox
Orange. Sytox Orange is non-fluorescent in solution but becomes highly fluorescent on binding
to the chromosomal DNA after membranes are compromised. The onset of Sytox Orange
fluorescence in a nucleoid spatial pattern marks the time of permeabilization of the OM and CM
to small molecules. Such two-color experiments enable direct observation within single cells of
the relative timing of OM permeabilization to GFP at t1, formation of the periplasmic GFP
bubble(s) at t;, CM permeabilization to Sytox Orange at t3, and nearly complete re-sealing of the
cell envelope to GFP at ts. In the representative septating cell of Figure 2.4 and Movie S3, the
onset of OM permeabilization to GFP precedes the onset of formation of the periplasmic GFP
bubble by (t3 —t1) = 4 s. The onset of OM and CM permeabilization to Sytox Orange is
simultaneous with bubble formation within one camera frame: (tz —t2) <2 s. The permeability to
GFP decreases at ts, but the permeability of the CM to Sytox Orange persists. The cell envelope
leaks GFP rapidly over an interval (ts —t1) = 32 s.

Averaged across cells (Table 2.2), the periplasmic bubble forms at <(t> — t1)> =4 + 2 s after

the onset of OM permeabilization. Sytox Orange fluorescence begins to rise within
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<(ts —t2)> =1 % 1 s of the onset of bubble formation. In all septating cells, the bubble already
begins to leak Sytox Orange across the CM while it gathers GFP from the rest of the periplasm.
Bubble formation and leakage of Sytox Orange into the cytoplasm occur in parallel with leakage
of GFP to the cell surround. The Sytox Orange signal continues to rise for at least 2 min after the
cell envelope has re-sealed to GFP.

For septating cells, Sytox Orange always enters the cytoplasm at the septal location. This is
seen clearly in the axial linescans of Sytox Orange intensity vs time, which show a staining
pattern that evolves outward from punctal to the characteristic lobal pattern of the nucleoids
(example in Figure 2.4C) . The pattern is consistent with the suggestion that Sytox Orange is
leaking across the CM and into the cytoplasm through the periplasmic bubble. Melittin itself
likely enters the cytoplasm by the same pathway. In sharp contrast, for non-septating cells Sytox
Orange always enters the cytoplasm at one endcap, after which the signal slowly spreads across
the entire nucleoid (example in Appendix 2D). For non-septating cells, the location of the
periplasmic GFP bubble seems unrelated to the position of localized entry of Sytox Orange into
the cytoplasm.

Timing of OM and CM permeabilization and re-sealing to GFP

Finally, we return to the 0.5 s/cycle, one-color movies of periplasmic GFP in an effort to
understand the timing of permeabilization and re-sealing events of the OM and CM with respect
to GFP. Detailed analysis of the same septating cell shown in Figure 2.3A and Movie S2
follows. We are attempting to dissect three signals: the loss of total GFP from the cell envelope,
the growth and decay of the periplasmic bubble, and the transport of GFP through the bubble
into the cytoplasm. Accordingly, we measure intensity vs time within three different regions of

interest (ROI), as shown in Figure 2.5A. The first ROl measures total fluorescence from the
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entire cell, shown by the T(t) trace in Figure 2.5C; T stands for total. The second ROI is a small
box that covers the location where the periplasmic GFP bubble will grow and shrink, shown by
the trace B(t) in Figure 2.5C; B stands for bubble. This ROl includes some cytoplasm, some
periplasm, and some extracellular space. The third ROI comprises the sum of intensities within
two small boxes that lie within the cell body far from the bubble location, C(t) in Figure 2.5C.
C(t) stands for cytoplasm; it is intended to report primarily on leakage of GFP into and out of the
cytoplasm. However, it includes ~10% periplasmic volume. As shown in transverse linescans of
the 2D projected images of periplasmic and cytoplasmic GFP (Figures. 2.2B and 2.5B), C(t)
inevitably responds to changes in GFP intensity within the periplasm as well. The intensities
B(t), C(t), and T(t) are background-corrected, mean intensities over each ROI. They are not
normalized to each ROI area. The absolute magnitudes are not to be compared.

For the cell in Figure 2.5, total intensity T(t) shows rapid loss of GFP to the surround
beginning at t; = 42 s after addition of melittin. This rapid loss continues until ts = 53 s, when the
rate of loss slows down by about a factor of four. The slower loss of intensity after t =53 s is
real. The rate of photobleaching, as judged by the slope of T(t) at t < 40 s, is much slower. The
intensity in the bubble ROI B(t) shows a dip in the range t = 40-43 s. This is due to loss of
periplasmic GFP to the surround prior to bubble formation, the same loss detected less
sensitively by T(t). We assign the onset of bubble formation to t, = 43 s, when B(t) reaches a
minimum and begins to rise. From t = 43-49 s, the bubble is inflating. Its intensity peaks at t =
49 s and then decreases, first rapidly and then more slowly. The intensity C(t) remains constant
until the same t = 43 s, when it begins to decrease. We attribute this to loss of periplasmic
intensity as the bubble grows. Recall that C(t) is a mixture of periplasmic and cytoplasmic

signals, with the periplasmic component dominant at early times. C(t) reaches a minimum at ts =
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49 s, when it begins to rise. This time point marks the onset of leakage of GFP from the bubble,
across the CM, and into the cytoplasm. Accordingly, the intensity in the central part of the
transverse linescan begins to increase (Figure 2.5B). Notice that t4 coincides with the peak in
B(t). We interpret the subsequent rapid decrease in B(t) to simultaneous, parallel loss of bubble
intensity to both the cytoplasm and the cell surround. When the rate of loss of B(t) slows down at
ts, C(t) is still rising. Evidently it is the OM, not the CM, that has mostly re-sealed against GFP.
The distribution of intervals (ts — t1) during which the OM leaks GFP rapidly has mean <(ts — t1)>
=13.3 £ 3.9 s (Appendix 2A, Table 2.2). Loss of intensity of B(t) slows down even further at t >
65 s, when entry of GFP into the cytoplasm has effectively ceased. We designate ts ~ 65 s as the
time at which the CM has re-sealed to GFP. Beyond ts, C(t) remains constant. At the same ts, the
rate of loss of bubble intensity B(t) decreases, but B(t) continues to lose intensity very slowly.
We attribute the very slow loss at t > 65 s as a continuing slow leak through the OM.
Accordingly, for t > 65 s the decay rate of T(t) appears similar to that of B(t).

Notice that the CM remains permeable to GFP for some 13 s (ts — ts) after the OM has
mostly re-sealed to GFP. These seem to be independent events. Both CM and OM are
simultaneously quite permeable to GFP only for the short time period (ts — t4) = 4 s. This short
interval explains why experiments imaging cytoplasmic GFP after melittin addition (Appendix
2C.A) show little or no loss of GFP on the several minute timescale of the early OM and CM
permeabilization events. Finally, at much longer time t; ~ 2-20 min (not shown in Figure 2.5),
both membranes have become permeable to GFP once again, and the cell drains completely.

Our measurements provide no information about the molecular-level nature of the
permeabilization sites. However, the timescale of GFP leakage during different events provides

some indication of the degree of permeability of the OM or CM to GFP at each stage of the
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attack. These timescales vary significantly. The initial loss of GFP through the OM is rapid,
occurring on average in <(ts — t1)> ~13 s. Transfer of GFP from the bubble through the CM and
into the cytoplasm is comparably rapid, <(ts — t4)> ~ 13 s. In contrast, when melittin attacks cells
expressing cytoplasmic GFP (Appendix 2C.A), the final leakage from cytoplasm to the cell
surround beginning at t; is very slow, typically occurring over ~4 min. This loss is apparently
limited by the combined CM and OM permeability, not by GFP diffusion in the cytoplasm 27-%8,
For comparison, in the attack of LL-37 on cells expressing cytoplasmic GFP, the cytoplasm
typically drains entirely in ~20 s or less after membrane permeabilization (example in Appendix
2C.B). The underlying cause of the bottleneck to the final stage of melittin-induced GFP leakage
iS not clear.
DISCUSSION
Melittin interactions with model lipid bilayers

There is an extensive literature describing interactions of AMPs with model lipid bilayers in
the form of small or large unilamellar vesicles (SUVs or LUVS), giant unilamellar vesicles
(GUVs), cushioned planar bilayers, and, most recently, E. coli cytoplasmic membranes in the
form of spheroplasts 3711, Melittin is probably the peptide most often studied by these methods.
A persistent question is the relevance of such studies of model membranes to the mechanisms by
which AMPs interact with real bacterial membranes. Because the present work provides the most
detailed account thus far of melittin interactions with bacterial membranes, an attempt to find
connections seems worthwhile.

In experiments on model lipid bilayers, melittin apparently exhibits different behaviors at
low vs high peptide-to-lipid (P/L) ratios, and also for zwitterionic vesicles (typically POPC) vs

vesicles containing 30-100% anionic lipids (typically POPG). In 1998, Schwarz and co-workers
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observed graded (partial) release of dye from zwitterionic vesicles induced by melittin at low P/L
ratios on the order of 1/1000 3. Graded release indicates that vesicles were transiently
permeabilized to the dye, but re-sealed on the timescale of complete release of dye content. They
attributed the partial release to formation of transient pores. Quantitative modeling yielded a very
short estimated pore lifetime, below ~10 ms. Transient permeabilization by melittin at low P/L
ratio was corroborated more recently in studies of both zwitterionic and mixed
zwitterionic/anionic vesicles by Wimley and Hristova . Melittin interactions with bilayers may
also depend on the degree of hydration of the sample. Stable, equilibrium pores were observed in
low-hydration multilayers 7, while similar P/L ratios caused transient permeabilization at high
hydration 5.

An appealing mechanism for transient pore formation at low P/L invokes the build-up of
curvature stress (the “wedge effect”) as melittin binds initially to the outer leaflet of the vesicle >
7. Eventually the stress induces vesicle rupture (attributed to pore formation) and dye release.
The same rupture enables translocation of melittin to the vesicle inner leaflet. Equilibration of
melittin density across the two leaflets alleviates the asymmetric curvature stress and the pore re-
seals. For melittin at low P/L, at equilibrium the bilayer is once again impermeable to dye. There
are no persistent pores.

There is also evidence that melittin can induce membrane disruptions (perhaps toroidal
pores) large enough to pass a small globular protein such as the 27 kDa GFP. In 1982, DeGrado
and co-workers showed that melittin transiently permeabilized erythrocytes to hemoglobin 2°.
They attributed the re-sealing process to translocation of melittin across the membrane, similar to
the mechanism invoked here. In a 2001 study of purely anionic vesicles (100% POPG),

Ladokhin and White 4 found that melittin at high P/L ratios >1/35 induced membrane disruptions
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that leaked both small and larger fluorescently labeled dextrans (4 kDa and 50 kDa) with
comparable efficiency. While the disruptions were ascribed to a “detergent-like” mechanism,
they could equally well have been pores of diameter ~3 nm. In 2001, such large, melittin-induced
pores were detected quite directly by Huang and co-workers in fully hydrated, oriented
multilayers using in-plane neutron scattering °. For melittin at P/L > 1/30 on POPC multilayers,
D>O-filled pores of inside diameter 4.4 nm were inferred. At the same high P/L ratios, oriented
circular dichroism showed that most of the melittin helices were inserted into the bilayer
(perpendicular orientation). The inferred structure was that of a toroidal pore lined by a mixture
of melittin and lipid molecules. A recent study showed that melittin at P/L of 1:50 enabled
passage of 10 kDa dextran across lipid vesicle bilayers. A synthetic melittin variant “MelP5”
showed permeabilization of vesicles to both 10 kDa dextran and 24 kDa chymotrypsin at P/L
ratios as low as 1:500 *°.

In 2013 the Huang lab studied melittin interactions with anionic GUVs made of
7:3 POPC:POPG ’. Stable permeabilization to small dye molecules occurred only at high P/L
ratios in excess of 1/45. The permeabilization persisted on a timescale of hours, strongly
suggesting an equilibrium state. Recently the same lab has studied the interaction of melittin with
large spheroplasts made of E. coli cytoplasmic membrane 31, Comparably stable
permeabilization was observed in the spheroplasts . The proposed mechanism invokes initial
formation of transient pores due to the same outer leaflet curvature stress invoked before to
explain graded dye release from vesicles. Such transient pores would enable melittin
translocation, which leads to build-up of positive curvature stress in both leaflets. At sufficiently
high P/L, the equilibrium state has equal melittin concentration in both GUV leaflets and

includes stable permeabilization sites, possibly due to toroidal pores, that incorporate excess
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melittin in an orientation perpendicular to the plane of the membrane. The stable pores would
thus relieve membrane tension caused by apposition of two leaflets, both with positive curvature
stress, in a planar geometry.

Proposed mechanism of membrane permeabilization and re-sealing steps

The present work provides strong evidence of melittin-induced transient permeabilization of
both the OM and CM of live E. coli to GFP. Membranes permeable to GFP will enable melittin
translocation and will leak other small proteins as well as a host of small ions and neutral
molecules. The GFP permeabilization sites tend to occur at curved membrane surfaces (both
septa and endcaps), where the anionic phospholipids cardiolipin (CL) and phosphatidylglycerol
(PG) are known to concentrate. The sites are localized, but we cannot determine whether the
membrane disruptions are pore-like or less organized. The transient OM and CM disruptions live
~10 s, after which they re-seal to GFP. Some 2-20 min later, both membranes have
re-permeabilized to GFP.

In contrast to most vesicle experiments, our flow experiments hold the external melittin
concentration constant at 10 UM, providing an unlimited supply of the AMP to the plated
bacterial cells. As time progresses, the total concentration of melittin within a cell builds up from
the outside in. The mean total concentration of a cationic AMP in an E. coli cell, averaged over
all internal components, can become very high 32-3, For the synthetic peptide ARVA, Wimley
showed binding of ~107—108 peptides per cell, corresponding to a mean concentration in the low-
mM range *2. In effect, our experiments likely sweep the membrane-bound melittin concentration
over a very wide range of P/L ratios during the 30 min observation time.

The real E. coli cell envelope is structurally and compositionally much more complex than a
unilamellar membrane comprising pure lipids. Comparisons with model lipid bilayers are

necessarily speculative. Nevertheless, we can paint an appealing mechanistic picture that
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incorporates ideas first generated to explain the vesicle experiments. We imagine an initial
buildup of melittin in the anionic LPS layer; melittin gradually penetrates to the outer leaflet of
the OM, generating curvature stress. This leads to membrane disruption and the initial leakage of
periplasmic GFP to the cell surround (t1). The disruption enables rapid translocation of melittin
into the periplasm, where it binds to the PG layer, inducing cell shrinkage. The envelope
shrinkage forces shrinkage of the CM, which invaginates to form inward-facing periplasmic
bubbles (t2). (See the proposed explanation below.) As melittin concentration builds up within
the periplasm, it binds to the inner leaflet of the OM, relieving the curvature stress and causing
nearly complete re-sealing of the OM to GFP (ts).

Meanwhile the same process of differential curvature stress repeats itself on the inside
leaflet of the periplasmic bubble (the outer leaflet of the CM), which soon bursts and begins to
leak Sytox Orange (t3), GFP (t4), and presumably melittin into the cytoplasmic space. Melittin
density on the outside bubble leaflet (the inner leaflet of the CM) then builds up to re-seal the
bubble to GFP (ts). Evidently the CM remains permeable to Sytox Orange and, by inference, to
melittin, throughout OM and CM permeabilization and re-sealing to GFP. We suggest that
melittin continues to translocate across both OM and CM, causing a gradual buildup of curvature
stress in both leaflets of both membranes. That buildup occurs slowly, over ~8 min, in part
because binding of melittin to both membranes is competing with binding to a variety of anionic
bacterial components. These include the LPS layer of the OM; within the periplasmic space, the
PG layer and anionic glycopolymers, proteins, and lipids; and within the cytoplasmic space, the
chromosomal DNA, ribosomes, lipids, and a host of soluble anionic proteins and RNAs. These
anionic components evidently act as highly absorbent sinks for cationic AMPs 3223, Eventually,

both OM and CM re-permeabilize to GFP and all residual GFP is lost to the surround (t7).
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The timescale of re-sealing of the OM and CM to GFP is ~10 s, much longer than the
lifetime of ~10 ms for the pores that leak dye from vesicles in the low P/L ~ 1/1000 regime. It
seems unlikely that the pores in these two different types of experiment are closely related. Our
speculative mechanism requires GFP-sized pores that open at much higher P/L ratios and then
subsequently close. Such large, transient pores have not been observed in vesicle experiments,
which have focused on dye efflux.

Proposed mechanism of cell shrinkage and periplasmic bubble formation

How does melittin cause the initial cell shrinkage event and concomitant formation of the
inward-facing periplasmic bubbles? Here we propose a novel mechanical concept that couples
binding of melittin to the peptidoglycan (PG) layer with cell shrinkage and bubble formation.
The PG layer is a single gigantic molecule comprising a meshwork of circumferential glycan
strands crosslinked to each other by short, flexible peptide chains oriented longitudinally 2. The
peptide linkers contain two anionic amino acids each. The PG layer is longitudinally elastic but
circumferentially stiff. It is covalently bound to lipoproteins whose hydrocarbon tails are
embedded in the inner leaflet of the outer membrane. The high concentration of neutral and ionic
solute molecules in the cytoplasm causes influx of excess water, resulting in a large turgor
pressure that drops across the PG/OM layer **. Mechanical equilibrium is attained when the
turgor pressure is balanced by the restoring force of the stretched PG layer, which expands
beyond its equilibrium size. This is analogous to blowing up a balloon.

We propose that binding of cationic AMPs to the anionic peptide crosslinks changes the
physical properties of the PG layer, in effect increasing its longitudinal stiffness (elastic
modulus). If the turgor pressure remains essentially constant while the elastic modulus of the PG

layer increases, the PG layer will contract. Mechanical equilibrium will be re-established at a
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shorter overall length of the cell envelope. This is a plausible explanation for the shrinkage of
cell length as cationic AMPs enter the periplasm. If it is correct, we would expect the rate of
shrinkage of cell length to mimic the rate of build-up of the cationic AMP concentration in the
periplasmic space. Our original study of LL-37 ?° used a rhodamine fluorescent label on the
AMP itself, fortuitously enabling direct observation of the build-up of Rh-LL-37 in the periplasm
as a wave of dequenched red fluorescence that slowly expanded from septum to cell tips.
Independent experiments demonstrated that Rh-LL-37 indeed binds to purified peptidoglycan. In
the example of Fig. 2 of Ref. 20, the shrinkage of cell length and the build-up of periplasmic Rh-
LL-37 intensity both occur gradually on the same timescale, over ~8 min. This behavior is
consistent with our suggestion that AMP binding leads to compression of the PG layer and
longitudinal cell shrinkage.

What happens to the OM and the CM as the PG layer contracts in length? Both membranes
suddenly have excess surface area. The OM is covalently bound to the PG layer by proteolipids.
It could form ruffles or blebs 3%, it could mechanically de-couple from the PG layer by releasing
lipoprotein copies, or it could bud off LPS vesicles to the surround. Our present methods do not
discern blebs and would be insensitive to ruffles or small vesicles. In contrast, the CM is only
weakly mechanically coupled to the PG layer, if at all, and the shrinking PG layer encloses the
CM. As the PG layer contracts axially, the CM must somehow shrink its effective length. It
could ruffle, it could bud off internal vesicles, or it could invaginate. Our observation of the
inward-facing septal periplasmic bubbles induced by melittin indicates that the CM in fact
invaginates. The surface area of a bubble can account for the cylindrical surface area lost in a

15% shrinkage event. The surface area of a periplasmic bubble of radius roubble ~ 300 NM iS Spubble
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= Antrpuble” ~ 1.1 um?. This is indeed 15% of the cylindrical surface area of a cell of radius Reen ~
400 nm and cylindrical length L ~ 3 pm: Seylinder = 2mRcenl ~ 7.5 um?.

This is the only mechanism we can imagine that explains large invaginations in the CM, i.e.,
inward facing bubbles. As melittin accumulates in the periplasm, it first binds differentially to
the outer leaflet of the CM, part of which forms the “inside leaflet” of the bubble. This creates
positive curvature stress on the CM. In unconstrained space, this type of stress would induce
outward facing blebs, not inward facing bubbles. Our model instead supposes that the
mechanical constraint imposed by the shrinking PG layer forces the bubble to grow inward,
taking up extra surface area and relieving the axial stress due to PG layer shrinkage. As melittin
continues to accumulate preferentially in the inside leaflet of the bubble bilayer (the outer leaflet
of the CM), the resulting curvature stress causes the bubble to rupture in a few seconds. This
connects the bubble volume to the cytoplasmic volume and enables Sytox Orange and
periplasmic GFP to enter the cytoplasm. The re-sealing of the bubble to GFP may occur as
sufficient melittin translocates to the cytoplasm where it gains access to the outside leaflet of the
bubble (inner CM leaflet), thus relieving the curvature stress.

Septal periplasmic GFP bubble formation evidently occurs for both melittin and CM15. For
melittin, the septal bubbles remain connected to the periplasmic space and soon become leaky to
the cytoplasm as well. For CM15, the bubbles evidently isolate GFP from both the periplasmic
space and the cytoplasm, as if a stable, internal giant unilamellar vesicle (GUV) has formed
(Appendix 2F and Movie S4). While appealing for melittin, proposed mechanism does not

explain the observation that CM15 induces stable “internal GUVs”.
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Comparisons across antimicrobial peptides

By now we have used single-cell imaging methods to directly observe the attack of a variety
of antimicrobial peptides on live E. coli, including LL-37 ?°, cecropin A *, melittin, and CM15
(a synthetic cecropin A/melittin hybrid) 7. All are positively charged, but they vary in sequence,
length, and charge density (Table 2.1). The observed membrane phenomena and the sequence of
events vary significantly across these peptides.

For the longer peptides LL-37 and cecropin A, the initially observed events were abrupt
shrinkage of cell length by 15-20% and essentially complete loss of periplasmic GFP to the cell
surround. No periplasmic GFP bubbles were observed, perhaps because the rapid loss of GFP to
the cell surround precluded their observation. No membrane re-sealing events were observed,
perhaps for the same reason. The two shorter peptides CM15 and melittin behave similarly to
each other. In both cases, part of the periplasmic GFP intensity is lost almost simultaneously
with cell shrinkage. The OM evidently re-seals and much of the remaining periplasmic GFP then
moves inward into the cytoplasm. For septating cells, both peptides induce periplasmic bubbles
of GFP intensity at the septal region. See Appendix 2F and Movie S4 for the CM15 data. Only
much later do both CM and OM re-permeabilize, enabling complete loss of GFP to the cell
surround. For melittin, the periplasmic GFP bubbles quickly drain. For CM15, the GFP bubbles
persist, even after complete loss of GFP from both cytoplasm and periplasm.

For all four AMPs, septating cells are attacked earlier than non-septating cells and curved
membrane surfaces are preferentially permeabilized (septal region and endcaps; see Appendix
2F). We speculate that the sensitivity of curved membranes to permeabilization by cationic
AMPs may be due in part to the higher concentration of the anionic lipids cardiolipin and

phosphatidyl glycerol at those locations. Localized permeabilization (consistent with pore
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formation) seems quite general across AMPs. There are subtle differences in the patterns of OM
and CM attack. For example, for septating cells cecropin A permeabilizes the OM at the septal
region but the CM at one endcap. LL-37 and melittin permeabilize both OM and CM in the
septal region (Appendix 2E).

Finally, we contrast the effects on E. coli of MMe3:CHxa7, a highly cationic random
copolymer of B-peptide subunits with mean length of ~35 subunits and mean charge of ~+22.
Like melittin and CM15, the random copolymer induced inward movement of periplasmic GFP,
indicating translocation across the OM without complete permeabilization to GFP 6. However,
the first observation was cell shrinkage (by only ~9%) and formation of what we called “endcap
periplasmic GFP bubbles”. The copolymer-induced bubbles localized at both endcaps; they are
highly reminiscent of the plasmolysis spaces induced by abrupt external osmotic upshift. We
believe that the osmotic effects due to translocation of MMe3:CHxs7 and a host of accompanying
anions into the periplasm cause the endcap bubbles. As a result, the osmolality of the periplasm
increases, much as it does after an abrupt external osmotic upshift. The result is loss of
cytoplasmic water and eruption of endcap plasmolysis spaces. In contrast, the osmotic effects are
much smaller when a more moderately charged +6 CM15 or melittin molecule enters the
periplasm and binds to the PG layer. For these reasons, we believe the endcap periplasmic
bubbles induced by MMe3:CHxs7 are plasmolysis spaces caused by an effective osmotic upshift
in the periplasm, while the septal periplasmic bubbles induced by melittin and CM15 are not.
CONCLUSION

It is increasingly clear that introduction of a high concentration of polycationic peptide into
an E. coli cell, most of whose biopolymer content is polyanionic, wreaks havoc in a variety of

ways. However, it all begins with permeabilization of the OM and CM to the peptide itself. Here
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we have characterized the spatiotemporal effects of melittin on the E. coli membranes in great
detail. For both the OM and the CM, we have observed membrane permeabilization, nearly
complete re-sealing, and subsequent re-permeabilization to the globular protein GFP. We
speculate that a mechanism invoking transient permeabilization and permanent
re-permeabilization, both due to the build-up of membrane curvature stress, might prove to be
common to both bacterial membranes and model lipid bilayers. However, the variety and
specificity of the effects of different AMPs on E. coli membranes remains surprising. The
spatiotemporal complexity observed here goes well beyond the effects observed thus far in
model lipid bilayers.
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Table 2.1 Antimicrobial agents compared in this work.

Antimicrobial Sequence Net MIC
Agent 9 Charge (uM) 1

L LGDFFRKSKEKIGKEFKRI-
LL-37 VQRIKDFLRNLVPRTES +6 4

KWKLFKKIEKVGQNIRDGII-

Cecropin A | | AGPAVAVVGQATQIAK-NH: * 0.9
N GIGAVLKVLTTGLPALISWI-
Melittin KRKRQO-NH: +6 5
CM15 KWKLFKKIGAVLKVL-NH; +6 5
+]
B-peptlde i NH i NH i Nig 6.3%- 25
copolymer oo o ol o cationic mL
MMe3:CHxa7 | "™ *HgN_ sidechains | M9
TFA

1 Minimum inhibitory concentration (in M) over 6-hr period in aerated EZRDM medium at
30°C, determined by OD for successive two-fold dilutions in 96 well plates. Copolymer

MMe3:CHxsr lacks a defined molar mass, so MIC is in pg/mL.



Table 2.2 Summary of timing measurements.!

Experiment Measurement | N Mean = SD (s) Range (s)
ppGFP + phase contrast t1 40 | 3.7+6.4 (min) 0.2 —25.2 (min)
12 slcycle t7-t1 26 | 75+54(min) | 1.8—20.4 (min)
ppGFP + Sytox Orange t2-t1 25 4+32 2-8
2 s/cycle t3— 1t 25 1+1 0-6
ts— 1t 33 43+23 1.5-125
PPGFP only ts—ts 24 3.8+1.4 1-65
0.5 s/cycle ts—ty 36 13.3+3.9 6.5 23
te—t 23 13.1+8.3 2.5-30.5

! Notation for events as follows. t1: onset of OM permeabilization to GFP. t2: onset of

periplasmic GFP bubble formation. t3: onset of CM permeabilization to Sytox Orange.

t4: Onset of CM permeabilization to GFP. ts: Re-sealing of OM to GFP. ts: Re-sealing of CM to
GFP. t7: Re-permeabilization of both CM and OM to GFP. See Figure 2.1 for average timeline of
events. See Appendix 2A for histograms of the various timing distributions. N is the number of
individual cells in each sample. The * values are one standard deviation of single measurements.

Values in seconds except as noted.
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Figure 2.1 Time line summarizing the seven membrane-related events observed following
initiation at t = 0 of flow of 10 uM melittin (2X MIC) over plated E. coli cells expressing
periplasmic GFP. Time lags are measured relative to the initial cell shrinkage and OM
permeabilization event at t1. See Table 2.2 and Appendix 2A for mean values and histograms of

each quantity across cells.
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Figure 2.2 Example of effects of 10 uM melittin (2X MIC) on a single, representative E. coli
cell expressing periplasmic GFP in aerobic growth conditions at 30°C. The frame rate is 12
sec/cycle, and flow of melittin begins at t = 0. (A) Phase contrast and fluorescence snapshots.
(B) Transverse intensity profiles along the yellow line shown in panel A. The profile is
periplasmic before adding melittin and cytoplasmic shortly after adding melittin. (C) Time
dependence of cell length (from phase contrast images) and total GFP fluorescence intensity. The
abrupt 37% decrease in GFP fluorescence intensity coincides with cell shrinkage. Most
remaining GFP is trapped inside the cell envelope until t = 22 min. Scale: The width of an E. coli

cell under our growth conditions is 900 nm.
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Figure 2.3 Fluorescence snapshots of single E. coli cells expressing periplasmic GFP in aerobic
growth conditions following addition of 10 uM melittin at t = 0. Images acquired at 0.5
sec/cycle. (A) A septating cell that forms one periplasmic GFP bubble at the septal region. (B) A
septating cell that forms a pair of periplasmic GFP bubbles at the septal region, possibly
indicating an annular (donut-like) invagination. (C) An apparently non-septating cell that forms
one periplasmic GFP bubble. Scale: The width of an E. coli cell under our growth conditions is

900 nm.
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o1

Figure 2.4 Timing of total fluorescence intensity of GFP and Sytox Orange from two-color
imaging of the same cell. The camera alternates acquisition of green and orange fluorescence
images at 2 sec/cycle. (A) Fluorescence snapshots of a single E. coli cell expressing periplasmic
GFP in aerobic growth conditions, following addition of 10 uM melittin and 5 nM Sytox Orange
beginning at t = 0. Left: GFP. Right: Sytox Orange. Image brightness for snapshots prior to 144 s
was enhanced 14X to enable visualization of weak signals. (B) Time dependence of total
fluorescence intensity in each channel for the cell shown in A. (C) Axial intensity distribution of
Sytox Orange fluorescence at different time points as shown. Sytox Orange first appears near the
septal region, then spreads gradually to the entire cell. The four-peaked distribution at long times
is characteristic of the axial distribution of the nucleoids (chromosomal DNA). Scale: The width

of an E. coli cell under our growth conditions is 900 nm.
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Figure 2.5 Time evolution of total GFP fluorescence intensity T(t), GFP intensity in the region
where the periplasmic bubble forms B(t), and GFP intensity in a region sampling primarily
cytoplasmic GFP C(t). The cell under study is the same one shown in Figure 2.3A. Image
acquisition occurs at 0.5 sec/cycle. (A) Regions of interest 1, 2, and 3 are used for total GFP
intensity, GFP bubble intensity, and cytoplasmic GFP intensity. (B) Left: Fluorescence
snapshots of the representative cell before and after melittin injection. Right: Transverse
intensity profiles along the yellow lines of panel B. (C) Time dependence of total GFP intensity
in the three regions of interest. Permeabilization and re-sealing events marked as ty, t2, ts, t5, and
te denote the onset of OM permeabilization to GFP, the onset of periplasmic GFP bubble
formation, the onset of CM permeabilization to GFP, the time of re-sealing of the OM to GFP,
and time of re-sealing of the CM to GFP, respectively. See text and Figure 2.5. Scale: The width

of an E. coli cell under our growth conditions is 900 nm.
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Appendix 2A. Histograms of lag times of the seven membrane events across different cells after
the onset of flow of 10 uM melittin at t = 0 across cells expressing periplasmic GFP. See Figure
2.1 for composite timeline and Table 2.2 for means and standard deviations. A and H are from
one-color, 12 sec/cycle experiments. B and C are from two-color, 2 sec/cycle experiments. D, E,
F, and G are from one-color, 0.5 sec/cycle experiments. A: Onset of cell shrinkage and outer
membrane permeabilization (OMP) to GFP. B: Lag time between OMP to GFP and onset of
GFP bubble formation. C: Lag time between GFP bubble onset and cytoplasmic membrane
permeabilization (CMP) to Sytox Orange. D: Lag time between GFP bubble onset and CMP to
GFP. E: Lag time between OMP and re-sealing of OM to GFP. F: Lag time between CMP to
GFP and re-sealing of OM to GFP. G: Lag time between CMP and CM re-sealing to GFP. H:
Lag time between initial OMP event and re-permeabilization of both OM and CM to GFP,

allowing complete escape of GFP to cell surround.
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Appendix 2B. Snapshots of representative cells exposed to melittin and the membrane staining
dye FM4-64. Bright punctal features always face inward, indicating invagination of the
cytoplasmic membrane rather than outward facing blebs in the outer membrane. Scale bar is 1

pm.
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Appendix 2C. Comparison of rate of loss of cytoplasmic GFP to the cell surround and influx of
Sytox Orange into the cytoplasm for attack by melittin vs LL-37. E. coli strain is JCW1, which is
MG1655 modified to include a plasmid expressing GFPmut2 in the cytoplasm (not exported to
the periplasm). (A) Left: Fluorescence snapshots of a single cell following addition of 10 uM
melittin (2X MIC) and 5 nM Sytox Orange. Movie at 2 sec/cycle. Right: Time dependence of
total fluorescence intensity from GFP and Sytox Orange. GFP intensity only decreases slightly
when CM is permeabilized to Sytox Orange. Sytox Orange intensity keeps increasing when GFP
intensity plateaus. When membranes are re-permeabilized, GFP leaks to cell surround over

~4 min. (B) Time dependence of single-cell total fluorescence intensity from GFP and Sytox
Orange following addition of 4 uM LL-37 (1X MIC) and 5 nM Sytox Orange. Movie at 6

sec/cycle. Cytoplasmic GFP leaks out completely within ~12 sec.
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Appendix 2D. For non-septating cells, melittin preferentially attacks endcap of cytoplasmic
membrane. (A) Sytox Orange fluorescence snapshots of a single E. coli cell expressing
periplasmic GFP, following addition of 10 uM melittin (2X MIC) and 5 nM Sytox Orange
att =0 s. Movie at 2 sec/cycle. Brightness enhanced 5-fold for times < 98s for clarity. Sytox
Orange lights up initially at one endcap, and then gradually spreads to the entire nucleoid.

(B) Axial intensity profile of Sytox Orange fluorescence at different times.



60

26.5s 27.5s 28.5s 29.5s 30.5s 31.5s

T %

5 .

@ 6001 26.5s
i @
£ 500+ &
® 5
8 2
S 400+ |
8 —
D 315
S 300+ °
- |

i

200

0 1 2 3 4 5 6
Axial Coordinate (um)

Appendix 2E. Melittin attacks the outer membrane of septating cells at the septal region. (A)
Green fluorescence snapshots of a single E. coli cell expressing periplasmic GFP in aerobic
growth conditions, following addition of 10 uM Melittin (2X MIC) and 5 nM Sytox Green at t =
0. Movie acquired at 0.5 sec/cycle. Periplasmic GFP is depleted first from the septal region,
before the entry of Sytox Green to the cytoplasm. (B) Axial intensity profile of GFP fluorescence

at different times, showing the growing hole in the distribution of GFP.
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Appendix 2F. E. coli cells attacked by the cecropin A/melittin hybrid peptide CM15.

(A) Fluorescence and phase contrast snapshots of a single E. coli cell expressing periplasmic
GFP following addition of 10 uM CM15 (2X MIC). Movie acquisition at 12 sec/cycle. Similar to
melittin, CM15 induces a pair of periplasmic GFP bubbles at the septal region. Note the absence
of blebs in the phase contrast images. GFP bubbles persist even after outer membrane is
permeabilized to GFP. (B — D) Sytox Green imaging for three cells showing different modes of
attack of CM15 on the cytoplasmic membrane. WT MG1655 E. coli cells imaged after addition
of 10 uM CM15 (2X MIC) and 5 nM Sytox Green at t = 0. Movie acquisition at 0.5 sec/cycle.
For septating cells, CM15 sometimes attacks one endcap (B), and sometimes attacks the septal

region (C). For non-septating cells, CM15 always attacks one endcap (D).
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Chapter 3

HaloTag Assay Suggests Common Mechanism
of E. coli Membrane Permeabilization
Induced by Cationic Peptides

Adapted from the publication listed below with permissions:
Yang, Z., and Weisshaar, J. C. (2018) HaloTag Assay Suggests Common Mechanism

of E. coli Membrane Permeabilization Induced by Cationic Peptides, ACS Chemical Biology.

* ZY and JCW contributed to design of the project. ZY performed the experiments. ZY and JCW

analyzed the data and wrote the manuscript. Supplemental movies are available online.



68

ABSTRACT

Permeabilization of the Gram negative bacterial outer membrane (OM) by antimicrobial peptides
(AMPs) is the initial step enabling access of the AMP to the cytoplasmic membrane. We present
a new single-cell, time-resolved fluorescence microscopy assay that reports on the
permeabilization of the E. coli OM to small molecules, with time resolution of 3 sec or better.
When the profluorophore JFess (702 Da) crosses the outer membrane (OM) and gains access to
the periplasm, it binds to localized HaloTag protein (34 kDa) and fluoresces in a characteristic
hollow spatial pattern. Previous work used the much larger periplasmic GFP (27 kDa) probe,
which reports on OM permeabilization to globular proteins. We test the assay on three cationic
agents: the Gellman random B—peptide copolymer MMe3:CHx3s7, the human AMP LL-37, and the
synthetic hybrid AMP CM15. These results combined with previous work suggest a unifying
sequence of OM and cytoplasmic membrane (CM) events that may prove commonplace in the
attack of cationic peptides on Gram negative bacteria. The peptide initially induces gradual OM
permeabilization to small molecules, likely including the peptide itself. After a lag time, abrupt
permeabilization of the OM, abrupt re-sealing of the OM, and abrupt permeabilization of the CM
(all to globular proteins) occur in rapid sequence. We propose a mechanism based on membrane
curvature stress induced by time-dependent differential binding of peptide to the outer leaflet of
the OM and CM. The results provide fresh insight into the critical OM permeabilization step

leading to a variety of damaging downstream events.
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Introduction

Antimicrobial peptides (AMPs), also called host-defense peptides, play a dual role in the
innate immune system of many species, including humans, acting as both antimicrobial agents
and signaling molecules.'? In this era of multi-drug resistant bacteria, AMPs may serve as useful
lead compounds in the search for novel antibacterial agents. One widespread mechanism of
action of natural AMPs is the permeabilization of bacterial membranes of both Gram positive
and Gram negative species. Perhaps as a result, bacterial resistance to AMPs develops only
slowly.

By now it is clear that the damage mechanisms induced by AMPs go well beyond
membrane permeabilization and destruction of the trans-membrane potential that drives ATP
production.®* A wide variety of bulk culture and single-cell diagnostic assays have revealed
numerous physical and biochemical effects of AMPs on cultured bacteria.>® Our lab has been
developing single-cell, time resolved, fluorescence-based assays that monitor a variety of
AMP-induced “symptoms”.”*> We have focused primarily on the Gram negative species E. coli
under attack by the polycationic AMPs LL-37,” % Cecropin A,2 CM15,'! and Melittin,® as well
as by the synthetic cationic random B-peptide copolymer MMes:CHxs7 (Table 3.1).22 Thus far
the methods enable direct determination of the timing of events such as outer membrane
permeabilization (OMP) to GFP, cytoplasmic membrane permeabilization (CMP) to GFP and a
Sytox dye, cell shrinkage, the halting of growth, and the onset of oxidative stress. Each
antimicrobial agent exhibits a unique set of events.

Our simplest assay uses a strain of E. coli MG1655 that expresses GFP bound to a TorA
signal sequence, causing export of GFP from the cytoplasm to the periplasm via the Tat

system.® Periplasmic GFP creates a hollow, shell-like image in the 2D fluorescence microscope.
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This assay alone yields a surprising variety of behaviors for different cationic peptides. After
initiation of the flow of LL-37" 4 or Cecropin A® across plated cells at t = 0, we observe a time
lag followed by loss of the periplasmic GFP signal to the cell surround. The behavior is
illustrated for a representative septating cell during attack by Cecropin A in Figure 3.1A.
Evidently the AMP has induced OM permeabilization to small, globular proteins in localized
fashion at the septal region. In sharp contrast, for the short, synthetic AMP CM15 and for the
longer synthetic copolymer MMs3:CHXxa7, the initial periplasmic GFP image abruptly evolves to
a filled, cytoplasmic image. This alternative behavior is illustrated for a non-septating cell
attacked by the copolymer in Figure 3.1B. Evidently the copolymer has first induced CM
permeabilization to periplasmic GFP, which moves inward to fill the much larger cytoplasmic
volume. Meanwhile, the total GFP fluorescence intensity remains essentially constant. GFP is
lost to the surround only much later. Most recently, we found that Melittin induces behavior
intermediate between that of Figure 3.1A and 3.1B.%° After a time lag, roughly half of the
periplasmic GFP intensity is lost to the surround, and the remainder of the intensity soon exhibits
a cytoplasmic spatial distribution. Complete loss of GFP occurs only much later. Evidently the
OM has become transiently permeable to GFP and then re-sealed. Meanwhile the CM has
become permeable to GFP. Such re-sealing behavior is reminiscent of the effects of AMPs on
purified lipid vesicles and GUVs.17-%

GFP is a small, globular protein of mass 27 kDa, much larger than the typical
antimicrobial agent of mass ~1-5 kDa. Before periplasmic GFP has moved inward to fill the
cytoplasm, the antimicrobial agent must surely have translocated across the OM to gain access to
the periplasmic space and to the CM itself. This passage is the key initial step in AMP activity

against Gram negative bacteria. An important mechanistic question is: how does the cationic
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agent cross the OM? It is possible that linear cationic peptides might thread their way through
open porin channels in the OM, as seemingly occurs for colicin.?® The peptide might also
transiently insert in the OM bilayer and subsequently de-insert into the periplasmic space,
without having permeabilized the OM to other small molecules, much less to GFP. Finally, the
peptide might first induce OM permeabilization to smaller species, including itself; these
permeabilization sites may subsequently evolve to enable passage of small globular proteins such
as GFP.

In order to dissect these possibilities, it is highly desirable to develop a single-cell assay
that detects the onset of OM permeabilization to small molecules with good time resolution.
Previously developed bulk assays used small profluorophores to detect permeabilization of the
OM, but without spatiotemporal resolution.?52 Here we describe a single-cell, time-resolved,
fluorescence microscopy assay based on binding of a red-emitting profluorophore called JFess
ligand?® (mass 702 Da, Figure 3.2B) to HaloTag protein®® (34 kDa) that has been exported to the
periplasm. When an antimicrobial agent induces OM permeabilization to the JFess ligand, the
ligand gains access to the periplasm, binds covalently to HaloTag protein, and fluoresces red
with a periplasmic spatial distribution. The assay is sensitive enough to detect the onset of OM
permeabilization to JFess ligand with time resolution of 3 sec or better. The new results for
copolymer MMse3:CHxs7 and for LL-37 strongly suggest that a common mechanism may apply to
all five peptides in Table 3.1. Initial, gradual OM permeabilization to small species is followed
by a time lag before abrupt OM permeabilization to globular proteins. Abrupt re-sealing of the
OM and permeabilization of the CM to globular proteins follow shortly afterward. This may
prove to be a fairly general sequence of events across a variety of cationic peptides, with timing

details dependent on the specific peptide and its concentration. We present a mechanistic picture
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of membrane permeabilization and re-sealing in terms of time-dependent curvature stress caused
by asymmetric binding of the peptide to the two leaflets of the membrane. This mechanism is
borrowed from a large body of work on vesicles composed of pure lipids.*’22

Future extensions might combine the new HaloTag-based assay with addition of external
Sytox Green or Sytox Orange, which bind to chromosomal DNA to signal CM permeabilization
to small molecules. Such a combined single-cell assay could reveal the timing of OM and CM
permeabilization events to both small species and globular proteins, all in one experiment. These
methods may also find application in mechanistic studies of the effects of small-molecule
antibiotics.
METHODS

The strains and plasmids used in this study are summarized in Appendix 3A. Details of
strain construction and induction conditions are provided in Appendix. Bulk cultures were
grown in EZRDM?3! from glycerol frozen stock to stationary phase overnight at 30°C.
Subcultures were grown to exponential phase (OD = 0.2-0.6 at 600 nm) before sampling for the
microscopy experiments at 30°C. The antimicrobial agents are described in Table 3.1; additional
details are found in SI. The aerobic MIC values for the various antimicrobial agents were
determined using the broth microdilution method as previously described.” Imaging of individual
cells was carried out at 30°C in a simple microfluidics chamber as previously described.!! Fresh,
aerated medium flows over the cells continuously. The cells were imaged for ~5 min before
switching to fresh medium containing the compounds under study (antimicrobial agent, JFess
ligand). Details of the microscopy procedure and setup are in SI. The concentration of each
peptide was chosen to be sufficiently high to cause significant antimicrobial action on a 30-min

timescale, but low enough to enable the methods to resolve sequential events in time.
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RESULTS AND DISCUSSION

The new assay detects the onset of OM permeabilization to small molecules using the
HaloTag concept (Figure 3.2).%° This requires two components, an E. coli strain that exports the
HaloTag protein to the periplasmic space and an impermeant profluorophore called
JFe4s ligand.?® The strains used in this work are listed in Appendix 3A. Strain zy3720 carries a
plasmid pMB?2 that expresses HaloTag protein with the DsbA signal peptide appended to the
N-terminus (ssDsbA-HaloTag). As a result, HaloTag protein is co-translationally exported to the
periplasm, as previously shown.* In aqueous solution, the JFsss ligand preferentially adopts the
closed lactone form, which fluoresces only weakly (Figure 3.2B). When JFs4s ligand binds
covalently to the HaloTag protein to form the HaloTag-JFess conjugate, the local environment
around JFsss changes. The result is a large increase in red JFsss fluorescence.?® 32 A hollow,
shell-like spatial distribution signals the passage of JFess ligand across the OM into the
periplasm. At the same time, the OM presumably becomes permeable to other small molecules,
likely including the antimicrobial agent itself. If the next step is CM permeabilization to globular
proteins, the HaloTag-JFess cOnjugate gains access to the cytoplasm, and the hollow spatial
distribution fills in. If the next step is OM permeabilization to globular proteins, the conjugate
leaves the cell envelope and the red fluorescence disappears. By measuring fluorescence
intensity across the short axis of the cell, we can determine for each camera frame whether a
fluorophore distributes predominantly in the periplasm or throughout the entire cell.

Minimum inhibitory concentration (MIC) results for the antimicrobial agents are shown
in Table 3.1. Details of the microscopy experiments are described in SI. Briefly, exponentially
growing cells are plated in a microfluidics chamber. At t = 0, the flow of aerated medium is

switched to aerated medium plus a fixed concentration of antimicrobial agent and 100 nM
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JFes6 ligand. For one-color imaging experiments using strain zy3720, we alternate fluorescence
and phase contrast images, usually at 6 sec intervals (12 sec/cycle). The fluorescence image
monitors the JFes6 ligand binding to HaloTag protein and the phase contrast image monitors cell
length. Two-color imaging experiments use strain zy3722 that contains a plasmid expressing
both ssDsbA-HaloTag and ssTorA-GFP. Both HaloTag protein and GFP are exported to the
periplasm. We sequentially acquire two fluorescence channels and the phase contrast channel,
again at 12 sec/cycle. The green channel monitors GFP, the red channel monitors JFesss
fluorescence, and the phase contrast channel monitors cell length. For each case, typically at
least 60 cells in total were analyzed from three repeat experiments.
Preliminary tests

First we tested two strains for their ability to export HaloTag protein to the periplasm,
zy3719 and zy3720 (Appendix 3B). Strain zy3719 carries plasmid pMB1, expressing the
HaloTag domain fused to the signal sequence of maltose-binding periplasmic protein (ssMalE-
HaloTag). Strain zy3720 carries plasmid pMB2, expressing the HaloTag domain fused to the
signal sequence of the periplasmic protein DsbA (ssDsbA-HaloTag). To determine where the
HaloTag protein localizes inside E. coli cells, we added the permeable, red fluorescent
tetramethyl-rhodamine ligand (TMR ligand).® On excitation at 561 nm, TMR ligand emits at
580 nm. When supplied exogenously, TMR ligand permeates both membranes of living E. coli
cells and covalently binds to HaloTag protein specifically. After rinsing with fresh medium,
unbound TMR ligands are removed from the cells. The pattern of the residual fluorescence
reports on the spatial distribution of the HaloTag protein.

Wild-type (WT) MG1655 cells do not express HaloTag protein and exhibited no

significant TMR fluorescence after TMR ligand incubation and rinsing (Appendix 3B.). There is
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little or no permanent binding of TMR ligand to the cell envelope or to periplasmic or
cytoplasmic components. Attempts at exporting HaloTag protein to the periplasm using ssMalE
(strain zy3719) failed (Appendix 3B.A). TMR fluorescence fills the entire cell, indicating that
functional HaloTag protein remains primarily in the cytoplasm. In contrast, for strain zy3720
using the ssDsbA signal, TMR fluorescence exists predominately in the periplasm, indicating
that HaloTag protein is exported efficiently to the periplasm (Appendix 3B.A). Similarly, two-
color imaging demonstrated that strain zy3722 efficiently exports both HaloTag protein and GFP
to the periplasm (Appendix 3B.A).

Next we tested the membrane permeability and toxicity of JFess ligand towards E. coli. At
t = 0, we flowed 100 nM JFess ligand alone across E. coli zy3720 cells expressing periplasmic
HaloTag protein. Fluorescence images and phase contrast images were interleaved, to monitor
JFes6 fluorescence and bacterial growth. During 1 hr of continuous flow, no obvious fluorescence
was observed inside the cells (Appendix 3B.B, Movie S1). Although some background
fluorescence outside the cells appeared in the first few minutes, JFess ligand at 200 nM does not
permeate the OM of E. coli. A detailed description is included in SI. Meanwhile, JFss6 ligand
does not harm the growth of E. coli, as cells continue to grow and divide. The doubling time for
E. coli zy3720 cells in the presence of 100 nM JFese ligand is 52 £ 3 min, determined from cell
length vs time. This is comparable to the 50 + 3 min doubling time of WT E. coli cells plated in
the microfluidic chamber when only EZ rich defined medium (EZRDM) is supplied.

Finally, we tested for JFess fluorescence in WT cells (lacking HaloTag protein) after
permeabilization by copolymer MMes:CHxz7 at 1.2X MIC (Appendix 3B.C). We observe only a

weak burst of red intracellular fluorescence that begins after OM permeabilization (see below)
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and quickly dies away. This burst is at least 30-fold weaker than the JFess fluorescence induced
in zy3720 cells by the copolymer, as shown below.
Membrane permeabilization and re-sealing induced by copolymer MMes: CHX37

First we used the one-color assay to observe membrane permeabilization events induced
by the copolymer MMe3:CHXx37 in E. coli cells. Att =0, we flowed 30 pg/mL of MMs3:CHX37
(1.2X MIC) plus 100 nM JFes6 ligand across plated E. coli zy3720 cells that export HaloTag
protein to the periplasm. In these one-color experiments, we monitored JFess fluorescence and
phase contrast every 12 s. Consistent with our previous study,*3 nearly all cells began to shrink in
length beginning within 24 sec of MMe3:CHx37 addition. Later some cells partially recovered cell
length, as before. For the representative cell in Figure 3.3A and Movie S2, the cell length
decrease started at t; = 0.2 min and continued until 1.4 min, when partial reversal occurred.
Beginning at t> = 0.4 min, red JFess fluorescence increased abruptly and continued to rise until t
= 1.8 min, when it reached a plateau (Figure 3.3C). The plateau may indicate that all the
HaloTag protein has become bound by JFsss ligands. As shown from transverse intensity profiles
(Figure 3.3B), the JFe4s fluorescence at first accumulated in the periplasm, but began to fill the
cytoplasm at t3 = 1.6-1.8 min.

Copolymer MMe3:CHx37 caused OM permeabilization to JFsss ligand, allowing it to enter
the periplasm and bind to the HaloTag protein. Initially much or all of the HaloTag-JFsss
conjugate remained in the periplasm. Later the CM was permeabilized to the HaloTag-JFess
conjugate, which began to fill the cytoplasm. Meanwhile, the OM remained essentially
impermeable to the conjugate. We previously interpreted the shrinkage event as primarily an
osmotic effect caused by entry of the highly cationic copolymer and its many counterions into

the periplasm.'® The partial recovery of length may be due to import of K* ions into the
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cytoplasm. Under the assumption that the OM was permeabilized to the copolymer (mean molar
mass ~7 kDa) at the same time as the JFess ligand (702 Da), the earlier explanation is
corroborated. Notice that the onset of shrinkage matches the onset of HaloTag-JFess coOnjugate
fluorescence within 1 camera cycle = 0.2 min = 12 sec. The duration of the shrinkage event and
the risetime of the fluorescence seem to match as well.

It is important to exclude the possibility that the JFess fluorescence increase is produced
by interaction of JFess ligand with some intracellular species other than HaloTag protein. In
Appendix 3B.C (and Movie S3), we show a control experiment flowing 30 pg/mL MMe3:CHX37
plus 100 nM JFess ligand across wild type E. coli cells containing no HaloTag protein. A weak,
transient, intracellular, cytoplasmic signal appears only after the shrinkage event. The peak
fluorescence intensity in the control experiments (Appendix 3B.C) is at least 30-fold smaller
than the plateau value attained when HaloTag protein is present (Figure 3.3C). Evidently the
bright periplasmic fluorescence observed in zy3720 cells is almost entirely due to the binding of
JFes6 ligand to the HaloTag protein following OM permeabilization.

We measure the mean values across cells of the timing events t; (onset of cell shrinkage),
(t2 — t1) (the additional lag time to the onset of HaloTag-JFess conjugate fluorescence in the
periplasm), and (t3 — t2) (the lag time between the onset of periplasmic fluorescence and entry of
the conjugate into the cytoplasm). The corresponding detailed distributions are shown in
Appendix 3C. Across 70 cells, <(t2—t1)>=0.2 + 0.0 min and <(tz3—t2)>=1.0 £ 0.7 min (¢
1SD). Even at 1.2X MIC, the Gellman copolymer MMs3:CHx37 permeabilizes the OM and CM
in rapid succession. The new assay readily discerns both the onset of OM permeabilization to
small molecules and the onset of CM permeabilization to globular proteins using a single

fluorophore.
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To gain additional information, we also applied the two-color assay to the attack of
copolymer MMe3:CHxs7 on E. coli cells. Att =0, we flowed 30 pg/mL MMe3:CHXa7
(1.2X MIC) plus 100 nM JFeas ligand across E. coli zy3722 cells that export both HaloTag
protein and GFP to the periplasm. In these experiments, we monitored green GFP fluorescence,
red JFess fluorescence, and phase contrast with a cycle time of 12 s. As in the one-color
experiment, the JFes6 Signal begins to rise shortly after the onset of cell shrinkage, initially
forming a periplasmic image. For the particular cell in Figure 3.4A and Movie S4, this occurs at
t> = 0.6 min, and the signal continues to rise gradually up until t3 = 5.2 min. The JFess image
remains periplasmic during this interval. Meanwhile, the periplasmic GFP image maintains its
intensity (except for minor photobleaching) over the same period. This demonstrates clearly that
the OM has initially become permeabilized to small molecules such as JFesss ligand, but not to
small globular proteins such as periplasmic GFP.

At t3 = 5.2 min, both GFP and JFess images abruptly change from periplasmic to
cytoplasmic. Interestingly, at the same moment the GFP intensity decreases by about 10% while
the HaloTag—JFess cOnjugate intensity increases by about 20%. Our interpretation is that the
copolymer is inducing transient permeabilization of the OM to GFP, after which the OM re-seals
to globular proteins of GFP size or larger. The transient opening lasts only about 3 frames = 36
sec. The same transient OM permeabilization event presumably also releases some of the
(slightly larger) periplasmic HaloTag protein. However, during the transient event, the JFess
ligand can cross the OM more rapidly than before, resulting in a net abrupt increase in
fluorescence from the HaloTag—JFess conjugate. Essentially simultaneously with the

OM re-sealing event, the CM becomes permeable to both GFP and HaloTag—JFes4s conjugate and
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both images fill in. Meanwhile, the OM remains permeable to JFsss ligand, as evidenced by the
slow continuing rise of conjugate fluorescence at t > 5.2 min.
Membrane permeabilization and re-sealing induced by LL-37

We also applied the one-color assay to the human AMP LL-37. In previous work imaging
periplasmic GFP and Sytox Green in the same fluorescence channel, we had observed loss of
roughly 90% of periplasmic GFP to the surround (signaling OM permeabilization to GFP) and
the subsequent rise in Sytox Green fluorescence (CM permeabilization to Sytox Green).’ 4
The very strong Sytox Green signal would have obscured any residual GFP that was trapped
inside the cell by a membrane re-sealing event.

The one-color HaloTag assay reveals that an OM re-sealing event in fact occurs during
the attack of LL-37. Att = 0 we initiated flow of 4 uM LL-37 (1X MIC) plus 100 nM JFe4s
across plated zy3720 cells. The typical behavior is shown in Figure 3.5 and Movie S5. Within 2
min, an intracellular, periplasmic signal from HaloTag—JFsss conjugate begins to rise gradually
and cell growth begins to slow down. At t = 14.5 min, some 75% of the fluorescence is lost
abruptly to the surround. The remaining 25% exhibits the cytoplasmic (filled cell) spatial pattern.
Once again, our interpretation is that the OM is transiently permeabilized to the conjugate. At
essentially the same time as the OM re-seals to globular proteins, the CM is permeabilized to the
conjugate. A brief test of the two-color assay (green periplasmic GFP and red HaloTag—JFess
conjugate) on LL-37 confirmed that periplasmic GFP and HaloTag—JFess cOnjugate move
similarly in space and time (Appendix 3D). Most of the GFP and the conjugate intensity is lost
at the same time, and both images change abruptly from the periplasmic to the cytoplasmic
spatial distribution.

Rapid CM permeabilization induced by CM15
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Finally, we applied the one-color assay to the short, synthetic antimicrobial peptide
CM15, which was previously shown to induce very rapid migration of periplasmic GFP into the
cytoplasm.! Flow of 10 pM CM15 (2X MIC) plus 100 nM JFess ligand across zy3720 cells
began at t = 0. In an attempt to estimate the kinetic response time of the new assay, the time
resolution was increased to 3 sec/cycle. For the representative cell in Figure 3.6, shrinkage of
cell length by some 20% began abruptly at t; = 39 sec and was essentially complete in only 4
frames = 12 sec. The onset of JFess fluorescence was essentially simultaneous with t1. We infer
very rapid passage of CM15 across the OM and into the periplasm. Evidently the assay is
sufficiently sensitive to detect the onset of OM permeabilization to small molecules to within 3
sec or better. The shift of JFese fluorescence from a periplasmic distribution to a cytoplasmic
distribution occurs within one camera cycle, at t> = 0.70-0.75 min = 42-45 sec. This event is also
detected with time resolution of 3 sec or better. The rising signal reached 2/3 of its plateau value
in 10 frames = 30 sec. This is a convolution of the timescale of passage of JFsss ligand into the
periplasm and the timescale for the bimolecular reaction between JFss6 ligand and the
periplasmic HaloTag protein. Thus we take 30 sec as an upper bound on the kinetic response
time of the new assay under the conditions described. The comparable fluorescence risetime for
the copolymer experiment in Figure 3.3C is much longer, ~60 sec. Accordingly, the cell
shrinkage event is slower, itself requiring ~60 sec. We interpret this to mean that the copolymer
and JFess ligand gain access to the periplasm less rapidly than do CM15 and JFess ligand.
General mechanistic insights

The new HaloTag—JFess assay reveals that after an initial time delay, both the copolymer
MMes:CHxs7 and the natural AMP LL-37 induce a brief period of OM permeability to globular

proteins followed by re-sealing of the OM and abrupt permeabilization of the CM to globular
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proteins. A similar sequence of events was recently elucidated for the antimicrobial peptide
Melittin using periplasmic GFP as the probe.*® For MMs3:CHxs7 and for LL-37, the new
HaloTag assay also enables direct observation of permeabilization of the OM to the much
smaller JFss6 ligand during the initial lag time leading up to OM permeabilization to globular
proteins. It is highly likely that the OM has become permeable to the antimicrobial agent itself
during the same initial period. We have not tested the timing of JFess permeability induced by
Melittin.

Evidently all three of these cationic peptides attack the E. coli cell envelope in a similar
sequence of mechanistic steps. During the initial period, the peptide binds to and penetrates the
anionic lipopolysaccharide (LPS) layer, eventually permeabilizing the OM to small molecules
such as JFess ligand, and presumably to the peptide itself. Our methods do not directly speak to
the molecular-level details of the initial permeabilization mechanism, which could involve
“detergent-like” disruption of OM structure®*3° or formation of small toroidal pores.3¢-3
It would be interesting to learn whether the initial permeabilization occurs locally or globally;
such observations would require faster imaging than we have employed here. As more and more
cationic peptide binds to the outer leaflet of the OM, this generates increasing curvature stress.
The stress eventually causes abrupt OM permeabilization to globular proteins such as GFP,
HaloTag protein, and the HaloTag-]Fe46 conjugate, enabling partial loss to the cell
surround. This larger-scale disruption of the OM begins and ends abruptly in comparison
with the earlier, gradual, continual leakage of small molecules across the OM. Earlier work
showed that the larger disruption is often localized at curved membrane surfaces; see the
septating cell attacked by Cecropin A in Figure 3.1. These details suggest a slow nucleation

event preceding the formation of pores sufficiently large to pass globular proteins. The
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larger-scale disruption event then enables much more rapid translocation of the peptide
into the periplasm, where it binds to the inner leaflet of the OM. This relieves the curvature
stress and enables effective re-sealing of the OM to globular proteins.

During the disruption of the OM to globular proteins, the peptide concentration can
build rapidly in the periplasm. The same process of differential curvature stress repeats
itself due to peptide binding to the outer leaflet of the CM, which then abruptly becomes
permeable to globular proteins. The proteins that did not escape the periplasm during the
transient OM permeabilization event thus gain entry to the cytoplasm. The rapid build-up
of peptide concentration in the periplasm while the OM is open to passage of globular
proteins explains why OM re-sealing and CM permeabilization to such proteins seem
coupled in time. In the specific case of Melittin, detailed analysis showed that subsequently
the CM also re-sealed to GFP, presumably by the same curvature relief mechanism.
Seemingly analogous peptide-induced permeabilization and re-sealing events have been
observed in studies of pure lipid vesicles and GUVs. Indeed, we have borrowed the
curvature stress mechanism from that body of work.17-22

This detailed mechanistic picture of gradual permeabilization of the OM to small
molecules followed by abrupt, transient permeabilization of the OM to globular proteins
followed by permeabilization of the CM may prove to be fairly general in describing the
attack of cationic peptides on E. coli, and perhaps on other Gram negative species as well.
Previous work shows that the timing of these events depends on the bulk peptide
concentration.’-8 It is easy to imagine that different peptides will carry out these events at
different rates. The HaloTag assay described here provides a new way to probe size- and

time-dependent membrane permeabilization events in living cells in real time.
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Table 3.1 Antimicrobial agents.

Antimicrobial Sequence Mass (Da) Net MIC
Agent Charge (uM) !
LL-37 LLGDFFRKSKEKIGKEFKRI- 4493 +6 4

VQRIKDFLRNLVPRTES
Cecropin A KWKLFKKIEKVGQNIRDGII- 4404 +7 0.9
KAGPAVAVVGQATQIAK-NH;
Melittin GIGAVLKVLTTGLPALISWI- 2846 +6 5
KRKRQQ-NH;

B-peptide o o o o ~7000 63% 25 pg/mL
copolymer NH N%Né cationic
MMes:CHXs7 | g, 037 N 0, o E sidechains

"
CM15 KWKLFKKIGAVLKVL-NH; 1770 +6 5

! Minimum inhibitory concentration (in uM) against WT MG1655 E. coli over 6-hr period in
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aerated EZRDM medium at 30°C, determined by OD for successive two-fold dilutions in 96 well

plates. Copolymer MMes:CHxs7 lacks a defined molar mass, so MIC is in ug/mL. The molecular

weight of an “average” copolymer is ~7 kDa. This is 35 subunits long, with 37% CHXx

(cyclohexyl) and 63% MM (mono-methyl) sidechains; see Ref. 13 for details. Thus an MIC of

25 pg/mL corresponds to a molar concentration of about 4 puM.
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Figure 3.1 Single-cell, time-lapse assay imaging periplasmic GFP to detect membrane

permeabilization events induced in live E. coli by antimicrobial agents. (A) Cecropin A

at 0.9 uM (1X MIC) first induces outer membrane permeabilization to GFP, beginning at the
septal region. Initial periplasmic halo image gradually disappears. (B) Gellman random
B-peptide copolymer MMes:CHXxa7 at 30 pg/mL (1.2X MIC) first induces cytoplasmic membrane
permeabilization to GFP. Initial periplasmic halo image evolves to a cytoplasmic filled image of

which persists for at least 55 min.
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Figure 3.2 Schematic of HaloTag technique for detection of outer membrane permeabilization
(OMP) to small molecules. (A) HaloTag ligand consists of a fluorophore (such as TMR) or a
profluorophore (such as JFess) with a reactive chloroalkane linker (yellow line). HaloTag protein
covalently binds to HaloTag ligand through the reactive linker. Free TMR ligand is already
fluorescent, whereas JFess ligand fluoresces much more strongly after binding to HaloTag
protein. (B) Structures of free HaloTag TMR ligand, free HaloTag JFess ligand and HaloTag-
JFes6 CONjugate. The structure in the grey area is the reactive linker. (C) New OM
permeabilization assay uses an E. coli strain carrying a plasmid that expresses HaloTag protein
with a signal sequence causing efficient export to the periplasm. JFess ligand is not permeable to
intact E. coli. When an antimicrobial agent induces OMP to small molecules, JFsss ligand enters
the periplasm, binds to HaloTag protein, and fluoresces in a periplasmic pattern. Subsequent CM
permeabilization to globular proteins would cause the pattern to change to that of a filled

cytoplasm.
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Figure 3.3 Application of one-color assay to membrane permeabilization by copolymer
MMs3:CHxa7. (A) Red fluorescence and phase contrast snapshots of single zy3720 E. coli cell
following addition of 30 pug/mL MMs3:CHx37 (1.2X MIC) plus 100 nM JFess ligand at t = 0.
Time resolution is 12 sec/cycle = 0.2 min/cycle. Scale bar is 1 um. (B) Quantitative transverse
intensity profiles vs time. The profile is periplasmic from 0.6 min to 1.6 min and becomes
cytoplasmic at 1.8 min. (C) Time dependence of cell length (from phase contrast images) and

total HaloTag—JFess fluorescence intensity for the same cell.
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Figure 3.4 Application of two-color assay to membrane permeabilization by copolymer
MMe3:CHxas7. (A) Phase contrast and fluorescence snapshots of single E. coli cell expressing
periplasmic GFP and periplasmic HaloTag protein, following addition of 30 pg/mL
MMe3:CHxs7 (1.2X MIC) plus 100 nM JFese ligand at t = 0. (B) Time dependence of cell length

(from phase contrast images) and of GFP and JFess fluorescence intensity for the same cell.

Scale bar is 1um.
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Figure 3.5 Application of one-color assay to membrane permeabilization by the antimicrobial
peptide LL-37. Top: Red fluorescence and phase contrast snapshots of single zy3720 E. coli cell
following addition of 4 uM LL-37 (1X MIC) plus 100 nM JFess ligand at t = 0. Time resolution
is 6 sec/cycle = 0.1 min/cycle. Bottom: Time dependence of cell length (from phase contrast
images) and HaloTag—JFess conjugate fluorescence intensity for the same cell. The fluorescence
builds up in the periplasm for ~10 min, prior to the onset of significant cell shrinkage. Abrupt
loss of some 75% of the intensity is attributed to OM permeabilization to globular proteins
including GFP, HaloTag protein and HaloTag—JFess conjugate. Simultaneous loss of GFP and
HaloTag—JFess cOnjugate was demonstrated in the two-color experiment of Appendix 3D..

Scale bar is 1 um.
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Figure 3.6 Application of one-color assay to membrane permeabilization by the antimicrobial
peptide CM15. Top: Red fluorescence and phase contrast snapshots of single zy3720 E. coli cell
following addition of 10 uyM CM15 (2X MIC) plus 100 nM JFese ligand at t = 0. Time resolution
is 3 sec/cycle = 0.05 min/cycle. Bottom: Time dependence of cell length (from phase contrast
images) and HaloTag—JFess fluorescence intensity for the same cell. There is evidence of a
transient periplasmic image at 0.70-0.75 min. The onset of red fluorescence and of cell

shrinkage are simultaneous within one camera frame (3 sec).
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Appendix
Methods in Detail
E. coli strains and growth conditions

The strains and plasmids used in this study are summarized in Appendix 3A. The
background strain is MG1655 in all cases. For one-color experiments imaging periplasmic GFP
only, TorA-GFP was expressed from plasmid pJW1 as previously described.'® For one-color
experiments imaging HaloTag protein only, ssMalE-Halo was expressed from plasmid pMB1
and ssDsbA-Halo was expressed from plasmid pMB2. Plasmids pMB1 and pMB2 were received
from New England Biolabs.®? For two-color experiments imaging both periplasmic GFP and
HaloTag protein, TorA-GFP and ssDsbA-Halo were expressed from the same plasmid pZY2.

The expression of periplasmic HaloTag protein from plasmid pMB2 was controlled by
the mutant lacUV5 promoter: -35-TTTACA; -10-TATAAT. The expression of periplasmic
HaloTag protein from plasmid pZY2 was controlled by a different mutant lacUV5 promoter:
-35-TTGACA,; -10-TATAAT. Plasmid pZY2 was created by amplifying the lacUV5
promoter ::ssDsbA::HaloTag gene from the plasmid pMB2 with a two-step polymerase chain
reaction (PCR). The primers applied are forward PCR primer 1
(CTGCTGCTTGAGGAGGTACAQacatGAAAAAGATTTGGCTG), forward PCR primer 2
(GAGACTCGAGTTGACATTGTGAGCGGATAACAATATAATCTGctgctt
GAGGAGGTACA), and the reverse primer (GAGAAA GCTTaccggAAATCTCCAGAGTAG).
The amplified gene was cleaved with restriction enzymes (Xhoi and Hindlll), and then ligated
into the pJW1 plasmid to form pZY2.

Bulk cultures were grown in EZRDM,*! which is a Mops-buffered solution supplemented

with metal ions (M2130; Teknova), glucose (2 mg/mL), amino acids and vitamins (M2104;
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Teknova), nitrogenous bases (M2103; Teknova), 1.32 mM K;HPOQO4, and 76 mM NaCl. Cultures
were grown from glycerol frozen stock to stationary phase overnight at 30°C. Subcultures were
grown to exponential phase (OD = 0.2-0.6 at 600 nm) before sampling for the microscopy
experiments at 30°C.

The expression of ssMalE-Halo in strain zy3719 and ssDsbA-Halo in strain zy3720 was
induced with 0.1 mM isopropyl-f-D-thiogalactopyranoside (IPTG) for 1 hr, before plating and
imaging. In strain zy3722, the expression of TorA-GFP was the same as that in strain JCW10,
and the expression of ssDsbA-Halo was induced with 1 mM IPTG for 45 min before plating and
imaging. Strain JCW10, zy3719, zy3720 and zy3722 were all grown in 0.1 mg/mL ampicillin.
Minimum Inhibitory Concentration (MIC) assay

The antimicrobial agents are described in Table 3.1. The copolymer MMe3:CHx37 was
synthesized by the Gellman lab as described before.3®- It is a random mixture of B-peptides
with 63% cationic sidechains and 37% hydrophobic sidechains. The mean chain length is 35.
The mean molecular weight is ~7 kDa. The antimicrobial peptide CM15 (H-5948) was
purchased from Bachem. LL-37 (61302) was purchased from Anaspec. TMR ligand (G825B)
was purchased from Promega. Fluorogenic JFsss ligand was kindly provided by the Lavis lab.?°

The aerobic MIC values for the various antimicrobial agents (Table 3.1) were determined
using the broth microdilution method as previously described.” The MIC value was taken as the
lowest concentration for which no growth was discernible (<0.05 ODeoo) after 6 hr.
Microscopy

Imaging of individual cells was carried out at 30°C in a simple microfluidics chamber as
previously described.!! Fresh, aerated medium flows over the cells continuously. The cells were

imaged for ~5 min before switching to fresh medium containing the compounds under study
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(antimicrobial agent, JFess ligand). To maintain good aeration and steady bulk reagent
concentrations, the flow began at 0.3 mL/min for 1 min, and then switched to 0.3 mL/hr for the
remainder of the imaging.

Single-cell imaging was performed on a Nikon Eclipse Ti inverted microscope with a
100x, 1.3 N.A. phase contrast objective (Nikon) or with a 100%, 1.45 N.A. phase contrast
objective (Nikon). Fluorescence images were obtained with an EMCCD camera Andor iXon 897
or Andor iXon 887. Dichroic mirror ZET 405/488/561/640x (Chroma Technology) was used for
the imaging with laser excitation at 488 nm (Coherent Sapphire laser), 561 nm (Coherent
Sapphire laser), and 637 nm (Vortran laser). Emission filters were: HQ525/50 (Chroma
Technology) for observation of GFP after 488 nm excitation, HQ605/75 (Chroma Technology)
for TMR ligand after 561 nm excitation, and 676/37 (Semrock) for JFess fluorescence after
637 nm excitation. The time-lapse movies were obtained with 50-ms exposure time for each
frame. One-color imaging was obtained with Andor Solis Software, with fluorescence and phase
contrast images interleaved at 6-s intervals (12 s per complete cycle), unless specified otherwise.
For two-color imaging, pManager was used to obtain the data and switch emission filters
between frames using a LB10-NW filter wheel (Sutter). Each complete cycle of 12 s interleaved
images of the green channel (488 nm excitation), the red channel (637 nm excitation), and phase
contrast.

HaloTag TMR ligand and JFess ligand

To visualize the spatial distribution of HaloTag protein inside E. coli cells, the
fluorophore TMR ligand was used (Figure 3.2B). This ligand permeates both OM and CM and
is fluorescent whether or not it is covalently bound to the HaloTag protein. When the culture OD

reached ~0.4, cells were incubated with 5 uM TMR ligand for 15 min, followed by


https://www.chroma.com/products/sets/89901-et-405-488-561-640nm-laser-quad-band-set
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centrifugation and washing three times with fresh EZRDM medium to remove the free
intracellular TMR ligand. Finally, the cells were resuspended in 1 ml of EZRDM, followed by
plating in the microfluidic chamber for imaging.

For the microfluidics experiments using the JFes6 ligand (Figure 3.2B), 100 nM was
incorporated into the medium. JFess ligand fluoresces only weakly until covalently bound to
HaloTag protein. However, at the onset of fast flow of the EZRDM medium containing
JFes6 ligand at 0.3 mL/min, the entire background lights up dramatically. This background
fluorescence dims immediately beginning at t = 1 min, when the flow rate slows to 0.3 mL/hr.
The underlying cause of the background is not clear. It may be characteristic of Si-rhodamine JF
HaloTag ligands, because the analogue JFess ligand® showed the same behavior. In the absence
of antimicrobial agent, no obvious JFess fluorescence was observed inside the cells for at least 1

hr, indicating that JFess ligand by itself does not permeate the OM of E. coli.
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Description Doubling
Time (min)?!
Strains
MG1655 Wild type, MG1655 (K12) 50
JCW10 MG1655 + pJwW1 ol
zy3719 MG1655 + pMB1 -
zy3720 MG1655 + pMB2 48
7y3722 MG1655 + pZY?2 49
Plasmids

pASK-IBA3 plus

Amp'

pJW1 pASK-torA-GFP, signal sequence of torA fused to GFP in
pASK, Amp'

pMB1 pDW204-ssMalE-Halo, signal sequence of MalE fused to
the HaloTag in pDW204, Amp'

pMB2 pDW204-ssDsbA-Halo, signal sequence of DsbA fused to
the HaloTag in pDW204, Amp'

pZY?2 pASK-torA-GFP-ssDsbA-Halo, mutant lacUV5 promoter-

ssDsbA-Halo sequence inserted into pJW1, Amp'

!Doubling times for bacterial strains in EZRDM at 30°C were determined in bulk cultures by OD

measurements.
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Appendix 3B. Control experiments testing for export of HaloTag protein to the periplasm and
permeability, non-specific binding, and toxicity of the JFess ligand. Scale bars 1 um.

(A) Top and middle panels: Fluorescence images of different E. coli strains after incubation with
red TMR ligand (Figure 3.2B) and washing away of excess ligand with fresh medium. TMR
ligand permeates both E. coli membranes and specifically binds to HaloTag protein. Top: No
obvious TMR fluorescence is observed in WT MG1655 lacking HaloTag protein. Middle: For
strain zy3719 (expressing ssMalE—HaloTag protein), the HaloTag protein remains in the
cytoplasm. For strain zy3720 (expressing ssDsbA—HaloTag), the HaloTag protein is exported to
the periplasm. Bottom: Co-imaging of GFP and TMR in strain zy3722 (expressing both
ssDsbA-HaloTag and ssTorA-GFP). Both HaloTag protein (red) and GFP (green) exhibit a
periplasmic image. (B) Test of JFess ligand (Figure 3.2B) permeability and toxicity in
unperturbed zy3720 cells (no antimicrobial agent). Top: Fluorescence and phase contrast
snapshots of single cell following addition of 100 nM JFess ligand at t = 0. No fluorescence
inside the cells was observed during 1 hr of flow. Bottom: Time dependence of cell length (from
phase contrast images) and JFess fluorescence intensity for the cell shown in top panel. The
doubling time calculated from cell length is 52 + 3 min. The early burst of fluorescence is
background outside the cell. (C) Test of JFess ligand fluorescence within WT E. coli (no
HaloTag protein) after permeabilization by Gellman copolymer. Top: Fluorescence and phase
contrast snapshots following addition of 30 pg/mL MMs3:CHx3s7 copolymer and 100 nM JFess
ligand at t = 0. Bottom: Time dependence of cell length and red fluorescence intensity for the

same cell. Weak burst of fluorescence after permeabilization quickly washes away.
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Appendix 3C. Histograms of lag times of the three membrane events after adding 30 ug/mL
MMe3:CHxa7 (1.2X MIC) plus 100 nM JFess ligand to E. coli zy3720 cells expressing
periplasmic HaloTag protein at t = 0. Notation: t; for onset of cell shrinkage, t> for onset of OM
permeabilization to JFess ligand, and t3 for onset of CM permeabilization to HaloTag-JFeas

conjugate.
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Appendix 3D. Application of two-color assay to membrane permeabilization by the
antimicrobial peptide LL-37. Time dependence of GFP and JFess fluorescence intensity after
adding 4 uM LL-37 (1X MIC) plus 100 nM JFe4s ligand to E. coli cell expressing periplasmic
GFP and periplasmic HaloTag protein at t = 0. Time resolution is 12 sec/cycle = 0.2 min/cycle. 4
min after LL-37 addition, HaloTag—JFess Started to accumulate in the periplasm, until OM
permeabilization to globular proteins including periplasmic GFP, HaloTag—JFess cOnjugate and

HaloTag protein occurs.
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Chapter 4

Oxidative stress induced in E. coli by the human
antimicrobial peptide LL-37

Adapted from publication listed below:

Choi, H., Yang, Z., and Weisshaar, J. C. (2017) Oxidative stress induced in E. coli by the

human antimicrobial peptide LL-37, PLoS Pathogens 13, e1006481.

*ZY, HC, and JCW all contributed to design of the project. Choi, H. and Yang, Z. contributed
equally to this work. Both HC and ZY performed experiments. HC, ZY and JCW analyzed the

data and wrote the manuscript. The supplemental movies are available online.
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Abstract
Antimicrobial peptides (AMPs) are thought to kill bacterial cells by permeabilizing their

membranes. However, some antimicrobial peptides inhibit E. coli growth more efficiently in
aerobic than in anaerobic conditions. In the attack of the human cathelicidin LL-37 on E. coli,
real-time, single-cell fluorescence imaging reveals the timing of membrane permeabilization and
the onset of oxidative stress. For cells growing aerobically, a CellROX Green assay indicates that
LL-37 induces rapid formation of oxidative species after entry into the periplasm, but before
permeabilization of the cytoplasmic membrane (CM). A cytoplasmic Amplex Red assay signals
a subsequent burst of oxidative species, most likely hydrogen peroxide, shortly after
permeabilization of the CM. These signals are much stronger in the presence of oxygen, a
functional electron transport chain, and a large proton motive force (PMF). They are much
weaker in cells growing anaerobically, by either fermentation or anaerobic respiration. In aerobic
growth, the oxidative signals are attenuated in a cytochrome oxidase—bd deletion mutant, but not
in a —bos deletion mutant, suggesting a specific effect of LL-37 on the electron transport chain.
The AMPs melittin and LL-37 induce strong oxidative signals and exhibit O»-sensitive MICs,
while the AMPs indolicidin and cecropin A do not. These results suggest that AMP activity in
different tissues may be tuned according to the local oxygen level. This may be significant for

control of opportunistic pathogens while enabling growth of commensal bacteria.



107

Introduction

Antimicrobial peptides (AMPs, also called host-defense peptides) play a number of important
roles in the innate immune response of plants and animals [1]. Important human AMPs include
the cathelidicin LL-37 and the defensins [2]. In humans, AMPs are constitutively expressed in
phagocytes, including macrophages, neutrophils, and dendritic cells [3, 4]. When a pathogen
attacks the host, phagocytes initially envelope the invading microbes in internal phagosomes [5].
The phagosome fuses with lysosomes to form the phagolysosome. Presence of the pathogen
stimulates a “respiratory burst” in the phagocyte, leading to synthesis of harmful reactive oxygen
species (ROS) within the phagolysosome [6, 7]. In parallel, AMPs stored in granules are released
into the phagolysosome, where their high concentration likely contributes to direct killing of the
invading pathogen. AMPs are also released from the phagocyte into surrounding tissue and the
bloodstream. In addition to directly attacking pathogens, these external AMPs serve a variety of
immunoregulatory functions [8, 9].

Most AMPs are cationic and amphipathic. They are attracted to the anionic outer surfaces of
bacterial cells and, at sufficient concentration, permeabilize bacterial membranes. In early
studies, the halting of growth of bacterial pathogens by AMPs was typically attributed to
permeabilization of the cytoplasmic membrane (CM), with concomitant loss of the proton
motive force (pmf), loss of critical small molecules, and halting of ATP production. However,
over the past 15 years, many studies have shown that AMPs cause a variety of deleterious
biophysical and biochemical effects in bacterial cells, including interference with cell wall
biosynthesis, DNA replication, transcription, and translation [10-13]. Induction of reactive
oxygen species (ROS) has received little attention as a potentially important aspect of AMP

action against bacterial cells [14].
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We recently used time-resolved, single-cell fluorescence microscopy [15-19] to show that the
hybrid synthetic peptide CM15 (15 aa long, net +6 charge) induces oxidative stress within
seconds of contact with E. coli growing in aerobic conditions [20]. The minimum inhibitory
concentration (MIC) was 20-fold higher in anaerobic (fermentation) conditions than in aerobic
growth, suggesting that induction of oxidative stress may be a significant growth-halting
mechanism. Additional evidence from the oxidation sensitive dye CellROX Green and an
intracellular Amplex Red assay suggested that CM15 may interfere with the electron transport
chain, possibly leading to formation of superoxide (*O2") and hydroxyl radical (*OH) as well as
hydrogen peroxide (H202) [21]. We observed analogous effects of oxygen for MMe3:CHx37, a
potent example of a highly cationic, random B-peptide copolymer (mean chain length 35 units,
63% cationic sidechains) [22]. The MIC of this copolymer against E. coli is at least 8-fold lower
in aerobic than in anaerobic conditions.

Both CM15 and MMes:CHxas7 are synthetic peptides. To get a better sense of the generality
of these phenomena, here we extend our studies of oxidative effects to four natural AMPs (Table
4.1): LL-37 (human cathelicidin, a-helical, 37 aa long, net +6), cecropin A (moth, a-helical,

37 aa long, net +7)), melittin (bee, a-helical, 26 aa long, net +6), and indolicidin (bovine,
extended structure, 13 aa long, net +4). LL-37 and melittin exhibit significantly lower MICs
against E. coli in aerobic vs anaerobic (fermentation) conditions, and they both induce strong
fluorescence signals indicative of oxidative stress. In contrast, for cecropin A and indolicidin the
MIC is the same in aerobic and anaerobic conditions. Correspondingly, they induce much
weaker fluorescence signals.

In addition, we provide a detailed, single-cell comparison of LL-37 attacking E. coli growing

under conditions of aerobic respiration, anaerobic fermentation, and anaerobic respiration. In
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aerobic growth, a burst of oxidative species is induced already on access of LL-37 to the
periplasm, i.e., well before the cytoplasmic membrane is permeabilized to the dye Sytox Orange.
The mechanism may involve interference with proteins of the electron transport chain (ETC),
leading to improper release of superoxide (+O2") into the periplasmic space. Mutation studies
suggest that LL-37 targets the cytochrome oxidase-bd complex, but not the cytochrome oxidase-
bos complex. A subsequent burst of oxidative species, detected by an intracellular Amplex Red
assay sensitive to H>O5, rose sharply at the moment of CM permeabilization. For cells growing
by anaerobic fermentation or by anaerobic respiration using NOs™ as terminal electron acceptor,
no such signals of abrupt oxidative events were observed. However, the CellROX Green and
Amplex Red assays are insensitive to oxidative nitrogen-containing radicals, so that oxidative
damage might still be occurring.

These new results suggest the possibility that the host may use the degree of tissue aeration
for selective control of the potency of AMPs. The present work indicates that LL-37 is most
potent against E. coli in oxygen-rich conditions. Earlier work found the same effect for the
human beta defensin hBD-3, but the opposite effects for hBD-1 [23]. Reduction of the Cys-Cys
linkages in hBD-1, which converts the globular oxidized structure to a linear structure, greatly
enhanced its antimicrobial activity against anaerobic Gram positive species. Tuning of cationic
AMP activity according to local redox conditions may prove to be important in controlling
opportunistic pathogens while enabling growth of commensal bacteria.

Methods
Bacterial strains, materials, and growth conditions. The strains are listed in Table 4.2. The
background (“WT”) strain is MG1655 (K12) in all cases. Experiments on periplasmic GFP used

strain JCW10, in which TorA-GFP is expressed from plasmid pJW1 as previously described
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[26]. TorA-GFP is transported to the periplasm by the twin-arginine transport system and the
TorA signal peptide is cleaved, leaving free GFP in the periplasm. ZYO0L1 is the strain that
expresses the peroxidase APEX2 from a plasmid introduced into the background strain, as
described previously [20]. To construct the deletion mutant strain called AcyoABCDE, lacking
the gene for cytochrome-bos oxidase, we performed A-Red reconstruction, replacing the
cyoABCDE gene with a kanamycin resistance gene. The deletion of the cyoABCDE gene and the
replacement by a kanamycin resistance gene were confirmed by PCR and DNA sequencing. The
deletion mutant strain AcydAB was constructed and confirmed analogously. To visualize
resorufin generation in the ACyoABCDE deletion mutant, we transformed a pASK-IBA3plus
vector containing the APEX2 gene into AcyoABCDE, yielding strain ZY02.

Unlabeled LL-37 lacking a C-terminal amide was purchased from Anaspec (61302).
Rhodamine B-LL-37 (no C-terminal amide) was purchased from Bachem (4049885). The
oxidation sensitive dye CellROX Green (C10444) and Amplex Red (A22188) were purchased
from Invitrogen. The DNA stains Sytox Green (S7020) and Sytox Orange (S11368) were
purchased from Thermo-Fisher Scientific.

Bulk cultures were grown in EZ rich, defined medium (EZRDM) [40], which is a
MOPS-buffered solution at pH = 7.4 supplemented with metal ions (M2130; Teknova), glucose
(2 mg/mL), amino acids and vitamins (M2104; Teknova), nitrogenous bases (M2103; Teknova),
1.32 mM K>HPO4, and 76 mM NacCl. Cultures were grown from glycerol frozen stock to
stationary phase overnight at 30°C. Subcultures were grown to exponential phase (OD =0.2-0.6
at 600 nm) at 30°C before sampling for the microscopy experiments.

Minimum Inhibitory Concentration (MIC) Assay. The aerobic MIC values for the various

AMPs (Table 4.1) were determined using the broth microdilution method as previously
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described [19]. Two-fold serial dilutions of LL-37 in 1x EZRDM were performed in separate
rows of a polystyrene 96-well plate, with each plate containing an inoculum of E. coli MG1655.
The inoculum was a 1:20 dilution from a bulk culture at midlog phase (OD600 = 0.5) grown at
30°C. The plate was incubated at 30°C and shaken at 200 rpm in a Lab-Line Orbital Environ
Shaker (model 3527) for 6 hr. The MIC value was taken as the lowest concentration for which no
growth was discernible (<0.05 OD) after 6 hr.

Anaerobic MIC values (Table 4.1) were measured on a 96-well plate that was sealed with
plastic wrap. Cells were incubated in EZRDM containing protocatechuic acid (PCA) at 10 mM
and protocatechuate 3,4-dioxygenase (PCD) at 100 nM to scavenge oxygen [41]. The plate was
incubated at 30°C for 6 hr, followed by OD measurements. In the earlier study of CM15 [20], we
tested that PCA by itself does not interfere with CellROX* fluorescence.

Time-lapse recovery assay. The time-lapse recovery assays utilized an MG1655 culture in bulk.
Overnight culture of wild-type MG1655 was inoculated at 1:100 dilution in 2 mL EZRDM at
30°C. When the culture is at midlog phase (OD600 = 0.5), the culture was diluted with warmed
EZRDM to 1:10 and incubated with different concentrations (0, 4, 8, and 16 uM) of LL-37.

100 uL of each culture was sampled at different time point (30 min, 1-hr. and 2-hr incubation).
Then, each culture was 10-fold serial diluted with warmed EZRDM into a 96-well plate.

Each dilution was plated into fresh LB agar plates and the plates were incubated at 30°C for

24 hr. The plates were then visually inspected for growth of colonies. The control procedure was
the same except that the LL-37 was omitted. See Appendix 4A for results.

Microfluidics chamber for aerobic and anaerobic microscopy. As previously described [20],
imaging of individual cells was carried out at 30°C in a microfluidics chamber consisting of a

single rectilinear channel of uniform height of 50 pm and width of 6 mm, with a channel length
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of 11 mm. The total chamber volume is ~10 uL. After bonding of the PDMS chamber to the
glass coverslip, 0.01% poly-L-lysine (molecular weight >150,000 Da) was injected through the
chamber for 30 min and rinsed thoroughly with Millipore water. E. coli cells are immobilized on
the coverslip but grow normally. During imaging experiments, the chamber was maintained at
30°C with an automatic temperature controller.

For aerobic imaging experiments, the medium is exposed to air over three hr while held at
30°C in a shaker bath; this ensures full oxygenation of the medium. In addition, the PDMS
ceiling of the microfluidics device is permeable to the ambient gases N2 and O». For anaerobic
imaging experiments, O> must be prevented from entering the chamber through its ceiling. A
small anaerobic chamber surrounding the microfluidics device was constructed of aluminum
with a nitrogen gas inlet and outlet. Details are provided elsewhere [20]. Before injection of
cells, nitrogen gas flowed through the chamber continuously for 1.5 hr. E. coli were grown in
aerobic conditions until injected into the chamber. Fresh deoxygenated EZRDM was made by
treating EZRDM with 50 nM protocatechuate 3,4-dioxygenase (PCD) and 2.5 mM
protocatechuic acid (PCA). This was used to wash the cells at 30°C before plating.
Deoxygenated EZRDM (with or without addition of 10 mM KNO3) then flowed across the
plated cells for 30 min before injection of antimicrobial peptides and CellROX. The subsequent
microscopy imaging experiment was carried out as before.

Microscopy. Single-cell imaging was performed on two different microscopes: a Nikon TE300
inverted microscope with a 100%, 1.3 N.A. phase contrast objective and a Nikon Eclipse Ti
inverted microscope with a 100%, 1.45 N.A. phase contrast objective. For the TE300, images
were further magnified 1.45x in a home-built magnification box. GFP, Sytox Green, and

CellROX* were imaged using 488 nm excitation (Coherent Sapphire laser), expanded to
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illuminate the field of view uniformly. The emission filter was HQ525/50 (Chroma Technology).
Resorufin and Sytox Orange were imaged using 561 nm excitation (Coherent Sapphire laser).
The emission filter was HQ617/73 (Chroma Technology). Laser intensities at the sample were
typically ~5 W/cm? at 488 nm and ~2.5 W/cm? at 561 nm. Fluorescence images were obtained
with an EMCCD camera, either Andor iXon 897 or Andor iXon 887. In both cases, the pixel size
corresponds to 110 + 10 nm at the sample.

For single color experiments, time-lapse movies of 60-min total duration were obtained as
600 frames of 50-ms exposure time each, with fluorescence and phase contrast images
interleaved at 6-s intervals (12 s per complete cycle). For dual color experiments, ptManager was
used to obtain the data and switch filters between frames using a LB10-NW filter wheel (Sutter).
The time-lapse movies of 35-min total duration were obtained as 1050 frames of 50-ms exposure
time each, with green fluorescence (488 nm excitation), red fluorescence (561 nm excitation),
and phase contrast images interleaved (6 s per complete cycle). To minimize spectral bleed-
through in the two-color experiments, we utilized the narrower filters HQ510/20 for the green
channel and HQ600/50M for the red channel.
CellROX Green Oxidation Assay. CellROX Green (Life Technologies) is a proprietary
oxidation-sensitive dye whose fluorescence quantum yield at 500-550 nm after excitation at 488
nm increases dramatically on oxidation in the presence of ds-DNA. It readily permeates both E.
coli membranes. The manufacturer tested its sensitivity to different reactive oxygen species in
the presence of ds-DNA in vitro including hydroxyl radical (*OH), superoxide (O2"), hydrogen
peroxide (H20>), peroxynitrite (ONOQO"), nitric oxide (NO), and hypochlorite (CIO"). The only
two oxidizing agents that significantly enhanced CellROX* fluorescence were hydroxyl radical

and superoxide. Importantly, hydrogen peroxide has no effect.
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In the CellROX* imaging experiments, MG1655 cells were injected into the microfluidics
chamber. After allowing 5 min for plating of cells, the bulk solution was washed away with
fresh, pre-warmed, aerated EZRDM. After the wash, cells were grown for 5 min prior to the
injection of 4 uM LL-37 plus 2.5 uM CellROX Green. To maintain good aeration and steady
bulk concentrations, the medium with LL-37 and CellROX Green flowed continuously

at 0.3 mL/hr.

Amplex Red Oxidation Assay. As previously described [20], the assay for single-cell, time-
resolved measurement of H.O> production following LL-37 treatment is based on the well-
established Amplex Red method [30]. Some peroxidases (but not the catalases naturally
occurring in E. coli) catalyze reaction of the dye Amplex Red with H20, to form the red
fluorescent species resorufin (Aem = 585 nm). Recently Collins and coworkers [29] adapted the
method to carry out the Amplex Red + H2O> reaction inside the cytoplasm by inserting a plasmid
that expresses the peroxidase APEX2 (mutated ascorbate peroxidase). Their method detects
H>0> produced inside the cell using plate-based bulk fluorescence measurements with time
resolution of ~60 min. Here we use intracellular APEX2 combined with single-cell, time-
resolved detection by fluorescence microscopy. This enables sensitive detection of intracellular
H20> production with 12-s time resolution and correlation of LL-37-induced H20> production
with other events in real time.

Results

Minimum inhibitory concentration of some AMPs depend on growth conditions. We have
measured MICs in aerobic and anaerobic fermentation conditions using a series of two-fold
dilutions for the four natural AMPs in the same rich, chemically defined EZRDM medium at

30°C (Table 4.1). The MIC in anaerobic fermentation conditions is 4-fold higher for LL-37 and
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8-fold higher for melittin. Multiple experimental runs produce the same MIC value within the
resolution of the two-fold dilution steps, indicating that 4-fold and 8-fold differences are
significant. For cecropin A and for indolicidin, the MIC is the same in aerobic and fermentation
conditions. Evidently the activity against E. coli of some, but not all, natural AMPs is enhanced
by the presence of oxygen. For LL-37, the primary focus of this study, we also measured the
MIC in conditions enabling anaerobic respiration (no oxygen, but supplemented with 10 mM

KNOgs; Table 4.2). The MIC is 12 uM, three times higher than in aerobic respiration.

The doubling times for MG1655 growing in EZRDM at 30°C under aerobic respiration,
anaerobic respiration with KNOs, and fermentation conditions are similar, all in the range
45-53 min (Table 4.2). Earlier work in M9 medium supplemented with hydrolyzed casein [24]
found that E. coli maintained a substantial proton motive force (pmf) in all three growth
conditions (160 mV for aerobic respiration, —144 mV for anaerobic respiration using NOs~, and
—117 mV for fermentation). These pmf values may not be transferable to our strain and growth

conditions.

Bactericidal effects of LL-37 at the minimum inhibitory concentration in aerobic growth
conditions. We chose the human cathelicidin LL-37 for a detailed time-dependent, single-cell
study of antimicrobial action. First we investigated the extent to which LL-37 in aerobic
conditions at the 6-hour MIC of 4 uM causes cell death (irreversible halting of growth) on the
timescale of our microscopy measurements, typically 30-60 min. We monitored cell killing
activity using a conventional cell survival assay. A mid-log phase culture of MG1655 E. coli was
incubated with LL-37 at 4 uM, sampled after 30 min, 1 hr, and 2 hr of incubation, and serially
diluted over the range 5 x 10° to 5 cells/mL. One pL of the diluted sample was spot-plated onto a

3% LB-agar plate for overnight growth at 30°C. In control experiments, no LL-37 was added
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prior to plating and incubation. At 4 uM LL-37, we observe a significant decrease in colony
formation after 30 min of incubation when compared to the control (Appendix 4A). After 1-hr
incubation at 4 uM, essentially no colonies formed, even for the least diluted sample. These
results were reproducible over three trials. According to classic clinical microbiological
definitions, this indicates that the MIC and the minimum bactericidal concentration (MBC) for
LL-37 are essentially the same. At 4 uM of LL-37, both growth inhibition and cell death occur
within a 1-hr period. This indicates that the single-cell signs of LL-37 attack as observed under

the microscope on the 30-60 minute timescale are likely relevant to cell killing activity.

Sequence of membrane permeabilization events in aerobic growth conditions. For individual
E. coli cells, time-lapse microscopy can determine the timing of the slowing or halting of cell
growth, of outer membrane permeabilization, and of cytoplasmic membrane permeabilization
following the onset of flow of LL-37 (Methods). Warm (30°C), aeriated EZRDM growth
medium flows continuously across the plated cells. Over an observation period of 30-60 min, we
alternate phase contrast images with fluorescence images (either one or two colors) and make
time-dependent, quantitative measurements of cell length and total fluorescence intensity. In the
first set of measurements, the E. coli cells express GFP that is exported to the periplasm by the
twin-arginine transport (Tat) system [25]. This produces a characteristic halo image [26]. The
medium contains 5 nM of the DNA stain Sytox Green, which becomes fluorescent on crossing
both membranes and binding to the chromosomal DNA within the cytoplasm. We directly
observe cell length vs time (from phase contrast), the onset of permeabilization of the OM to
periplasmic GFP (observed as loss of the green halo surrounding the cytoplasm), and the onset of

permeabilization of the CM to Sytox Green (from green staining of the nucleoids).
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Att =0, we initiate flow of 4 uM LL-37 (the 6-hr MIC) in aerated medium through the
microfluidics observation chamber. For the example cell in Figure 4.1, the growth rate (slope of
the plot of cell length vs time) begins to decrease immediately after injection of LL-37. For at
least 90% of the cells in a typical field of 50 cells, we observe gradual slowing or abrupt halting
of growth within 10 min of injection. Over the first 30 min after injection of LL-37, 60% of the
cells lose the “halo” of periplasmic GFP, indicating OM permeabilization to GFP (Figure 4.1C).
During the same 30 min, the other 40% of the cells exhibit an attenuated growth rate, yet
continue to elongate without loss of periplasmic GFP. Loss of GFP begins over a wide range of
times (2-50 min). Once it begins, complete loss of GFP occurs fairly quickly, over the
subsequent 2-3 min. The onset of GFP intensity loss almost always coincides with moderate
shrinkage of cell length. As observed before [19], obviously septating cells tend to undergo OM

permeabilization earlier than apparently non-septating cells.

For the 60% of cells that undergo OM permeabilization before t = 30 min, growth halts. A
new signal from Sytox Green begins to rise within 5 min of the OM permeabilization event
(example in Figure 4.1 and S1 Movie). Green fluorescence evolves in the cytoplasm in a spatial
pattern reminiscent of the distribution of the E. coli nucleoids, indicating CM permeabilization to
Sytox Green. Permeabilization of the CM correlates in time with additional shrinkage of cell
length, presumably due to loss of osmolytes from the cytoplasm. The 40% of cells that continued
to elongate slowly for the first 30 min did not display a Sytox Green signal during that period,
indicating that both the CM and the OM remained intact. However, eventually almost all cells
exhibit both OM and CM permeabilization within a 1-hr period after LL-37 addition, as shown

by the cumulative distribution function of the lag times to CM permeabilization (Figure 4.1C).
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The timescale of the halting of growth observed in these single-cell permeabilization

experiments at the MIC is consistent with the results of the bulk, time-lapse bactericidal assay.

Overview of real-time oxidative stress signals. The MIC data suggest that the halting of
growth at 4 uM of LL-37 is mediated by oxygen. Our working hypothesis is that LL-37 induces
formation of harmful reactive oxygen species (ROS). In an earlier study of CM15 [20], we
developed two single-cell, real-time fluorescence measurements that monitor oxidative stress
using the dyes CellROX Green and Amplex Red. CellROX Green (Life Technologies) is a
proprietary, permeable, non-fluorescent, oxidation-sensitive dye. Oxidation produces a species
we call CellROX*, which fluoresces in the green, but only when bound to ds-DNA. In vitro,
CellROX Green is sensitive to superoxide (*O2") and to hydroxyl radical (*OH), but not to
hydrogen peroxide (H20>) or to a variety of other oxidants including peroxynitrite (ONOO"),
NO, and hypochlorite (OCI"). In the cellular environment, other species such as high-valence Fe
centers could also oxidize CellROX Green [27, 28]. Amplex Red is a permeable dye whose
reaction with H2O: is catalyzed by the non-native peroxidase APEX2, expressed in the
cytoplasm from a plasmid [29, 30]. The product is resorufin, which fluoresces in the red. The
specificity of the enzymatic reaction strengthens the assumption that resorufin fluorescence

signals H202 formation.

We monitor oxidative stress by measuring single-cell fluorescence of CellROX* or
resorufin (in cells expressing APEX2) as a function of time after LL-37 addition. The duration of

each complete imaging cycle is 12 s for one-color imaging and 6 s for two-color imaging.

Onset of CellROX* fluorescence occurs on entry of LL-37 into the periplasm. First we

carried out the CellROX* assay in aerobic conditions using 4 uM of LL-37 (the aerobic MIC).
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At t = 0 the flow was switched to medium including LL-37 and 2.5 uM CellROX Green. Laser
intensities and imaging conditions were held constant, enabling quantitative intensity
comparisons across different experiments. More than 90% of 171 cells from three repeats of the
experiment exhibit attenuation of growth rate or abrupt shrinkage within 10 min of injection of
LL-37 (example in Figure 4.2A, B and S2 Movie), as was observed in the periplasmic GFP
experiments. For the particular cell in Figure 4.2, halting of growth and mild shrinkage occurs
shortly after t = 0. Att = 2 min, CellROX* fluorescence intensity begins to increase gradually;
the intensity continues to rise for about ten minutes, when it turns sharply downward and decays
to a non-zero plateau. At the same moment, cell length begins a second period of gradual
shrinkage. For all cells whose length begins to decrease at t < 30 min, we eventually observe a
sudden decrease in CellROX* signal to a non-zero plateau. We show below that this decrease
typically correlates in time with the moment of CM permeabilization to the DNA stain Sytox
Orange. Those cells that continue to grow slowly over the first 30 min (no CM
permeabilization), exhibit a much weaker CellROX* signal that increases slowly throughout the

observation period.

Control experiments indicate that the peak CellROX* signal induced by LL-37 from 58
analyzed cells is on average ten times larger than the magnitude of the slowly rising green
fluorescence signal observed at t = 30 min in the absence of LL-37 (Figure 4.3A). These data
suggest that the strong CellROX* fluorescence begins to rise when LL-37 penetrated the OM
and gains access to the periplasm. Experiments using two-color imaging of CellROX* and

Rhodamine B-LL-37 will corroborate this inference.

To directly confirm that CellROX* begins to rise before CM permeabilization, we carried

out two-color fluorescence experiments in aerobic conditions, injecting both 2.5 uM CellROX
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Green and 5 nM of the DNA stain Sytox Orange into the growth medium at t = 0. Observations
were then carried out for 30 min. A typical example of the two fluorescence traces from a single
cell that undergoes CM permeabilization during the observation period is shown in Figure 4.4A.
See also S3 Movie. A strong CellROX* fluorescence begins to rise some 10 min before the
abrupt onset of Sytox Orange fluorescence, which in turn marks the moment when the CM is
permeabilized. The CellROX* signal then typically decreases abruptly by about 60% and
stabilizes at a lower value. As before, the abrupt decrease in CellROX* fluorescence occurred in
all cells exhibiting CM permeabilization over 30 min. Most often the CellROX* signal decrease
begins within 1 min of CM permeabilization, but in about 1/3 of 39 cells the decrease begins

2-15 min after CM permeabilization. A histogram in shown in Appendix 4F.

Additional evidence that the onset of strong CellROX* fluorescence coincides with entry of
LL-37 into the periplasm comes from two-color imaging experiments using CellROX Green and
a red fluorescent variant of the peptide, Rh-LL-37. Earlier we showed that Rh-LL-37 and
unlabeled LL-37 have the same MIC vs MG1655 E. coli, although membrane permeabilization
events occurred somewhat more slowly for Rh-LL-37 [19]. Under aerobic growth conditions, at t
=0 we flowed 25 uM CellROX Green plus 8 uM Rh-LL-37 across plated E. coli cells. A
representative result is shown in Figure 4.4B. As before [19], weak red fluorescence from Rh-
LL-37 initially coats all cells uniformly (plateau of red fluorescence at t = 2-17 min). We
attribute this to binding of Rh-LL-37 oligomers to the lipopolysaccharide (LPS) layer. The weak
plateau of green fluorescence is a background signal that also coats all cells uniformly. This
background is not CellROX* fluorescence, because it occurs on addition of Rh-LL-37 in the

absence of CellROX Green.
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Like LL-37, Rh-LL-37 preferentially attacks septating cells. As observed earlier [19],
septating cells gradually exhibit a brighter band of red fluorescence that begins at the septal
region and slowly spreads to the entire periplasm over 5-10 min (Figure 4.4B). In salty solution
Rh-LL-37 fluorescence is self-quenched due to bundling of multiple helices. We believe that this
self-quenching persists during binding to the LPS layer of E. coli, rendering the initial wave of
red fluorescence weak. Entry into the periplasm at the septal region unbundles the helices,
causing dequenching of fluorescence and gradual development of the brighter red band.
Evidently Rh-LL-37 enters at the septal region and binds strongly to some immobile element of
the periplasm, possibly the anionic cross-links within the peptidoglycan layer. As local binding
sites become occupied, unbundled Rh-LL-37 slowly migrates towards the tips of the periplasm,
observed as a gradual outward spreading of the brighter red band. In earlier work, we showed

that Rh-LL-37 binds to purified peptidoglycan [19].

As shown in the example of Figure 4.4B, the green fluorescence from CellROX* and the
brighter band of red fluorescence from Rh-LL-37 in the periplasm rise on the same time scale.
This occurred within 30 min for 59 cells from three repeat experiments. We infer that oxidative
species are formed gradually, as more and more monomeric Rh-LL-37 copies gain access to the

periplasm.

In an important control experiment, in earlier work [20] we found that permeabilization of
both the OM and the CM using Triton-X (without addition of AMP) did not enhance CellIROX*
fluorescence. This shows that CM permeabilization alone is not sufficient to trigger the signals

of oxidative stress observed after LL-37 treatment.

No effect of the enantiomer D-LL-37 on CellROX* signal level. To test for the importance of

LL-37 stereochemistry on the magnitude of oxidative effects, we repeated the CellROX* assay
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in aerobic conditions using 4 uM of the all-D stereoisomer of LL-37. The average peak
CellROX* signal level was the same within experimental error (Figure 4.3B). In addition, our

earlier work found the same MIC for D- and L-LL-37 [19].

Attenuation of CellROX* response by pre-treatment with cyanide. Our working hypothesis

is that in aerobic conditions, LL-37 causes formation of ROS (most likely «O>") in the periplasm

by disrupting the electron transport chain. The disruption begins when LL-37 gains access to the
periplasm, which also affords access to the outer leaflet of the CM. The electron transport chain
employs a series of membrane proteins embedded in the CM [31]. For exponential growth in
aerobic conditions, the primary pathway runs through the two NADH dehydrogenases NDH-I
and NDH-11 (with complex Il dominant), passes through ubiquinone (UB), and terminates at the
cytochrome oxidase-bos complex [32]. Depending on the level of oxygenation, some fraction of
the electron flux terminates at the alternative cytochrome oxidase-bd complex. The —bd complex
has much higher affinity for O than does —bosg; its expression level increases with decreasing O
concentration in the growth medium. The terminal oxidase converts O, to H-O, transferring
protons to the periplasm and helping to maintain the proton motive force. At sufficient
concentration, CN~binds to the key heme iron in both the -boz and the —bd complex, blocking O
binding, halting oxidative respiration and cell growth, and greatly diminishing the proton-motive

force [21].

To test whether aerobic respiration is a prerequisite for LL-37-induced generation of the
oxidative stress signals, we pre-incubated WT MG1655 E. coli cells with 1 mM KCN for 5 min
prior to injection of 4 uM LL-37 in aerated growth medium. According to previous studies of

reconstituted respiration in vitro, at this concentration the —boz complex is strongly inhibited, but
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the —bd complex is more weakly inhibited [33]. The inhibiting concentration in vivo is not

known.

After pre-treatment for 5 min with cyanide, cells do not grow over a 50-min observation
time, suggesting that respiration has been blocked. In two-color imaging experiments, we
initiated flow of 4 uM LL-37 with 2.5 uM CellROX Green and 5 nM Sytox Orange at t = 0.

The flow also contained 1 mM KCN to block respiration continuously. For the typical cell shown
in Appendix 4B, no significant rise of CellROX* or Sytox Orange fluorescence was observed on
a 50-min timescale. Evidently LL-37 induced neither ROS formation nor CM permeabilization.
We measured the maximum CellROX* intensity from 62 cells in three separate experiments with
and without pre-incubation with KCN (Figure 4.3A). The KCN pre-treatment attenuates the

mean CellROX* fluorescence per cell by at least a factor of 5.

The KCN treatment also greatly reduces the fraction of cells that exhibit significant Sytox
Orange fluorescence over 60 min of LL-37 treatment, from ~100% for normally growing cells to
~30% for KCN-treated cells (Appendix 4B). This suggests the possibility that formation of
oxidative species, possibly ROS, within the periplasm may enhance the ability of LL-37 to
permeabilize the CM. Alternatively, reduction of the transmembrane potential may inhibit the

ability of LL-37 to permeabilize the CM, as discussed below.

The same pre-treatment of cells with KCN also reduces the cell-killing effects of LL-37. We
repeated the LL-37 bactericidal assay after KCN treatment. As shown in Appendix 4A, more
pre-treated cells survive after 4 uM LL-37 incubation for 30 min, and also for 1 hr. Evidently

KCN pre-treatment provides some protection against the deleterious effects of LL-37. However,
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when 8 uM LL-37 was applied to cells pre-treated with KCN, no growth was observed even after

1hr.

In a similar vein, pre-treatment of the cells with the protonophore CCCP at 200 uM for
10 min completely halted growth. Subsequent injection of 4 uM of LL-37 and CellROX Green

caused only a small, slowly rising CellROX* signal, again five times smaller than the peak

signal from cells growing aerobically (Figure 4.3A).

Onset of resorufin fluorescence in aerobic conditions follows CM permeabilization. We
tested for H2O- induction in aerobic conditions by repeating the flow experiment using the
MG1655 strain expressing the non-native peroxidase APEX2 from a plasmid [30]. Att=0, we
flowed 4 uM of LL-37 plus 10 uM Amplex Red and alternated phase contrast and red
fluorescence images. Inside some 20% of 121 cells from three repeat experiments, a substantial
burst of intracellular resorufin fluorescence is observed (example in Figure 4.5A and S4 Movie).
However, for most cells we observe only a weak intracellular resorufin signal that is difficult to
measure above a steadily increasing background of red fluorescence outside the cells (Appendix
4C). This strongly suggests that for most cells, resorufin formed in the cytoplasm efficiently

escapes the cell envelope. As a result, the intracellular resorufin signal is usually very small.

To determine the exact timing of the onset of the strong, intracellular resorufin signals
relative to CM permeabilization, we carried out two-color imaging experiments using Amplex
Red and the green fluorescent DNA stain Sytox Green. In the minority of cells that exhibit
appreciable intracellular resorufin fluorescence, the abrupt onset of red and green fluorescence is
essentially simultaneous (Figure 4.5B and S5 Movie). Evidently the burst of resorufin is

produced promptly after the CM is permeabilized. However, once again the majority of cells
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show little or no intracellular resorufin signal. And once again a background of red fluorescence
in the surround rises gradually over time, suggesting that while most or perhaps all cells are
producing H20- in the cytoplasm, the resulting resorufin usually escapes the cell envelope
efficiently (Appendix 4C). This makes sense; the OM is typically permeabilized to GFP and

smaller species long before the CM is permeabilized to Sytox and other small molecules.

To summarize, the typical behavior in time of the CellROX* and resorufin fluorescence
signal in aerobic conditions is very different. In most cells, CellROX* fluorescence rises
gradually as LL-37 slowly gains entry to the periplasm (before CM permeabilization), and then
decreases abruptly by a factor of two or more at the moment of CM permeabilization (Figure
4.2). In contrast, intracellular resorufin fluorescence rises abruptly at the moment of CM
permeabilization (Figure 4.5). This is observed only in a minority of cells, but red background

fluorescence rises gradually over the 30-min experiment.

Smaller signals of oxidative stress on cytochrome oxidase—bd deletion mutant strain. To test
the possibility that LL-37 is causing release of oxidants by perturbing proper function of
cytochrome oxidase-bos or of cytochrome oxidase-bd, we carried out a limited number of
microscopy experiments on the deletion mutant strains AcyoABCDE (—bos deletion mutant) and
AcydAB (—bd deletion mutant). The strains exhibit aerobic doubling times of 53 min and 45 min,
respectively, similar to WT cells (Table 4.2). The 6-hr MICs are both 4 uM (Table 4.2), the
same as the WT strain. The expression levels of the —bos and —bd oxidases vary with the
availability of Oz in the medium. The —bos oxidase, which binds O> more weakly, is more
abundant when the level of dissolved O is high [31]. The —bd oxidase, which binds O> more

strongly, is more abundant for low O concentrations.
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As shown for the typical cell in Appendix 4D, in aerobic growth the AcyoABCDE mutant
exhibited strong signals in the CellROX* after injection of LL-37 at 4 uM. The mean CellROX*
signal level is slightly larger than for the WT strain (Figure 4.3B). The same mutant also showed
strong resorufin signals in the Amplex Red assay, comparable to the signal shown in Figure
4.5A (Appendix 4G). However, the CellROX* signal level for the AcydAB mutant strain is only
27% that of the WT strain (Figure 4.3B). This result implicates cytochrome oxidase-bd in the

mechanism by which LL-37 induces oxidative stress on accessing the periplasmic space.

Smaller signals of oxidative stress in growth under anaerobic fermentation conditions. No
known terminal electron acceptors are present in the standard EZRDM medium. Cells growing in
EZRDM with glucose as carbon source but without oxygen (Methods) and without added nitrate
carry out fermentation, synthesizing ATP by glycolysis. The doubling time is essentially the
same as in aerobic conditions (Table 4.2), and the pmf is likely reduced by about 25% [32].

Att =0, we initiated flow of 2.5 uM CellROX Green and 4 uM unlabeled LL-37 (the aerobic
MIC) over wild-type E. coli growing in fermentation conditions. The rate of cell growth, as
judged by cell length in phase contrast images, decreased early on, much as it did in aerobic
conditions. However, on the 30-min timescale, under anaerobic conditions 80% of 134 cells from
three separate experiments continued to grow, albeit more slowly (example in Figure 4.2C, D).
In comparison, on the same 30-min timescale under aerobic conditions only 40% of the cells

continued to grow.

In these fermentation experiments with LL-37, a small green fluorescence signal, possibly
due to CellROX*, was typically observed to rise slowly over 30 min as most cells continued to
grow (Figure 4.2C, D). Averaged over 20 cells, the maximum green fluorescence intensity

achieved during the 30-min observation period was three times smaller in fermentation than in
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aerobic growth conditions (Figure 4.3A). There was no abrupt increase in green fluorescence. In
contrast, the green signal in aerobic conditions rises more rapidly (over 5-10 min vs 30 min,

Figure 4.2B vs 2D).

We repeated the one-color imaging experiments in fermentation conditions using
4 uM LL-37 along with either Sytox Green or CellROX Green. Over the first 30 min 20% of the
92 cells from three separate experiments exhibited cytoplasmic membrane permeabilization to
Sytox Green (Figure 4.1C) and a halting of growth. Importantly, in the CellROX Green
experiments no abrupt rise of CellROX* fluorescence was observed for any of the cells. We also
repeated the Amplex Red/APEX2 experiments in fermentation conditions using 4 uM LL-37.
For all 117 cells studied, we observed no significant resorufin fluorescence signal, either within

the cells or in the extracellular background (example in Figure 4.5A).

We also carried out experiments at 16 uM LL-37 in fermentation conditions, a concentration
equal to the 6-hr MIC. Under those conditions, all cells shrink within 30 min. A weak signal
from CellROX* again rose gradually over 30 min, but there was no abrupt increase and the
average maximum signal after 30 min was comparable to that at 4 uM LL-37 in fermentation

conditions (Figure 4.3A).

To summarize, in fermentation conditions, the CM (and presumably the OM) of a subset of
cells is permeabilized at 4 uM LL-37 and the CM of all cells is permeabilized at 16 uM LL-37.
There is no evidence of the same type of rapidly rising CellROX* and resorufin signals of

oxidative stress that were observed in aerobic growth.

Smaller signals of oxidative stress in growth under anaerobic respiration. Cells growing in

EZRDM in the absence of oxygen but in the presence of glucose and added NO3™ carry out
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anaerobic respiration using the terminal reductase NarGHI, which reduces NO3z™ to NO2™ [31]. To
test whether a functional electron transport chain is sufficient to enable LL-37 to induce the
CellROX* and resorufin signals, we carried out analogous fluorescence microscopy experiments
on cells growing anaerobically in EZRDM supplemented with 10 mM KNOs. In anaerobic
respiration conditions, 4 uM LL-37 induced CM permeabilization to Sytox Green in a
significantly smaller fractions of cells than in aerobic growth conditions, on both the 30-min and
60-min timescales (Figure 4.1C). This is congruent with the increase in MIC (Table 4.2). On
average, the maximum CellROX* signal generated over 30 min was fivefold smaller than in the
peak signal in aerobic growth (Figure 4.3A). No resorufin signal, either intracellular or
extracellular, was observed from the Amplex Red assay in any of 49 cells studied. At 16 uM LL-
37 (higher than the MIC of 12 uM under anaerobic respiration conditions), all cells exhibited
cytoplasmic membrane permeabilization within 15 min. We carried out the Amplex Red assay at
this higher LL-37 concentration and again observed no signal whatsoever in any of the 45 cells

studied.

Magnitude of CellROX* signals for Melittin, Cecropin A, and Indolicidin

For E. coli in aerobic conditions, on addition of 10 uM melittin (twice the aerobic MIC) we
observed a strong, rapidly rising CellROX* fluorescence signal (Appendix 4E). Much weaker,
more slowly rising CellROX* fluorescence was observed (Appendix 4E) on addition of 0.9 uM
cecropin A (1X the aerobic MIC) and of 32 uM indolicidin (1X the aerobic MIC). The average
maximum intensity results are shown in the bar graph of Figure 4.3B. These data are congruent
with a strong increase in MIC from aerobic to anaerobic (fermentation) conditions for melittin,

but not for cecropin A nor for indolicidin.
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Discussion

This work extends our earlier study of the attack of LL-37 on E. coli [19] to include direct
observation of the timing of fluorescence signals that monitor oxidative stress. As shown before,
the initial step in the attack is binding of the cationic LL-37 to the anionic lipopolysaccharide
(LPS) layer, followed by permeabilization of the outer membrane (OM). For LL-37, we observed
significant increases in MIC for cells growing under fermentation and anaerobic respiration
conditions compared with aerobic respiration (Tables 4.1 and 4.2). In and of themselves,
differences in MIC under different growth conditions should be interpreted cautiously. In
addition to modulating oxidative stress effects, different growth conditions may also modulate
the bacterial membrane composition. Such changes could alter the binding propensity of an AMP
for the outer membrane and also the surface concentration of AMP required for membrane

permeabilization.

The present work shows that for cells growing aerobically, an early green CellROX* signal
gradually rises as the LL-37 concentration builds up in the periplasm, but before LL-37 has
permeabilized the cytoplasmic membrane (CM) to the small dye Sytox Orange (Figure 4.4).
Compared with the WT strain, the maximum CellROX* signal decreases almost 4-fold in the
AcydAB deletion mutant but increases slightly (nominal 1.3-fold) in the AcyoABCDE deletion
mutant. The signal is attenuated almost 6-fold after pre-treatment with KCN, which is known to
inhibit aerobic respiration. The signal level was unchanged using the D stereoisomer form of LL-
37. Entry of LL-37 into the periplasm gives the AMP access to the outer leaflet of the CM and to

external surfaces of cytoplasmic membrane proteins.

These observations are consistent with a proposed mechanism in which LL-37 interferes

with the terminal cytochrome oxidase-bd, causing inappropriate release of superoxide (*O2") into
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the periplasmic space, where it oxidizes CellIROX to CellROX* (Figure 4.6). Similarly, in vitro
studies showed that the cyclic, cationic antimicrobial agent gramicidin S interfered with the
activity of cytochrome oxidase-bd, but not with cytochrome oxidase-bos [34]. The interference
might arise from direct interaction of LL-37 with the oxidase. Observation of the same
CellROX* signal level using the L- or D- enantiomer of LL-37 argues against existence of a
specific binding pocket within the cytochrome oxidase-bd structure; it does not rule out a non-
specific interaction due to electrostatic binding, for example. Alternatively, LL-37 may disrupt
-bd function indirectly by perturbation of the membrane environment, perhaps by strong
interaction of the polycationic peptide with anionic lipids such as cardiolipin (CL) or

phosphatidylglycerol (PG) [35].

Importantly, we know from inadvertent experiments that use of old CellROX samples
induces cytoplasmic fluorescence in E. coli even without addition of LL-37. Presumably
CellROX had already been oxidized to the fluorescent form CellROX*. This makes it plausible
that CellROX* created by LL-37 action in the periplasm is able to permeate the intact
cytoplasmic membrane, bind to DNA, and fluoresce, prior to permeabilization of the CM to

Sytox Orange or presumably to LL-37 itself.

The subsequent CM permeabilization event enables Sytox Orange and presumably LL-37
itself to enter the cytoplasm. CM permeabilization correlates in time with abrupt, partial
quenching of the CellROX* fluorescence (by an unknown mechanism, Figure 4.4A) and the
abrupt onset of resorufin fluorescence (Figure 4.5B), presumed to be formed by reaction of
Amplex Red with APEX2 and H20.. The resorufin signal is detected primarily outside the cells,
but some 20% of cells retain substantial resorufin inside the cytoplasm. The detailed mechanism

of H20> production is unclear. The most plausible source is dismutation of O, by the
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superoxide dismutases (SODs) that reside in the cytoplasm. Once LL-37 has permeabilized the
CM to Sytox Orange and to LL-37 itself, the «O2~ formed in the periplasm may be able to cross
the CM and reach the cytoplasm, where it finds SODs. Alternatively, if the CM becomes
permeable to globular proteins, both the SODs and also APEX2 may pass from the cytoplasm to
the periplasm, where they find O, and produce H,O> (which itself is permeable). In addition,
once LL-37 enters the cytoplasm it may induce formation of additional «O>™ by some alternative

mechanism.

Based on the properties of the dyes in vitro, we tentatively attribute the CellROX* signal
that rises before CM permeabilization to production of superoxide (¢O2") and the resorufin signal
that rises after CM permeabilization to production of hydrogen peroxide (H.O2). However,
enhancement of intracellular oxidants other than «O2~ (or *OH) might cause conversion of
CellROX Green to CellROX* [27]. The specificity of the APEX2 enzymatic reaction with H20-
and Amplex Red to form resorufin lends support to the assumption that resorufin fluorescence is

signaling an increase in hydrogen peroxide flux.

We found considerable evidence that aerobic respiration or a robust transmembrane
potential or both are prerequisites for LL-37 to induce the early, gradually rising CellROX*
signal and the delayed, abruptly rising resorufin signals (Figures 4.2-4.5). In Figure 4.3 we
compare the maximum CellROX* intensity observed over 30 min for various conditions. Both
oxidative stress signals are greatly attenuated by pre-treatment of cells with cyanide (which
blocks O binding to the cytochrome oxidases, halts growth, and diminishes the pmf); by pre-
treatment of cells with the protonophore CCCP (which abrogates the pmf); and by exclusion of

oxygen from the medium, both in fermentation conditions (no operative electron transport chain)
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and in anaerobic respiration using NOz™ in the medium (enabling a different active electron

transport chain).

It could be that the oxidants induced on entry of LL-37 to the periplasm enhance the ability
of LL-37 to permeabilize the CM. Alternatively, the transmembrane electric field associated with
the strong aerobic pmf points in the direction that would enhance the ability of a cationic peptide
such as LL-37 to penetrate the low dielectric core of the bilayer and its substantial, repulsive
dipole potential [36]. Such an effect was observed previously for cationic antibiotics such as
gentamicin [37]. In anaerobic fermentation (Figures. 4.1C, 4.2C, 4.2D and 4.5A) and anaerobic
respiration conditions (Figure 4.1C), the pmf is likely lower than in aerobic growth [24]. In
those lower-pmf conditions, 4 uM LL-37 permeabilizes the CM and halts growth in a smaller
fraction of cells. Even those permeabilized cells do not exhibit the type of CelROX* or resorufin

signals characteristic of the rapid oxidative stress induced in aerobic conditions.

It is difficult to pinpoint exactly what aspects of the attack of LL-37 on E. coli cause the
halting of growth and the eventual killing of cells. The smaller MIC in aerobic vs anaerobic
growth conditions (Table 4.1) suggests that the observed oxidative stress events contribute,
perhaps indirectly. Permeabilization of the CM to small species and concomitant loss of the pmf
is undoubtedly an important factor as well. In a recent study of E. coli attacked by an analogue of
the AMP PMAP-23, at killing concentrations the copy number of AMP per cell was estimated to
be 106-107, and the assay was most sensitive to membrane-bound copies [38]. For the synthetic
cationic peptide “ARVA”, the analogous copy number was estimated to be >108 per cell [39].
Even at 108 per cell, the AMP concentration would be 1 mM. If LL-37 also binds to E. coli at

such high concentrations, it is easy to imagine multiple harmful processes occurring in parallel.
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The generality of oxidative stress induction by AMP action on bacteria deserves further
exploration. As judged by the MIC in aerobic growth vs fermentation conditions (Table 4.1), the
efficacy against E. coli of LL-37 and melittin depends on oxygen levels, while that of cecropin A
and indolicidin does not. In previous work, we observed oxygen-sensitive MICs and time-
dependent intra-cellular fluorescence signals indicative of oxidative stress during the attack on
MG1655 E. coli by the synthetic AMP CM15 [20] and by the synthetic, highly cationic random
[B-peptide copolymer MMes:CHx37[22]. In the present work, the oxidative signals induced by
LL-37 decreased significantly on deletion of cytochrome oxidase-bd, but not on deletion of the —
bos oxidase. This suggests a remarkably specific target of LL-37 activity. It seems likely that
different AMPs will prove to induce oxidative stress by different mechanisms.

Finally, the enhancement of growth-halting effects of LL-37 in aerobic vs anaerobic
conditions suggests the possibility that the degree of oxygenation in specific tissues may help to
regulate AMP activity. For example, in the human gut the fraction of strict anaerobes increases
from proximal to distal; in the colon, the oxygen partial pressure is only 25% of that in the
atmosphere [23]. An earlier study of human p—defensin-1 found the AMP to be much more
potent in its reduced, unfolded form against the pathogenic fungus Candida albicans and against
anaerobic, Gram positive commensals of the Bifidobacterium and Lactobacillus species [23].
The effect was specific to certain microbial species. In contrast, human B-defensin-3, which is
extremely potent in its oxidized, folded form, was less potent under reducing conditions. Like
LL-37, hBD-3 is more potent in aerobic conditions. More work is needed, but it is already
evident that the degree of oxygenation affects different human AMPs in different ways. Future

work will test the generality of the induction of oxidative stress by other natural AMPs.
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Table 4.1 Antimicrobial peptides and their MICs for E. coli MG1655 in aerobic growth vs

anaerobic fermentation in EZRDM at 30°C.

Antimicrobial Sequence Net MIC (uM) *
Peptide q Charge | Aerobic | Fermentation
LL-37 LLGDFFRKSKEKIGKEFK | 4 16
RIVQRIKDFLRNLVPRTES
KWKLFKKIEKVG
Cecropin A ONIRDGIIKAGPAV +7 0.9 0.9
AVVGQATQIAK-NH:2
. GIGAVLKVLTTGL-
Melittin PALISWIKRKRQQ-NH +6 > 40
CM15 KWKLFKKIGAVLKVL-NH: | +6 5 100
Indolicidin ILPWKWPWWPWRR-NH> +4 32 32

L MIC values were reproducible to the same factor of two in the dilution series for multiple

repeats of the assay.
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Table 4.2 Bacterial strains, with doubling times and MIC values for LL-37.1

Doubling

. _ Growth . MIC
2
Strain Description Condition (-rLIir:]])el M) -

WT MG1655 Aerobic 50 + 3 34 4

JCW10 exports GFP to periplasm Aerobic 51+33 -
expresses APEX2 from : 3

ZY01l olasmid in MG1655 Aerobic 53+3 -
cytochrome oxidase-bos . 3

ACyoABCDE deletion mutant of MG1655 Aerobic 53+3 4
cytochrome oxidase-bd-I : 3

AcydAB deletion mutant of MG1655 Aerobic 45+3 4

expresses APEX2 in i

ZY02 ACyoABCDE strain Aerobic - -

WT MG1655 Anaerobic 53 + 34 16
Anaerobic + 10 4

WT MG1655 mM KNOs 45+ 3 12

! Doubling times and six-hour MIC values for LL-37 in EZRDM at 30°C. MIC values were

reproducible to the same factor of two in the dilution series for multiple repeats of the assay.

Doubling time precision is £3 min, as judged from repeat experiments.

2 See Methods for description of how strains were made.

% Determined in bulk cultures by OD measurements; see Methods.

4 Determined by measuring cell length vs time using phase-contrast microscopy; see [18].
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Figure 4.1 (A) Phase contrast and green fluorescence snapshots of single E. coli cell expressing
periplasmic GFP in aerobic growth conditions, following addition of 4 uM LL-37 (the 6-hr
aerobic MIC) with 5 nM Sytox Green. Times in minutes after injection of LL-37 att = 0.

(B) Time dependence of cell length (from phase contrast images) and total GFP and Sytox green
fluorescence intensity for the cell shown in (A). Time of outer membrane permeabilization
(OMP) and cytoplasmic membrane permeabilization (CMP) as shown. The initial decrease of
fluorescence is due to loss of GFP from the periplasm to the surroundings. The subsequent burst
of fluorescence is due to access of Sytox green to the cytoplasm upon CM permeabilization.

(C) Cumulative distribution function (CDF) of the fraction of cells that have undergone CM
permeabilization (onset of Sytox green fluorescence) vs time after the injection of 4 uM LL-37.
Comparison for growth in aerobic respiration, anaerobic respiration using NOs™, and

fermentation.
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Figure 4.2 (A) Phase contrast and green fluorescence snapshots vs time after initiating flow at
t=0o0f4 uM LL-37 and 2.5 uM CellROX Green over MG1655 E. coli growing in aerobic
conditions. Periplasmic GFP is not present. (B) Cell length and total CellROX* fluorescence
intensity vs time for the cell shown in (A). (C and D) Same as panels (A and B), but cells are

growing in anaerobic conditions under fermentation.



141

>

Aerobic

w
o
1
1

1
L

N
()}
1
1

20 _ -
Anaerobic

Maximum CellROX* Intensity
=
1 1

1 2 3 4 5 6 7
No LL-37 +KCN Ferm +16 uM
+LL-37 +CCCP LL-37 +tKNO,

45 ————F—"—TF—"—F——T——T——T——T7—

Maximum CellROX* Intensity

1 2 3 4 5 6 7 8

WT +LL-37 +(D)LL-37 +Indo
+Acyo +WT +WT
+LL-37 +LL-37 +Melittin +Cecro
+WT +Acyd +WT +WT

See next page for the figure legend



142

Figure 4.3 Comparison of average maximum CellROX* intensity over 30 min under different
conditions. (A) (1) Normal aerobic growth (23 cells); no LL-37. (2) Addition of 4 uM LL-37 in
aerobic conditions (58 cells). (3) Pre-treatment with KCN, followed by 4 uM LL-37 in aerobic
conditions (62 cells). (4) Pre-treatment with CCCP, followed by 4 uM LL-37 in aerobic
conditions (90 cells). (5) Addition of 4 uM LL-37 to cells growing in anaerobic, fermentation
conditions (25 cells). (6) Addition of 16 uM LL-37 to cells growing in anaerobic, fermentation
conditions (34 cells). (7) Addition of 4 uM LL-37 to cells growing in anaerobic conditions with
respiration using NO3z~ (23 cells). In cases (2) and (6), the maximum intensity is that at the peak
of the gradually rising and sharply falling signal, as in Figure 4.2B. In all other cases, the
maximum is that of a slowly rising signal at t = 30 min, as in Figure 4.2D. (B) Comparison of
average maximum CellROX* intensity over 30 min following addition of AMP as indicated.
(1) Normal aerobic growth of WT MG1655 cells; no LL-37 (23 cells). (2) Addition of 4 uM
LL-37 to WT MG1655 cells in aerobic growth (58 cells). (3) Addition of 4 uM LL-37 to
AcyoABCDE MG1655 cells (cytochrome oxidase-bos deletion strain) in aerobic growth

(50 cells). (4) Addition of 4 uM LL-37 to AcydAB MG1655 cells (cytochrome oxidase-bd
deletion strain) in aerobic growth (29 cells). (5) Addition of 4 uM of the enantiomer (D)LL-37 to
WT MG1655 cells in aerobic growth. (30 cells) (6) Addition of 10 uM melittin to WT cells in
aerobic growth (42 cells). (7) Addition of 32 uM indolicidin to WT cells in aerobic growth

(42 cells). (8) Addition of 0.9 uM cecropin A to WT cells in aerobic growth (49 cells).
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Figure 4.4 (A) Relative timing of CellROX* and Sytox Orange signals from two-color imaging.
Aerobic growth conditions. Left: Snapshots of green and red fluorescence images of a single
MG1655 cell after treatment with 4 uM LL37, 2.5 uM CellROX Green, and 5 nM Sytox Orange.
Times in minutes after injection. Aerobic growth conditions. Right: CellROX* and Sytox Orange
total fluorescence intensity vs time for cell shown at left. (B) Relative timing of CellROX* and
Rh-LL-37 signals from two-color imaging. Left: Snapshots of green and red fluorescence images
of a single MG1655 cell after treatment with 8 uM Rh-LL-37 plus 25 uM CellROX Green

att = 0. Times in minutes after injection. Aerobic conditions. Right: CellROX* and Rh-LL-37

total fluorescence intensity vs time for the cell shown at left.
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Figure 4.5 (A) Resorufin total fluorescence intensity vs time in aerobic growth and fermentation
conditions. Flow of 4 uM LL-37 and 10 uM Amplex Red over MG1655 E. coli expressing the
peroxidase APEX2 begins at t = 0. (B) Aerobic growth conditions. Relative timing of resorufin
and Sytox Green signals from two-color imaging. Flow of 4 uM LL-37, 10 uM Amplex Red,

and 5 nM Sytox Green over MG1655 E. coli expressing the peroxidase APEX2 begins at t = 0.
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Figure 4.6 Schematic of the branch of the aerobic electron transport chain of E. coli terminating
at cytochrome oxidase-bd. We suggest that LL-37 enters the periplasm, binds to the outer leaflet
of the cytoplasmic membrane, and disrupts the proper activity of the terminal cytochrome

oxidase-bd complex, releasing the intermediate superoxide (O2") into the periplasm.
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Appendix
30 min 1hr
0 uM
-KCN
4 uM
OuM +KCN
4 uM

Appendix 4A. Bactericidal assay. Cultures growing aerobically in EZRDM at 30°C were pre-
treated with 1 mM KCN for 5 min (+KCN) or not (—-KCN) and incubated with LL-37 at 0 or 4
MM (1X the aerobic MIC) for 30 min (left) or 1 hr (right). The cultures were then sampled and
diluted before spotting onto LB plates for overnight incubation at 30°C. From left to right in each
panel, serial dilutions led to addition of 5 x 10°, 5 x 10°, 5 x 10% 5 x 10%,5 x 102, and 5 cells/mL
onto the LB plate. Colonies were photographed the next morning. There is a higher cell survival
rate for 30-min LL-37 treatment than for 60-min and after KCN pre-treatment than without KCN

pre-treatment.
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See next page for the figure legend.
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Appendix 4B. Effects of 4 uM LL-37 (the 6-hr aerobic MIC) on MG1655 E. coli pretreated
with 1 mM KCN for 5 min. a) Example of CelROX* and Sytox Orange fluorescence intensity
vs time after the injection of LL-37. b) Comparison of mean, single-cell CellROX* peak
fluorescence intensity without and with KCN pre-treatment. Error bars are +1 SD of the mean.
c¢) Cumulative distribution function for cells that undergo cytoplasmic membrane
permeabilization (CMP) after the injection of 4 uM LL-37 without (90 cells) and with (60 cells)

KCN pre-treatment, as judged by Sytox Orange fluorescence.
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Appendix 4C. Time dependence of background fluorescence (outside of any cells) from
resorufin after injection at t = 0 of 4 uM LL-37 plus 10 uM Amplex Red across cells expressing

APEX2 and growing aerobically.
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Appendix 4D. (A) CellROX* total fluorescence intensity vs time within a single, representative
Acyo-ABCDE cell. Flow of 4 uM LL-37 and 2.5 uM CellROX Green begins at t = 0. (B)
CellROX* total fluorescence intensity vs time within a single, representative Acyd-AB cell. Flow
of 4 uM LL-37 and 2.5 uM CellROX Green begins at t = 0. Both signals are taken under
identical laser and imaging conditions, so that quantitative comparison of signal amplitudes is
appropriate. See Figure 4.3B for comparison of the mean of the peak CellROX* signal for WT,

Acyo-ABCDE, and Acyd-AB strains.
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Appendix 4E. CellROX* total fluorescence intensity vs time within single, representative WT
cells for three additional AMPs. Flow of each AMP and 2.5 uM CellROX Green begins att = 0.
All three signals are taken under identical laser and imaging conditions, so that quantitative
comparisons of signal amplitudes are appropriate. (A) 10 uM melittin (twice the aerobic MIC).
(B) 0.9 uM cecropin A (1X the aerobic MIC). (C) 32 uM indolicidin (1X the aerobic MIC). See

Figure 4.3B for comparison of the mean of the peak CellROX* signals for LL-37, melittin,

cecropin A, and indolicidin.



153

N W
(&) o
L 1

N
o
L

Number of cells
o &

6
1

0 - 0 s ENE——
2 0 2 4 6 8 10 12 14 16
Time lag from CellROX* peak

to Sytox Orange onset (min)

Appendix 4F. Histogram of time lags between the peak of the CellROX* signal and the abrupt
onset of the Sytox Orange signal. Addition of 4 uM LL-37, 2.5 uM CellROX Green, and 5 nM
Sytox Orange were injected across plated cells growing aerobically. The time between the peak
CellROX* signal and the onset of Sytox Orange fluorescence was measured, as shown in Figure

4.4A. Most often, the two events coincided in time within 1 min.
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Appendix 4G. Example of single-cell resorufin fluorescence vs time from the Amplex Red assay
carried out in aerobic growth using the AcyoABCDE mutant strain. Injection of 4 uM LL-37

beginsatt = 0.
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Chapter 5

Future Directions
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My thesis work explores the actions of antimicrobial peptides (AMPS) on single, live E.
coli cells primarily from the standpoint of membrane permeabilization and reactive oxygen
species (ROS) formation. Now we have a clearer picture of AMP mechanisms. For example,
membrane permeabilization and membrane re-sealing seem to be a common mechanism for a
variety of AMPs. Outer membrane is permeabilized at least to small molecules before short
AMPs or nylon-3-copolymers permeabilize the cytoplasmic membrane of E. coli. Activities of
some AMPs are regulated by O, possibly linked to ROS formation. Still, some additional

interesting questions can also be addressed by implementing our assays.

Combination effects of AMPs and AMP & antibiotics

Our current single-cell, time-lapse fluorescence microscope studies have been focusing
on studying one AMP at a time on E. coli cells. However, a combination of different AMPs or of
AMP plus antibiotics seems to display better potential in the clinical application, mainly due to
the high cost of AMPs. Therefore, understanding the mechanisms behind the combination effects
is important to guide the development of efficient and economical AMP-based therapies of
antibiotic-resistant infections.

When drugs are combined, the effects can be either stronger (synergism), the same
(additivity), or weaker (antagonism). Various methods have been developed to predict and
evaluate the efficacy of drug combinations. Synergism seems to be a common phenomenon in
AMPs interaction and three-AMP combinations exhibit stronger synergism than two-AMP
interaction®. For example, PGLa and Magainin-2 which are co-expressed AMPs on frog’s skin,

are synergistic when applied to both E. coli and tumor cells?. This finding is very exciting. If
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human innate AMPs are synergistic with AMP-based drugs or conventional antibiotics, it will
further reduce the drug dosage and side effects.

In contrast, the combination effects of AMP & antibiotics seem to be random, though
researchers initially thought that potent membrane disruption activity by AMPs would enhance
the uptake of antibiotics and increase their antibacterial effects®. For example, magainin 11 was
demonstrated to be synergistic with ceftriaxone, amoxicillin clavulanate and 3-lactam antibiotics.
However, buforin Il, cecropin P1 and indolicidin only demonstrated additivity with the
antibiotics®. Thankfully, antagonistic effect is rare.

Even though combination of AMPs and AMP plus antibiotics has been studied
somewhat, the experimental studies are largely restricted to comparing minimum inhibitory
concentrations and bacterial killing curves. The mechanisms behind the combination effects
remain obscure. Therefore, | propose to bring the study to the single-cell, time-lapse level by
applying the membrane permeabilization assays and ROS assays described in my thesis work.
Combination of AMPs might stabilize the membrane pores and allow faster translocation of
AMP partners inhibiting intracellular targets. Some antibiotics might inhibit the intracellular
activities, which are targets of some AMPs. It was revealed that arrested cellular respiration by
the bacteriostatic antibiotic blocks the bactericidal killing, possibly by decreasing ROS resources
of the bactericidal antibiotic’. A similar hypothesis may apply to the combination effect of AMP
and antibiotics, as we already know from Chapter 4 that ROS also contribute to the antimicrobial

activity of some AMPs.

Membrane permeabilization effects of AMPs under anaerobic condition
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In our 2015 work, we noticed that CM15 attacks membranes of E. coli differently
between aerobic condition and anaerobic condition®. At anaerobic condition, about 25% of the
cells showed behavior similar to that in aerobic conditions. Periplasmic GFP first migrated to the
cytoplasm, followed by complete loss of GFP from the outer membrane much later. Others
exhibit symptoms such as membrane blebbing, complete loss of GFP signal as the initial event,
and GFP bubble formation. In 2017 work, we observed a significant decrease of cytoplasmic
membrane permeabilization when LL-37 attacks E. coli switching from aerobic condition to
anaerobic condition®. However, the activities of outer membrane permeabilization by AMPs is
unknown in the anaerobic condition, especially to small molecules. Therefore, | propose to apply
the HaloTag-based membrane permeabilization assay developed in Chapter 3 to probe events
induced by AMPs on membranes of E. coli under anaerobic condition. It is worth noting that the
HaloTag fluorescence does not depend on O, contrasting to fluorescent proteins.

Finally, I would like to propose to exploit advanced microfluidics systems with more
channels, cameras with bigger chips and fluorescence microscope equipped with automated
stage, to enlarge the observation field and enhance information about AMPs actions on bacteria

cells.
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Chapter 6

Track antimicrobial peptides actions on single E. coli
cells under the microscope

Prepared for the WISL Award for Communicating Graduate Chemistry Research to the Public.
Thanks to Professor Bassam Z. Shakhashiri for the event initiation and organization. Many

credits to Professor Bassam Z. Shakhashiri, editor and Cayce J. Osborne for the comments.
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Q1: Can you briefly describe your research?

| use a fluorescence microscope (a microscope that uses fluorescence to generate an
image) to track responses of individual E. coli (a common bacterium, refer to Q4 for more
information) cells upon exposure to antimicrobial peptides (a special type of antibiotics, defined
in Q2). In the example below, the green color represents a kind of protein which fluoresces green
after exposure to a laser. Darker green contains more green fluorescent protein. At the beginning,
the four cells all contain some green fluorescent protein. However, their experiences upon attack
by antimicrobial peptides are completely different. For example, some cells become longer
initially but shorter later, partially losing green fluorescent protein. Some cells die immediately

and become shorter and lose green fluorescent protein completely.

The dynamic changes of individual €, coli cells upen attack by antimicrobial peptides
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Q2: What are antimicrobial peptides and where do they come from?

Antimicrobial peptides are relatively small peptides (peptides are compounds consisting
of two or more amino acids linked in a chain) that protect a host from bacterial infection, by
either modulating host immunity or killing bacterial cells. Antimicrobial peptides act on bacterial
cells in many ways. For example, they can disrupt bacterial membranes, resulting in leakage
from the cell, or they can mess up bacterial intracellular metabolism activities. All these actions

can lead bacterial cells to stop growing or even die.

Antimicrobial peptides can be found nearly everywhere in nature. For example, the
antimicrobial peptides studied in my thesis work include LL-37 that is found under our skin,
Melittin originating from bee venom, and Indolicidin coming from cows. These antimicrobial
peptides all have different structures and conformations. So far, almost 3000 natural

antimicrobial peptides have been discovered.

Represenf‘aﬁ\fe antimierobial pepﬁdes and their origin sources:

LL37 M ittin ig Todelicidin “
s

Q3: What is the significance of studying antimicrobial peptides?

A healthy body keeps good bacteria but not harmful bacteria. If we have either a low
level of good bacteria or a high level of harmful bacteria, we are likely to suffer from many
chronic inflammatory diseases, such as asthma, cancer, and stroke. Studies have shown that

antimicrobial peptides contribute to the proper maintenance of microorganisms in our bodies.
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Exploring the actions of antimicrobial peptides on bacterial cells can help us understand why we
are able to but sometimes fail to maintain the appropriate level of good bacteria and harmful

bacteria.

Additionally, antimicrobial peptides are considered promising platforms for novel
antibiotics. As you might know, we are currently facing a severe antibiotic crisis. For some

bacteria-caused diseases, the current commercially available antibiotics are no longer effective.

Antimierobial -pe-pﬁdes are promising -p]-at‘fnrms for novel antibiotics

Conventional antibioties
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Specific target

/ \‘Aﬁer a short peried of time

Facteria stop growing or die Bacteria mutate and become resistant

Novel antibiotics lsfag effective much P.or.ger

The major reason why this is happening is that conventional antibiotics only have specific targets

within the bacteria. Once bacteria mutate those specific targets, the conventional antibiotics
become ineffective. In contrast, antimicrobial peptides target bacteria in many different ways as
mentioned in Q2. Therefore, it takes much longer for bacteria to mutate and escape from all the

actions of the antimicrobial peptides.
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Q4: What bacterial system are you studying?

We chose E. coli (Escherichia coli) as our model system, as it is a very common and
well-studied bacterium. E. coli normally live in the intestines of people and animals. Most E.
coli are harmless and actually are an important part of a healthy human intestinal tract. However,
some E. coli are pathogenic, meaning they can cause illness such as diarrhea. The pathogenic E.
coli in general come from contaminated food or water. E. coli consists of many species, and our
lab started with a non-pathogenic one called MG1655. The common characteristics of E. coli are

listed in the graphic below.

E. coli characteristics: red-shaped
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Q5: How do you perform the experiments?

Step1: prepare E. coli culture and antimierobial peptides solution
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Grow@ €. coli cells by feeding them with liguid food | Dissolvers antimicrobial peptides powder in water




A table equipped with different-wavelength lasers and
various optics that direct laser beams to the microscope

Step 2: Set up lasers and microscope

A microscope attached to camera
and computer

Step 3: Add antimicrobial peptides solution te €. coli cells in a small chamber
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Q6: What is the advantage of your technique?

No two leaves are alike, and similarly no two E. coli cells are alike even though they
have identical DNA. Historically, scientists studied the actions of antimicrobial peptides in an
entire population of bacterial cells and assumed that all the cells respond the same. However, the
truth might be different. For example, our lab noticed that dividing E. coli cells are more
susceptible to antimicrobial peptide LL-37. As shown in the graphic below, dividing E. coli cells
tend to lose green fluorescent protein much earlier than non-dividing cells, indicating that LL-37
broke their membranes much earlier. In addition, the red fluorescence, an indicator for the
disruption of the inner membrane, appears at the end of the non-dividing E. coli cell first, but
first appears in the middle of the dividing E. coli cell. This suggests that LL-37 attacks the inner
membrane differently on these two types of E. coli cells. However, for both types of E. coli cells,

red fluorescence always appears as green fluorescent protein diminishes. Overall, our technique

Compare responses of different types of E.coli after LL-37 addition at time = O minute
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provides multiple measurements on the same individual cells and comparisons across different
types of cells. It is a powerful technique that reveals a complete picture of antimicrobial
peptides’ actions on live bacterial cells, giving us feedback for novel antibiotic design and

bacterial control.

Q7: What is the major finding in your thesis work?

For the first time, | demonstrated a series of actions of Melittin on both membranes of
live E. coli cells. In particular, as shown in the graphic below, I figured out both timing and order
for outer/inner membrane disruption events, outer/inner membrane re-sealing events and
outer/inner membrane re-disruption events. We hypothesize that many antimicrobial peptides

disrupt membranes of bacteria, but bacteria then reseal until antimicrobial peptides disrupt again.

time = 0 second, time = 42 second, time = 49 second,
add Melittir to T, coli cells cortaining Melittir disrupts cuter membrare, || Trrer merbrane is
green pubreScerf prbfe"r. Letween outer :mf b'r‘.T\_.} Paﬂ'}aT areen 'FTUbYESCEFf alse 'cFSrulptet!

membrare ard inner membrare protein leaks from the cell

(D (€D

time = 53 second, time = 65 second, time = 8 minute,

Outer rrerr[amr.e reSeaTs ir.'r‘.er TPET‘PI’)?‘&T‘.E reSe’aTS Eb'ﬁ\ rrerr?amr.es are 'cFSrupi’et! aga"r_

In addition, we found that several antimicrobial peptides not only disrupt membranes of

E. coli, but also induce the formation of harmful compounds inside E. coli cells. We also figured
out the possible relationship between these two distinct actions of antimicrobial peptides.
Overall, my thesis work is enhancing our understanding of antimicrobial peptides’ actions in live

E. coli cells, providing insights into bacteria-related disease treatment and novel antibiotics
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development. Many labs in the antimicrobial peptides field showed great interest in our powerful
assays. We hope that our single-cell, fluorescent microscope technique can contribute more to

the antimicrobial peptide field.

Q8: What is the current stage of developing novel antibiotics from antimicrobial peptides?

As of January 2018, more than ten antimicrobial peptides are in clinical use, such as
daptomycin, vancomycin and bacitracin. More are in clinical trials. We hope that more novel

therapeutic agents will come into market, saving us from resistant bacteria.



