Discovery and Characterization of Novel Thanatin Orthologs Against Escherichia coli
LptA and Pseudomonas aeruginosa LptH

by
Kelly Huynh

Department of Biochemistry
Duke University

Date:

Approved:

Bruce Donald, Supervisor

Pei Zhou

Terrence Oas

Richard Brennan

Jane Richardson

Dissertation submitted in partial fulfillment of
the requirements for the degree of Doctor
of Philosophy in the Department of
Biochemistry in the Graduate School
of Duke University

2023



ABSTRACT

Discovery and Characterization of Novel Thanatin Orthologs Against Escherichia coli
LptA and Pseudomonas aeruginosa LptH

by
Kelly Huynh

Department of Biochemistry
Duke University

Date:

Approved:

Bruce Donald, Supervisor

Pei Zhou

Terrence Oas

Richard Brennan

Jane Richardson

An abstract of a dissertation submitted in partial
fulfillment of the requirements for the degree
of Doctor of Philosophy in the Department of

Biochemistry in the Graduate School of
Duke University

2023



Copyright by
Kelly Huynh
2023



Abstract

Multidrug resistance (MDR) in bacteria is ever growing and complicates
treatment of infections, especially in patients who are critically ill and
immunocompromised. Treatment often utilizes a regiment of small molecule drugs,
however resistance against them develops after prolonged usage. An alternative class of
molecules, antimicrobial peptides (AMPs), has remained of interest due to its vast
potential of becoming pharmacological agents. AMPs, or host defense peptides, are
naturally expressed in many organisms, including microbes, plants, and humans. AMPs
are expressed to control the population of bacteria, fungi, and viruses as a defense
mechanism. Mining host genomes for AMPs will prove to be a valuable source of novel
alternative drug molecules. Characterization of AMPs will lead to be a better
understanding of their mechanism of action and allow for applications to novel targets.
Here in this dissertation, we apply these methods to thanatin, an AMP identified from
the spined soldier bug (Podisus maculiventris) that was reported to regulate the gut
microbiome population by targeting Gram-positive bacteria, Gram-negative bacteria,
and fungi.

First, we mined genomic databases to discover novel thanatin orthologs. We
generated these orthologs and characterized their binding against Escherichia coli LptA, a

known target of thanatin, via bio-layer interferometry (BLI) and their antimicrobial
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activity against several E. coli strains via minimum inhibition concentration (MIC)
assays. We found a subset of thanatin sequences that target E. coli better than P.
maculiventris thanatin, as shown with increased binding affinity, cell permeability, and
overall potency. We crystallized and determined the structures of Chinavia ubica thanatin
and Murgantia histrionica thanatin, the two most improved thanatin orthologs, in
complex with E. coli LptA to better understand the interaction. We performed
mutagenesis studies to show that thanatin residues A10 and M21 interacts with the
hydrophobic core of LptA and improves binding and synergistically improves
antimicrobial activity against E. coli. We redesigned M. histrionica thanatin to truncate
the sequence and remove the need for a disulfide bond. Our stapled peptide retained
binding affinity to LptA, however potency was hampered. Despite seeing no
improvement in antimicrobial activity, we present a novel scaffold for the next
generation of thanatin-based AMPs.

Next, we characterized thanatin against Pseudomonas aeruginosa, a known but
weaker target of thanatin. We confirmed binding of P. maculiventris thanatin to LptH,
the P. aeruginosa homolog of E. coli LptA, via BLI and isothermal titration calorimetry
(ITC) and showed inhibition of P. aeruginosa strain RP73 via MIC assays. We used
homology modeling and an E. coli model system to identify the resistance factor of
thanatin to be LptH Y51 at the predicted binding interface. We attempted to overcome

the hinderance of LptH Y51 by modeling thanatin to accommodate it. Our designs



cooperated in the E. coli model system, however they did not translate to improve
binding with LptH. Interestingly, we discovered that thanatin Y10 is essential to binding
LptH. We applied the small library of thanatin orthologs to LptH and P. aeruginosa and
did not discover any sequences with improved binding or antimicrobial activity. Our
small library screening highlighted the necessity of thanatin Y10 and the resistance
factor LptH Y51 again. We investigated the role of improved potency of thanatin with P.
aeruginosa through C-amidation. Our E. coli model system shows a key rescued
interaction between the C-amidated terminus of thanatin and LptA R76Q that mimics
LptH. We crystallized and determined the structure of C-amidated truncated thanatin
and LptA R76Q to gain insight on the interaction. However, we did not observe the
hypothesized rescued interaction. When translating our findings to LptH, we did not
observe improved binding due to C-amidation via BLI, but we did via ITC. Conflicting
data about how thanatin interacts with LptH could be clarified with a high-resolution
protein:peptide complex structure, however attempts to experimentally obtain one has
been difficult. Overall, we provide some insight on the mechanism of how thanatin
targets LptH in P. aeruginosa, but further studies will be needed to fully elucidate its
mechanism of action.

Collectively, this dissertation provides an example of how natural sources can be
mined to uncover novel AMPs to target bacteria with MDR on the rise. We present

various insights gained on the mechanism of action of thanatin by characterizing
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thanatin and its novel orthologs against E. coli LptA and P. aeruginosa LptH. The
characterization of thanatin will allow for improved AMPs to be designed in the next

generation of thanatin peptides to target pathogens.
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1. Introduction
1.1 Antimicrobial peptides

1.1.1 Discovery and sources

After the boom of antibiotic discovery from 1940 — 1970, interest and discovery of
antimicrobial peptides (AMP) began to emerge. Some of the earliest reported AMPs
included melittin, a 26-residues long peptide isolated from bee venom in the 1970s;
bombesin, a 14-residues long peptide isolated from frog skin in 1971; cecropins, 37-
residues long peptides isolated from the silk moth hemolymph in 1981; and magainins,
23-residues long peptides isolated from frog skin in 1987 [1]-[4]. These short biological
peptides were discovered to have benefits such as being water soluble, nonhemolytic,
and having effective antimicrobial activity [1]-[4]. The link between AMPs and host
immunity was first reported with the discovery of inducible cecropins caused by
challenging the immune system of the silk moth [5]. It has later been shown that
downregulating genes expressing AMPs can increase the host susceptibility to infection,
especially if the host lacks an adaptive immune system [6]. This shows that nature has
evolved a defense mechanism for innate immunity through self-regulation of the
microbiome population.

AMPs have been discovered in a wide range of hosts from wildly different
environments, most likely reflective of the high diversity of the microbiota. Insects and

amphibians are common host organisms of AMPs, as highlighted above, however AMPs



can also be found in humans, plants, fungi, and bacteria and target a wide variety of
groups (Figure 1A, B). LL-37/hCAP-18 is a 37-residues long peptide found in humans in
1995 showing antimicrobial and anti-inflammatory properties [7]. Plants contain
defensins, which are a family of small cysteine-rich peptides that serve as the innate
immune system primarily against fungi [8]. Effective AMPs for specific targets can also
arise from their own family. Caspofungin is an anti-fungal AMP isolated from another
fungal host, Glarea lozoyensis, shown to have successful derivatives [9]. Gramicidin D is a
15-residues long peptide targeting Gram-positive bacteria isolated from another Gram-
positive bacterial host, Brevibacillus brevis [10]. AMPs are often expressed as a precursor
to protect the host from self-harm. The AMP only becomes active after cleavage from the
precursor and proper delivery to the site of release [11]. These examples all highlight
instances of how various organisms across all forms of life balance their microbiome
population through a common tactic.

Over the years, efforts to discover and characterize more AMPs to exploit their
benefits have only increased. Valuable databases such as the Antimicrobial Peptide
Database (APD) and the Database of Antimicrobial Activity and Structure of Peptides
(DBAASP) have built libraries of over 3,500 and 20,000 peptides, respectively [12], [13].
Since AMPs have been found across all forms of life, mining the deposited genomes for
novel AMPs would be beneficial. Efforts to mine the human and amphibian genome and

insect transcriptome for novel AMPs have produced new computational tools and
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effective AMPs to further develop [14]-[16]. Computational tools for mining cryptic
peptides, such as an AMP encoded within a precursor, or predicting an AMP based on
sequence have also been recently developed to search for new antibiotics [14], [17]. As
multidrug resistance in pathogens is on the rise, the search for new antimicrobial agents

to combat infection will be in high demand.

1.1.2 Classes and mechanisms of AMPs based on structure

In general, AMPs have been defined to be around 100 residues or less, cationic,
amphipathic, and act upon membranes. The first step in the mechanism of action usually
involves binding to the negatively charged components of the cellular membrane. Gram-
negative bacteria contain negatively charged lipopolysaccharide (LPS) molecules. Gram-
positive bacteria contain negatively charged teichoic acid and lipoteichoic acid. Fungi,
such as C. albicans, generally contain a negatively charged surface due to
phosphomannosylation of surface proteins [18]. The cationic nature of AMPs creates a
natural attraction between the AMPs and cell membranes. A study on magainin showed
increased membrane affinity correlated with magainin analogs of increasing net positive
charges [19]. The next step in the mechanism of action varies based on AMP structure.
Most AMPs can be grouped into the following three classes based on their secondary
structure: 1) amphipathic a-helical, 2) B-sheet stapled by disulfide bonds, and 3)
extended or random coil. Despite being highly active against an overlapping population

of microbes, these AMP classes have various mechanisms of action.
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Protegrin-1 6-Defensin-2
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Tachystatin A

Tritrpticin
Figure 2: Diversity of antimicrobial peptides based on structure.

A, Examples of a-helical AMPs include magainin-2 (PDB ID: 2MAG) and LL-37

(PDB ID: 2K60). B, Examples of B-sheet AMPs include protegrin-1 (PDB ID:

1PG1), O6-defensin-2 (PDB ID: 5INZ), and tachystatin A (PDB ID: 1CIX). C,

Example of extended AMPs such as tritrpticin (PDB ID: 1D6X).

Amphipathic a-helical AMPs are some of the most common AMPs reported in
literature. Of the known structures deposited in the APD, o-helical AMPs make up
about 60% of the database, while another roughly 15% of the data include a mix of a-
helices and -strands [12]. Examples of peptides in this class are melittin, cecropins, LL-

37, and magainins (Figure 2A). The mechanism of action for this class of AMPs is

through membrane disruption. a-helical AMPs, such as melittin and magainin-2, insert
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themselves into the lipid bilayer through its amphipathic properties, induce pore
formation, and cause leakage of ions causing depolarization, thus leading to cellular
lysis [20], [21]. Some linear AMPs adopt an a-helical structure after insertion into the
lipid membrane, stabilized by the hydrophobic environment [21]. One disadvantage of
o-helical AMPs often observed is the high rate of hemolytic activity and toxicity to
mammalian cells with increased helicity [22]. Developing a-helical AMPs into
therapeutic agents will need to overcome this hurdle.

B-sheet AMPs consist of at least two B-strands or more and are stabilized by at
least one disulfide bond. They are often amphipathic and have not been shown to
undergo conformational change upon binding to the membrane. Of the known
structures deposited in the APD, B-sheet AMPs make up about 10% of the database, in
addition to the roughly 15% of mixed a-helices and B-strands as previously mentioned
[12]. Examples of this class include protegrin-1, an AMP isolated from porcine
leukocytes; tachystatin A, an AMP isolated from horseshoe crabs; and 0-defensins, a
cyclic AMP isolated from monkey leukocytes (Figure 2B). In addition to destabilizing
membranes, these AMPs were also shown to affect cellular pathways. While protegrin-1
was shown to insert into membrane and form pores, it was also shown to regulate
immune activity by binding to receptors [23], [24]. The exact mechanism of action of
tachystatin A has not been elucidated, however it has high structural similarity with

agatoxin from spider venom which was shown to antagonize calcium channels through



binding [25]. 6-defensins were shown to destabilize the membrane and induce cell lysis,
but also play a role in suppressing inflammatory cytokines in the host [26]. These
examples show that AMPs have multiple targets on top of what is commonly seen, thus
further building on their broad profile. Multiple mechanisms of actions and targets
would slow down the emergence of multidrug resistance by creating a larger barrier for
pathogens to overcome.

Extended AMPs consist of AMPs with no clear secondary structures, however
they are often identified through enriched amino acids, such as glycine, proline,
histidine, and tryptophan. Of the known structures deposited in the APD, extended
AMPs make up about 15% of the database [12]. Examples of this include armadillidin, a
glycine-rich AMP isolated from pill bugs; SpPR-AMP1, a proline-rich AMP isolated
from mud crabs; and tritrpticin, a tryptophan-rich AMP isolated from porcine bone
marrow (Figure 2C). Armadillidin, was shown to inhibit bacteria through membrane
destabilization, despite not having any secondary structure in solution or membrane
mimicking conditions [27]. Interestingly, proline-rich AMPs, such as SpPR-AMP1, were
shown to not induce bacterial lysis, however they are transported into the cytoplasm
through the inner membrane transporter SbmA, where they inhibit protein synthesis
[28], [29]. Tritrpticin was shown to inhibit bacteria through membrane destabilization,
due to the favorable insertion of tryptophan into hydrophobic environments, but an

analog was shown to act through a different mechanism that does not depolarize the



membrane [30], [31]. Even without much structure, extended AMPs are shown to still be

effective at targeting microbes, often through multiple mechanisms of action.

1.1.3 Structural modifications of AMPs for clinical usage

AMPs have shown a wide display of activity in nature, however translating them
into therapeutic use in humans has proven to be difficult due to hemolytic effects,
cytotoxicity, and low metabolic stability. AMPs have been able to overcome these
difficulties by using chemical modifications to improve their drug-like properties, such
as solubility, membrane permeability, and bioavailability. Pexiganan, a derivative of
magainin, was the first AMP to be submitted for Food and Drug Administration (FDA)
approval [32]. It was developed to be a topical cream to treat diabetic foot ulcer
infections. Pexiganan was C-amidated to increase the metabolic stability by reducing
proteasomal degradation and increase the net positive charge to increase membrane
permeability. Unfortunately, pexiganan did not pass the phase III clinical trial stage due
to not showing improvement over standard of care [32]. However, AMPs have
improved over the years to enter the clinic with smarter and more creative
modifications. Daptomycin, a cyclic lipopeptide, was FDA approved in 2003 for the
treatment of Gram-positive hospital acquired infections, such as methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-resistant enterococci (VRE) [33], [34].
Daptomycin makes use of cyclization, nonnatural amino acids, and D-amino acids to

improve metabolic stability and reduce proteasomal degradation. Daptomycin also



makes use of hybridization with a lipid tail to improve membrane permeability and
delivery. Together, these modifications aided in overcoming barriers to lead to FDA
approval and clinical use, under the name Cubicin [33], [34]. As more AMPs are
discovered with potential clinical application, synthetic modifications to enhance drug-
like characteristics will need to be further developed to add to the toolbox to combat

pathogens.

1.2 Lipopolysaccharide transport pathway

1.2.1 Introduction

AMPs have a wide range of targets (Figure 1B), however this dissertation will be
focusing on Gram-negative bacteria. Gram-negative bacteria contain a complex cell wall
to shield the bacteria from foreign materials and combat environmental stresses. The cell
wall structure is composed of an inner membrane, a periplasm, and an outer membrane
[35]. The inner membrane serves as a barrier between the cytoplasm and periplasm and
is imbedded with various proteins that serve as signal receptors, transporters, enzymes,
or anchors. The periplasm, located between the inner and outer membrane, contains a
soluble matrix of peptidoglycans and proteins with a range of functions, such as protein
folding, oxidation, and secretion. The outer membrane encapsulates the cell and is
imbedded with various proteins that serve as efflux pumps, transporters, or porins.
Additionally, the outer membrane is coated in a dense layer of LPS molecules that

provide an added layer of protection by creating an additional permeability barrier for



small hydrophobic molecules like antibiotics and detergents. LPS molecules are
composed of a lipid A domain, a core oligosaccharide, and an O-antigen [36]. The lipid
A domain anchors the LPS to the outer membrane and is the toxic component of LPS.
The core oligosaccharide links the lipid A domain to the O-antigen, which is a long chain
of repeated sugars. When mammalian hosts detect LPSs, the immune system is triggered
to clear the bacteria [37]. However, high levels of LPSs, especially in
immunocompromised patients, can cause sepsis and is potentially life-threatening.
Adding to the difficulty of host clearance, bacteria have evolved to highly vary the O-
antigen composition and structure to evade detection [35]. LPS is essential for most
Gram-negative bacteria, thus making it a promising target to study. Here, we review the
lipopolysaccharide transport (Lpt) pathway in Gram-negative E. coli that is responsible

for transporting LPS from the inner membrane to the outer membrane for display.

1.2.2 Inner membrane

LPS synthesis occurs at the inner membrane. On the cytoplasmic side of the inner
membrane, the lipid A and core oligosaccharide portions are synthesized and joined
together through the Raetz pathway [36]. Also synthesized in the cytoplasmic side of the
inner membrane, is the O-antigen oligosaccharide unit attached to a carrier molecule,
undecaprenyl phosphate (UndP), through the Wzx/Wzy-dependent pathway [38]. Both
components are flipped to the periplasmic side of the inner membrane in an ATP-

dependent manner where final assembly occurs. The lipid A and oligosaccharide
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precursor molecule are transported to the periplasmic side of the inner membrane by an
ATP-binding cassette (ABC) transporter, the MsbA flippase [39]. The O-antigen is
flipped to the periplasmic side of the inner membrane by an ABC transporter, the Wzx
flippase [38], [40]. Elongation of the O-antigen sugar chain occurs after transfer across
the inner membrane. The O-antigen is attached to the core oligosaccharide by a ligase,
the WaaL ligase, to form the mature LPS molecule ready for transport across the cell
wall through the Lpt pathway [41].

The Lpt pathway consists of seven Lpt proteins, LptABCDEFG, that form a
complex spanning from the inner membrane to the outer membrane (Figure 3). The
inner membrane portion of the Lpt pathway consists of LptB, LptC, LptF, and LptG.
LptB2FGC forms an ABC transporter that extracts LPS from the inner membrane and
into the complex [42], [43]. LptB is a cytoplasmic protein with an ATP and Mg?* ion
binding site and distinct hydrophobic groove [44]. LptB dimerizes and exposes the two
hydrophobic grooves towards the inner membrane, where LptF binds to one groove and
LptG binds to the other. LptF and LptG both contain six transmembrane helices and a
periplasmic B-jellyroll domain [42], [43]. They dimerize to form the core of the ABC
transporter. LptC is composed of a single transmembrane helix and a periplasmic -
jellyroll domain [42]. The transmembrane helix of LptC was found to be inserted
between the transmembrane domain of LptF and LptG, thus widening the cavity [42].

The B-jellyroll domain of LptC was found to interact with the B-jellyroll domain of
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LptFG to extend above the complex into the periplasm [42]. Structures of the active and
inactive form of LptB:FGC show large conformational rearrangements upon ATP
hydrolysis for the extraction and expulsion of LPS [42]. LPS is presumed to be able to
enter the cavity through the membrane. It has weak affinity with the transmembrane
helices surrounding the cavity. When the transmembrane helix of LptC dissociates away
from the cavity, thus narrowing the cavity, LPS is pushed towards the top of the cavity
due to favorable electrostatic interactions [42]. The released transmembrane helix of
LptC places less strain on the linker between the helix and B-jellyroll domain to allow
LptC to stably bind to the B-jellyroll domains of LptFG by continuing the B-jellyroll
motif [42]. Upon ATP binding and hydrolysis in LptB, large conformational changes
occur that push LPS out of the LptFG cavity and into the hydrophobic groove of the
LptFGC B-jellyroll motif directly above the cavity [42]. LPS is now able to be transported

across the periplasm.

1.2.3 Periplasm

The periplasmic portion of the Lpt pathway mainly involves LptA, however
LptFGC and LptD are also involved. All binding interactions between these proteins
involve the B-jellyroll fold. The B-jellyroll fold consists of multiple anti-parallel B-strands
arranged in a sheet, where one side of the sheet is highly hydrophobic and folds onto
itself in a V-shape to bury the hydrophobic residues in a groove. This motif can build

upon itself by continuing the B-sheet, as seen in the Lpt pathway. LptGFC contain a
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periplasmic B-jellyroll fold that is anchored to the inner membrane through the
transmembrane parts of the proteins. LptA is solely a B-jellyroll fold [45]. LptD contains
a periplasmic fB-jellyroll fold, while the rest of the protein is imbedded in the outer
membrane [46]. The proteins bind in a N-to-C fashion spanning the entire periplasm to
form LptFGCAD [47]. LptA has been shown to self-oligomerize with itself, however the
number of copies of LptA involved in the complex remains unknown [45], [48]. When
these proteins oligomerize, the hydrophobic groove of the P-jellyroll fold forms a
continuous channel that slightly twists with each addition [45]. LPS has been shown to
bind to these proteins by inserting the acyl chains of the lipid A moiety into the
hydrophobic groove [49], [50]. Once LPS is in the hydrophobic groove of the B-jellyroll
fold of LptC, LPS is shuttled through the LptA bridge by interacting with hydrophobic
binding pockets formed at each protein:protein interface [49]. The LptA bridge runs the
length of the periplasm and arrives at LptD in the outer membrane. LPS is now
positioned at the periplasmic side of the outer membrane ready to be transported across

the outer membrane for display.

1.2.4 Outer membrane

The outer membrane portion of the Lpt pathway consists of LptD and LptE.
LptD consists of the periplasmic B-jellyroll fold and a large bilobal B-barrel of 26
transmembrane antiparallel -strands [46]. LptE is a lipoprotein composed of 4 B-strands

and 2 a-helices [46]. LptE inserts itself into the larger lobe of LptD to further stabilize the
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Figure 3: Model of the lipopolysaccharide transport pathway.

Lipopolysaccharide is transported from the inner membrane, through the
periplasm, to the outer membrane through the Lpt pathway. The Lpt pathway
consists of LptABCDEFG. The inner membrane portion contains LptB.FGC (PDB
ID: 6MIT) which extracts LPS from the inner membrane. The periplasmic portion
contains an unknown number of LptA (PDB ID: 2R1A) forming a bridge to
transport LPS across the periplasm. The outer membrane portion contains LptDE
(PDB ID: 5IV9) which translocates LPS to the surface. The efficient transport of

LPS through the machinery has been termed the “PEZ Model”.
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complex [51], [52]. Once LPS arrives at the B-jellyroll fold of LptD, it is unloaded into the
B-barrel of LptD through a lateral gate between PB1 and P26 [53]. The core
oligosaccharide and O-antigen are inserted into the smaller lobe of the B-barrel while the
lipid A moiety is inserted into the outer membrane [54]. The role of LptE, located inside
of LptD, has yet to be fully elucidated. However, LptE was shown to bind LPS and is
proposed to serve as the recognition site for LPS in the LptDE complex [55]. LPS is
translocated through LptDE to the external side of the outer membrane for display. The
constant loading of a new LPS molecule into the pathway is proposed to drive the
efficient and steady stream of LPS molecules to be translocated across the cell wall. This
model has been termed the “PEZ Model” due to similarities to the mechanical PEZ

candy dispenser (Figure 3) [56].

1.2.5 Inhibition of lipopolysaccharide transport pathway

The Lpt pathway is essential for many Gram-negative bacteria to ensure proper
cell wall development during infectivity, thus inhibiting it at various points would be
beneficial to stopping bacterial spread. Various molecules have already been reported to
do so, ranging from early in vitro characterization to phase III clinical trials. Two small
molecule inhibitors of LptB, found through screening a small library of kinase inhibitors
against the ATPase activity, were presented as scaffolds to improve upon [57]. Two
small molecules, IMB-881 and IMB-0042, and one AMP, thanatin, were found to disrupt

the LptC-LptA interface. IMB-881 and IMB-0042 were found through yeast two-hybrid
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screening of a small molecule library [58], [59]. IMB-881 was reported to bind to LptA,
while IMB-0042 was reported to bind to both LptA and LptC [58]-[60]. Thanatin, which
will be extensively covered in Section 1.3, was reported to bind to LptA and and also
disrupt LptA-LptA interactions [61]. Thanatin was also reported to bind to LptD, but its
role has been uncharacterized so far [61]. Murepavidin, a macrocyclic AMP, has been
reported to disrupt the LptA-LptD interface by binding to LptD [62]-[64]. The scaffold
for murepavadin was discovered from a library of B-hairpin-shaped macrocycles based
on the AMP protegrin I structure [65]. The library was screened for bactericidal activity
of Gram-positive and Gram-negative bacteria. After several rounds of optimization, one
lead compound specific to Pseudomonas was identified, which was then licensed to
various pharmaceutical companies for further development into murepavadin.
Murepavadin was in two phase III clinical trials for intravenous treatment of broad
Pseudomonas infection (ClinicalTrials.gov identifier: NCT03582007) and P. aeruginosa
infection specifically (ClinicalTrials.gov identifier: NCT03409679) [66], [67]. However,
these trials were terminated due to high nephrotoxicity. Murepavadin was reformulated
to be an orally inhaled AMP and is currently in phase I clinical trial for treating P.
aeruginosa infections in patients with bronchiectasis, including cystic fibrosis patients
[68]. Further studying these recent advancements on targeting the Lpt pathway through

AMPs will give insight on how to tackle other undruggable targets in a similar manner.
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1.3 Thanatin
1.3.1 Discovery and activity profile

Thanatin, an antimicrobial peptide (AMP) isolated from Podisus maculiventris
(spined soldier bug), was first reported by Fehlbaum and colleagues after challenging
the immune system of P. maculiventris through sepsis [69]. Thanatin was isolated,
purified, and sequenced from the hemolymph of P. maculiventris. Thanatin was
identified to be a cationic 2l-residue long antimicrobial peptide
(GSKKPVPIIYCNRRTGKCQRM) with activity against Gram-positive bacteria
(Aerococcus viridans, Micrococcus luteus, Bacillus megaterium, Bacillus subtilis, Staphylococcal
aureus, and Pediococcus acidolactici), Gram-negative bacteria (Escherichia coli, Salmonella
typhimurium, Klebsiella pneumoniae, Enterobacter cloacae, Erwinia carotovora, and
Pseudomonas aeruginosa), and fungi (Neurospora crassa, Botrytis cinerea, Nectria
haematococca, Trichoderma viride, Alternaria brassicola, Fusarium culmorum, Ascochyta pisi,
Fusarium oxysporum) at biological concentrations [69]. The broad activity against
multiple microbes indicates multiple targets and mechanisms of thanatin, that have yet
to be fully explored. To begin building an activity profile, the antimicrobial activity of
thanatin and a D-enantiomer of thanatin were assessed. Thanatin was highly effective
against the majority of these microbes assessed with most MIC values <25 ng/mL. D-
thanatin maintained its level of antimicrobial activity against Gram-positive bacteria and

fungi, except for P. acidolactici where potency was lost. D-thanatin was largely ineffective
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at targeting Gram-negative bacteria. This indicates that there is a chiral preference in
Gram-negative bacteria, which is not the case for Gram-positive bacteria and fungi.
Thanatin has also been shown to have antiviral activity against the chikungunya virus
and tobacco mosaic virus [70], [71]. This broad but potent activity and unique profile
makes thanatin an interesting molecule to study.

Thanatin from Riptortus pedestris (bean bug) was also recently identified as an
AMP and regulator of the midgut microbiome. R. pedestris thanatin was found to have
strong antimicrobial activity against E. coli and S. aureus, however it was found to have
mixed activity against Burkholderia which was dependent on the cultured sources [72],
[73]. As seen with other AMPs in insects, the expression level of thanatin was found to
be elevated upon bacterial infection of R. pedestris [73]. In addition, when the genes for
thanatin were silenced in R. pedestris, the midgut population of Burkholderia increased
[73]. This example shows how a host organism can express thanatin to regulate the

internal microbiome population.

1.3.2 Structure and functional mapping of thanatin

A solution NMR structure of P. maculiventris thanatin (PDB ID: 8TFV) reported
thanatin to be composed of a flexible N-terminal region (G1 — P7), two well-defined -
strands (I8 - N12 and K17 — M21) held together by a disulfide bond (C11 and C18), and a
cationic loop (R13 — G16) (Figure 4A) [74]. This was similarly seen with other B-sheet

AMPs also consisting of an extended flexible arm and a B-hairpin structure held together
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by disulfide bonds, such as brevinins, protegrins, and tachyplesins [75]-[77]. Various
studies have been performed to map the functionality of thanatin.

The N-terminal region of thanatin has been shown to be flexible and dispensable.
The solution NMR structure (PDB ID: 8TFV) reported a poorly defined region from G1 -
P7, especially from G1 — K3, indicating high flexibility in solution [74]. Truncation of G1
— K3 was shown to not affect the majority of antimicrobial activity against the tested
Gram-positive bacteria, Gram-negative bacteria, and fungi [69]. Truncation of G1 — P5
also did not negatively affect the potency against the majority of tested Gram-positive
bacteria, however it moderately reduced the activity against tested Gram-negative
bacteria and fungi [69]. Truncation of G1 — P7 further reduced the activity against Gram-
negative bacteria [69]. These results indicated that while G1 — K3 are dispensable for
activity, the latter half of the N-terminal region is important. Characterization of
thanatin with its target to observe the changes between apo and bound thanatin will be
necessary to confirm the role of the N-terminal region.

The role and necessity of the disulfide bond has been questioned in literature.
Mainly, the consensus is that the disulfide bond is necessary for in vivo activity.
Disruption of the disulfide bond through single point mutations such as C11Y, C11S§,
C18S, and C18Y and double point mutations such as C11A/C18A and C11S/C18S were
reported to greatly increase the MIC values or show no inhibition in E. coli [78]-[80]. One

group reported that the disulfide bond was dispensable in vivo for various Gram-
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positive and Gram-negative bacteria, however linear thanatin was defined as thanatin
still containing both cysteines but omitting an oxidation step during synthesis [81].
Linear thanatin was added into MIC assays, where oxidizing conditions of the periplasm
of Gram-negative bacteria, or proximity of the two thiols most likely caused the
formation of a disulfide bond in the duration of the experiment [82]. The role of the
disulfide bond has yet to be investigated in vitro to quantify the effect on specific targets.
The cationic loop of thanatin was shown to be necessary for activity and a place for
improvement. Single point mutants such as R13C, R13H, and R14C in E. coli and double
point mutant R13A/R14A in various Gram-positive and Gram-negative bacteria were
shown to abolish antimicrobial activity [78], [83]. AMPs are overall cationic to help
disrupt the membrane by binding to negatively charged lipopolysaccharides in Gram-
negative bacteria and negatively charged teichoic acid and lipoteichoic acid in Gram-
positive bacteria. Loss of overall net positive charge would reduce the affinity towards
the membrane, thus decreasing membrane perturbation. Varying the length of the
cationic loop was also explored and shown to not affect the antimicrobial activity of
thanatin much. Deletion of T15 and/or G16 showed slight improved potency in various
Gram-positive bacteria and minimal effect in various Gram-negative bacteria [79].
Insertion of one or two alanine residues after R14 showed a slightly reduced
antimicrobial activity against various Gram-negative and Gram-positive bacteria [79].

Thanatin T15S has been a mutation of interest due to broad antimicrobial activity, low
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Figure 4: Structures of thanatin.

A, Solution NMR structure of thanatin (PDB ID: 8TFV) highlighting the N-
terminal region (green), two anti-parallel B-strands held together by a disulfide
bond (blue), and the cationic loop (maroon). The N-terminal region is highly
flexible, with the first several residues being dispensable. The B-sheet core is
amphipathic with hydrophobic residues lining the side opposite of the disulfide
bond. The cationic loop is positively charged from several arginine residues. B,
Solution NMR structure of thanatin dimer in LPS micelles (PDB ID: 5XQ09)
highlighting efficient packing at the hydrophobic interface. Dots represent
favorable (green) and unfavorable (red) van der Waals interactions. C, Solution
NMR structure of thanatin in complex with E. coli LptAm (PDB ID: 6GD5).
Thanatin binds to the N-terminal of LptAm by continuing the 3-sheet.
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hemolytic activity, and high membrane perturbation [84]-[90]. However,
characterization of thanatin T15S with its target has yet to be reported to fully
understand its improvements over wild type thanatin.

The C-terminal region of thanatin was shown to be important for antimicrobial
activity. Deletion of M21 moderately reduced the activity against tested Gram-positive
bacteria and fungi, however it severely reduced the activity against tested Gram-
negative bacteria [69]. Deletion of R20 — M21 and Q19 — M21 did not further reduce the
activity in general, indicating a key role of M21 in activity [69]. Structural
characterization of M21 with its target will be needed to further understand its role.
Single point mutations such as Q19H and M21R abolished the antimicrobial activity
against E. coli [78]. C-amidation of thanatin was also explored and shown to not
negatively affect the antimicrobial activity against Gram-positive bacteria, Gram-
negative bacteria, and fungi, except for S. aureus (improvement from no inhibition to
MIC: 50 - 100 pg/mL) and P. aeruginosa (4 — 16-fold improvement in MIC) where
significant improvement in potency was observed [69]. The role of C-amidation
improving potency for these microbes has not been explored. Despite C-amidated
thanatin not improving the antimicrobial against E. coli, it still maintains high efficacy
(MIC: 1.5 - 16 pg/mL) against E. coli, especially in clinical isolates of extended-spectrum-
B-lactamase-producing and multidrug resistant strains, highlighting the potential for

clinical application [91].
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1.3.3 Mechanisms of action against Gram-negative bacteria

The mechanisms of action of thanatin against Gram-positive bacteria, fungi, and
viruses have yet to be fully elucidated. However, the mechanism of action against Gram-
negative bacteria has been well characterized, especially for E. coli. Thanatin has been
proposed to have four distinct mechanisms of action: 1) binding to LPS, thus inhibiting
the Lpt pathway, 2) binding to LptA, 3) binding to LptD, and 4) binding to New Delhi
metallo-B-lactamase (NDM-1).

Thanatin has been reported to bind to LPS molecules that densely coat the outer
membrane of Gram-negative bacteria. LPS molecules consist of a lipid A moiety that
anchors it to the outer membrane, an inner core region containing many negatively
charged phosphate groups, an outer core region, and a variable O-antigen sugar chain.
The cluster of negative charges in the inner core region is stabilized by the binding of
Ca? and Mg?* ions. LPS molecules provide protection against antimicrobial compounds,
such as antibiotics and detergents, by densely packing the surface and creating a
protective barrier [92]. LPS molecules also aid in evading host detection by modifying
the O-antigen sugar chain [92]. Thanatin, cationic in nature, has been shown to bind to
LPS and displace the Ca? and Mg? ions to destabilize LPS layer [93]. Binding studies
have reported that thanatin binds to LPS about 100-fold tighter than Ca?* ions and about
200-fold tighter than Mg?* ions [83], [93]. It was shown that thanatin dimerizes at the

hydrophobic interface in the presence LPS micelles (PDB ID: 5X09), with almost all of

23



the residues in contact with a LPS molecule, thus creating large LPS micelle aggregates
(Figure 4B) [83]. Bacterial cells treated with thanatin have been shown to have physical
morphological changes such as elongation, roughing of the surface, and increased
agglutination, which would aid in host clearance through phagocytosis [83], [87], [93]. In
addition, the destabilization of the LPS layer would increase membrane permeability.
Thanatin has been shown to inhibit the Lpt pathway by binding to the
lipopolysaccharide export system protein A (LptA) and lipopolysaccharide export
system protein D (LptD). Both LptA and LptD were identified as targets of thanatin
through a pulldown assay in E. coli [61]. The interaction for thanatin has been well
characterized against LptA. Binding experiments have reported high affinity of thanatin
towards LptA in the nanomolar range [61]. A solution NMR structure (PDB ID: 6GD5)
showed that thanatin binds to the N-terminal edge of LptA by continuing the p-jellyroll
motif (Figure 4C) [61]. This appendage of thanatin prevents complex formation between
LptC and LptA and LptA self-oligomerization, thus disrupting the Lpt pathway [60].
The interaction for thanatin with LptD has been poorly understood. However, binding
experiments have also reported high affinity of thanatin towards LptD [61]. Further
characterization and a high-resolution structure of thanatin with LptD have yet to be
reported. However, it is plausible that thanatin binds to the periplasmic portion of LptD
which also contains the B-jellyroll motif with the N-terminus exposed. The full-length

structure of E. coli LptD/E that includes the periplasmic portion has yet to be reported,
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however the structure has been reported for K. pneumoniae (PDB ID: 5IV9), a highly
similar Gram-negative bacterium [46]. Thanatin binding to LptD here would disrupt the
complex formation between LptA and LptD. Overall, thanatin has been shown to
disrupt the Lpt pathway in multiple locations, contributing to its strong antimicrobial
activity.

Thanatin has also been shown to bind to and inhibit NDM-1 [93]. NDM-1 is an
enzyme produced by Gram-negative bacteria that hydrolyzes almost all clinically used
B-lactam antibiotics. The innate ability to degrade B-lactams serves as an internal defense
against antibiotics. Inhibiting NDM-1 would allow B-lactam antibiotics to be more
effective by maintaining stability. The mechanism of action has been shown to be
through the displacement of the two Zn?" cofactors from the active site of NDM-1 [93].
However, a high-resolution complex structure of thanatin with NDM-1 to define the
binding site has yet to be reported. Combination treatment of thanatin with B-lactam
antibiotics in E. coli showed reversed antibiotic resistance and increased survival rate in
murine models [93]. These studies indicate that thanatin has synergistic benefits with
existing pharmacological agents, that could aid in restoring clinical usage of drugs that

microbes have already become resistant to.

1.3.4 Thanatin hybrid peptides

Recent efforts to improve thanatin by combining it with other AMPs have been

made. A hybrid peptide combining the N-terminal half of cecropin B, a 33-residue long
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a-helical AMP from silkworms, with the C-terminal half of P. maculiventris thanatin,
maintained antimicrobial activity against Gram-positive B. subtilis and fungal C. albicans,
however no overall improvements were reported [94]. A hybrid of attacin A, a 190-
residue long random coil AMP from the silk moth, with a truncated P. maculiventris
thanatin on the C-terminus, also showed retained potency in E. coli and S. aureus, but no
synergistic improvements [95]. A hybrid of the C-terminal half of melittin, a 26-residue
long a-helical AMP from bee venom, with the N-terminal half of P. maculiventris
thanatin also reported retained potency in Gram-positive and Gram-negative bacteria,
but no synergistic improvements [96]. A hybrid of the N-terminal half of LfcinB, a 25-
residue long B-hairpin AMP from bovine, combined with the C-terminal half of P.
maculiventris thanatin showed improved antimicrobial activity against P. aeruginosa, E.
aerogenes, and K. pneumoniae ranging from 2-4 fold over LfcinB and thanatin alone [97]. A
hybrid of the N-terminal half of nisin, a 34-residue long lantibiotic from bacterium
Lactococcus lactis, with ripcin, a macrocyclic lanthipeptide derived from R. pedestris
thanatin, was shown to improve antimicrobial activity in S. aureus, along with various
other Gram-positive and Gram-negative bacteria, over the nisin fragment and ripcin
alone [98]. Interestingly, a triple hybrid of latarcin, an o-helical AMP from spider
venom, PAP1 protein, a ribosome-inactivating protein from plants, and thanatin was
shown to have improved anti-viral activity against the Chikungunya virus over each

individual component alone [71]. The fusion of thanatin to molecules for improved
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activity may indicate a biological tool application as a cell permeating peptide due to its
cationic nature and effectiveness at targeting membranes [99]. Future mechanistic
studies on how these hybrid peptides synergistically improve potency will be needed to
better understand them. Even for the hybrid peptides that maintained but did not
improve potency, studies on how to improve their scaffolds will be worthwhile for the

next generation of thanatin derived peptides.

1.4 Summary

AMPs have proven to be a valuable tool in developing new agents to combat
pathogens. AMPs come from all forms of life and are diverse in structure and function,
however they all have the same purpose of regulating the microbiome population.
Discovery of novel AMPs is rapidly increasing as new tools are developed to identify
them. Thanatin is a B-hairpin AMP from the spined soldier bug that has proven to be
multi-faceted and effective in multiple ways, such as destabilizing membranes and
targeting the Lpt pathway. Structural studies of thanatin have mapped out the function
of various parts of the 21-residue long peptide. Further characterization of thanatin with
specific targets will be insightful on its various mechanisms of action, which have been
well characterized in Gram-negative bacteria. The profile of thanatin will only become
more impressive as undiscovered mechanisms of actions, such as those against Gram-
positive bacteria, fungi, and viruses, have yet to be elucidated. Gram-positive bacteria,

fungi, and viruses do not contain LPS, the Lpt pathway, or NDM-1, hence new targets
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for thanatin will need to be identified. The continued efforts to harness the benefits of
thanatin being a broad but highly effective AMP and further improve upon its scaffold

demonstrates the growing potential of developing thanatin as a pharmacological agent.

1.5 Outline of dissertation

This dissertation focuses on the discovery of novel thanatin orthologs and their
characterization against the Lpt pathway in Gram-negative bacteria. Additional work
outside of this topic is presented in the appendix.

Chapter 2 focuses on the discovery and application of these thanatin orthologs
against E. coli LptA, structural and binding studies of their interactions, inhibition
studies, and design of novel scaffolds for the next generation of thanatin-based AMPs.
Chapter 2 is adapted from the following manuscript in progress:

Huynh, K.*, Kibrom, A.*, Donald, B.R., and Zhou, P. Discovery, characterization,
and redesign of potent antimicrobial thanatin orthologs from Chinavia ubica and
Murgantia histrionica targeting E. coli LptA. Manuscript in preparation.

*These authors contributed equally.

Chapter 3 focuses on the application of these thanatin orthologs against P.
aeruginosa and structural and binding studies of their interactions, and inhibition
studies.

The Conclusions chapter summarizes the work presented, their implications, and
future directions.

Appendix A focuses on a computational re-evaluation of the hepatitis c virus

viroporin, p7, and the effect of lipid composition on the function of p7.
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2. Characterizing thanatin against Escherichia coli LptA

The following chapter is adapted from a manuscript in progress:

Huynh, K.*, Kibrom, A.*, Donald, B.R., and Zhou, P. Discovery, characterization,
and redesign of potent antimicrobial thanatin orthologs from Chinavia ubica and
Murgantia histrionica targeting E. coli LptA. Manuscript in preparation.

*These authors contributed equally.

The following statements reflect the contribution of work mentioned in this
chapter. The consensus sequence search was done by K. Huynh after helpful discussions
with Dr. Abhishek Chhetri. Molecular cloning and protein purification were shared
between K. Huynh and A. Kibrom. All BLI binding assays and MIC inhibition assays
were done by K. Huynh. The crystallization and structure determination of P.
maculiventris thanatin with E. coli LptA and C. ubica thanatin with E. coli LptA were done
by K. Huynh. The crystallization and structure determination of M. histrionica thanatin
with E. coli LptA was done by A. Kibrom. The stapled and cyclized peptide designs of

thanatin were done by K. Huynh. All written text and analysis presented here were

done by K. Huynh.

2.1 Background

Antimicrobial peptides (AMPs) are important components of the host innate
defense system against pathogens. Despite their small sizes, AMPs can possess potent
antiviral, antibacterial, and antifungal activity. Podisus maculiventris thanatin, an AMP

isolated from the spined soldier bug, is a 21-residue peptide with broad inhibitory

29



properties towards bacteria and fungi [69]. Although the mechanism of action for P.
maculiventris thanatin towards Gram-positive bacteria and fungi remains to be
elucidated, recent studies suggest that P. maculiventris thanatin can interfere with
multiple pathways in Gram-negative bacteria. In E. coli, binding of P. maculiventris
thanatin to lipopolysaccharide (LPS) on the outer layer of the outer membrane dislodges
Ca? and Mg?* ions, causing membrane instability and bacterial agglutination for host
clearance [83], [93]. Likewise, P. maculiventris thanatin has been reported to disrupt the
LPS translocation from the inner membrane to the outer membrane by binding to
components of the lipopolysaccharide transport system, LptA and LptD [60], [61],
ultimately disrupting the assembly of the bacterial outer membrane.

Apo P. maculiventris thanatin has been shown to adopt an architecture of 3-
hairpin held together by a disulfide bond in solution [74]. Using a truncated E. coli LptA
protein that maintains a monomeric state in solution (LptAm), Vetterli and colleagues
reported that P. maculiventris thanatin pairs its own B-hairpin with the N-terminal edge
of the LptAm B-sheet, thus disrupting the LptA oligomer required for LPS transport
[49], [61]. Despite conflicting reports about the requirement of a cysteine disulfide bond
for thanatin activity [78]-[81], truncation and mutagenesis studies in general support the
observations that the N-terminal loop of thanatin is dispensable [69] and the cationic

loop [78], [83] and the C-terminal region are required for in vivo inhibition [69].
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In this study, we report the discovery of distinct thanatin orthologs from mainly
diverse insect species by mining publicly available genomic databases. We show that
thanatin orthologs from Chinavia ubica and Murgantia histrionica bind E. coli LptAm more
tightly in vitro and display stronger antibiotic activity than the widely studied thanatin
from P. maculiventris [61], [69], [81], [93]. Our analysis from high-resolution crystal
structures of thanatin orthologs from P. maculiventris, C. ubica and M. histrionica in
complex with E. coli LptAm reveal key residues in M. histrionica thanatin that contribute

to the tighter LptA binding affinity and superior antibiotic activity towards E. coli.

2.2 Novel thanatin orthologs reveal consensus sequence

Thanatins from P. maculiventris and R. pedestris have previously been reported
with potent inhibitory properties against Gram-negative bacteria [69], [72]. To search for
additional thanatin orthologs, we used the amino acid sequence of thanatin from P.
maculiventris to query genomic databases deposited at the National Center for
Biotechnology. A total of 16 thanatin-like sequences from 13 unique species were
discovered (Figure 5A), which can be aligned and grouped into 11 unique sequences.
Analysis of the consensus sequence logo shows that thanatin peptides share a pattern of
G253KaPsVePrIslo(A/Y)10C11N12R13K14T15G16K17Cis(T/R/Q/K)19R20(I/M/F/L)21 (Figure 5B). It is
important to note that A10 only occurs when position 21 is an isoleucine (I121), whereas
Y10 is observed with multiple types of hydrophobic residues at position 21, such as

methionine, phenylalanine, and leucine.
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Figure 5: Sequence alignment of thanatin orthologs reveals a consensus

sequence.
A, A sequence alignment of 16 thanatin sequences identified through genomic
databases, with sequence conservation shown as a bar graph underneath the
sequences. There are 11 unique sequences from 13 distinct species. B, A
consensus logo generated from the thanatin sequences shows overall high
conservation except for N-terminal loop (positions 1-5) and positions 9, 10, 19
and 21.
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2.3 Thanatin orthologs bind tighter to E. coli LptA and display
stronger antibiotic activity than P. maculiventris thanatin

In order to assess the interaction of these thanatin orthologs towards E. coli LptA,
we developed a bio-layer interferometry (BLI) binding assay. Eight thanatin orthologs
from Aelia acuminata (two isoforms), Chinavia ubica, Halyomorpha halys, Murgantia
histrionica, Nezara viridula, Podisus maculiventris, and Riptortus pedestris together with E.
coli LptAm [49] were cloned and purified. LptAm was biotinylated and immobilized
onto streptavidin biosensors, which were then immersed into solutions containing
different concentrations of target thanatin peptides. Representative titration and binding
curves of P. maculiventris thanatin with LptAm are shown in Figure 6A and 6B. The
steady-state binding association was fit to a 1:1 binding model, yielding a Ka value of 1.8
+ 0.2 nM. Representative titration curves and steady-state binding analyses of individual
thanatin orthologs are summarized in Figure 6C (raw data shown in Figure 7).
Surprisingly, with the exception of R. pedestris thanatin, which binds similarly to P.
maculiventris thanatin (Ka = 2.0 + 0.4 nM versus Ks=1.8 + 0.2 nM), all of the remaining
thanatin peptides bind LptAm at least 2-fold more tightly (Ka=0.4 - 0.8 nM).

Two of these thanatin orthologs also displayed stronger antibiotic activity
against E. coli by at least 2-fold (Figure 6D). P. maculiventris thanatin had an MIC of 2.9 +
0.2 pug/mL against the E. coli ATCC 25922 strain, whereas thanatin from C. ubica had a

MIC value of 1.4 + 0.3 pg/mL. Thanatin from M. histrionica appeared to be the most
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Figure 6: Identification of thanatin orthologs that improve binding and

inhibition to E. coli.
A, Representative BLI binding curves of the P. maculiventris thanatin titration
with LptAm immobilized on the BLI biosensor tip. B, Steady-state binding curve
of P. maculiventris thanatin with LptAm. C, Comparison of binding affinities of
thanatin orthologs with LptAm. Error bars indicate SEM (minimum of at least
n=3). D, MIC values of thanatin orthologs against E. coli ATCC 25922. MIC values
are calculated as geometric means, and the error bars represent SEM (minimum
of at least n=3).

potent antibiotic, showing an MIC of 1.1 + 0.2 pg/mL, improving the potency of P.

maculiventris thanatin by approximately 2.8-fold.
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Figure 7: Representative BLI binding curves for each thanatin ortholog
binding to E. coli LptA.
BLI association traces of a thanatin titration (left) and binding curve fit to steady
state 1:1 binding model (right) are shown for the following thanatin orthologs: A)
Aelia acuminata (1), B) Aelia acuminata (2), C) Chinavia ubica, D) Halyomorpha halys,
E) Murgantia histrionica, F) Nezara viridula, G) Podisus maculiventris, H) Riptortus
pedestris (1).

2.4 Crystal structure of P. maculiventris thanatin bound to E. coli
LptAm reveals a domain-swapped dimer

In order to obtain a molecular understanding of the P. maculiventris thanatin
interaction with E. coli LptA, we crystallized the LptAm - P. maculiventris thanatin
complex in the P212121 space group, which diffracted to 2.43 A resolution. Unexpectedly,

the crystal structure revealed a domain-swapped dimer of LptAm in the shape of a
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Figure 8: Structural comparison of LptAm in complex with P. maculiventris
thanatin by NMR and crystallography.
A, Previously published solution NMR structure (PDB ID: 6GD5) showed a
monomeric LptAm-thanatin complex. Crystal structure reveals a domain
swapped dimer of the heterodimeric LptAm-thanatin complex. B, Overlay of the
NMR structure and crystal structure show good backbone agreement for the p-
strands, but poor agreement in the loop regions and side chain rotamers.

butterfly, with the terminal two B-strands on each protomer pairing up with the edge of

the central B-sheet in the adjacent protomer (Figure 8A). P. maculiventris thanatin forms

a B-hairpin held together by a disulfide bond and appends to LptAm via parallel f-

strand interactions through the N-terminal B-strand of LptAm, similar to the previously

reported solution NMR structure (PDB 6GD5). As LptAm and LptAm in complex with
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Figure 9: Truncated LptA is monomeric in solution as shown by SECMALS.
A 500 puL sample of truncated LptA (15 mg/mL) (green) and truncated LptA in
complex with P. maculiventris thanatin (15 mg/mL) (red) were separately injected
onto a Superdex200 Increase 10/300 GL column in buffer (50 mM sodium
phosphate pH 7.5, 150 mM NaCl). Truncated LptA is primarily monomeric
(expected MW: 14.52 kDa) in solution with a small dimeric (expected MW: 29.04
kDa) population. Truncated LptA in complex with P. maculiventris thanatin is
primarily monomeric (expected MW: 16.94 kDa) in solution with a small dimeric
(expected MW: 33.87 kDa) population.

P. maculiventris thanatin are primarily monomeric in solution with a small dimeric
population, shown via SEC-MALS (Figure 9), the dimeric state of LptAm likely results

from the high protein concentrations under crystallization conditions.
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The overall features of the P. maculiventris thanatin interaction with LptAm in the
crystal structure are similar to that of the NMR structure (PDB 6GD5). When
disregarding the terminal two B-strands, the backbones are in good agreement with a
RMSD of ~1.9 A (Figure 8B). The areas of poor agreement are largely in the loop regions,
along with great variance in the side chain rotamers (overall total RMSD of ~2.4 A),
which is expected due to dynamic movement in solution (Figure 8B). Furthermore, the
domain-swapping occurs at the C-terminus of LptAm which is far removed from the
binding interface between LptAm and thanatin, thus the thanatin binding interface is

entirely unperturbed.

2.5 Shared features of LptAm-thantin ortholog complexes

We next determined the crystal structures of C. ubica thanatin and M. histrionica
thanatin in complex with E. coli LptAm to understand why these thanatin orthologs bind
more tightly to E. coli LptA than P. maculiventris thanatin. Both C. ubica thanatin and M.
histrionica thanatin were co-crystallized with E. coli LptAm and took the same P2i2:2:
space group as P. maculiventris thanatin in complex with E. coli LptAm, and their crystal
structures were resolved to 1.90 A and 1.80 A, respectively. Each unit cell similarly
contains two domain-swapped LptAm - thanatin complexes as seen for the LptAm - P.
maculiventris thanatin complex (Figure 10; refinement statistics for all three structures

can be found in the Table 1).
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In all three structures, LptAm forms a B-jellyroll domain and thanatin forms a {3-
hairpin held together by an invariant disulfide bond (Figure 11A). Removal of the
disulfide bond in P. maculiventris thanatin via a C11A/CI8A mutation reduced the
LptAm binding affinity by 26-fold (Ka: 46.9 + 4.9 nM versus WT Ka: 1.8 + 0.2 nM) (Figure
11E) and completely abolished the antibiotic activity (MIC >125 (ug/mL) (Figure 11F),
showing that the disulfide bond stabilized B-hairpin structure is an important feature for
maintaining the biological activity of thanatin.

The thanatin peptides bind to the N-terminus of LptAm by aligning their own N-
terminal (3-strands at the interface parallel to the N-terminal B-strand of LptAm and
forming backbone interactions (Figure 11A). As a result, thanatin disrupts the LptA
oligomerization “bridge” in lipid A transport by binding asymmetrically to the N-
terminus of LptAm, causing an uneven surface to disfavor another (3-jellyroll fold from
binding.

All thanatin peptides contain a dispensable and flexible N-terminal tail that is
not well defined for the first several residues (Figure 11B). Deletion of first three
residues (AG1-K3) in P. maculiventris thanatin did not negatively affect its interaction
with LptAm (Ka: 0.7 + 0.1 nM) (Figure 11E) nor its antibiotic activity (MIC: 3.1 + 0.3
ug/mL) (Figure 11F) suggesting that this region is overall dispensable for efficient
binding. This is in agreement with previously reported results of minimal effect

observed between full length and truncated (AG1-K3) P. maculiventris thanatin on E. coli
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inhibition [69]. Similarly, deletion of K3 (AK3) in P. maculiventris thanatin, which mimics
the shorter peptide length observed in several orthologs, has no major consequence due
to its location in the dispensable N-terminal tail (Kd: 1.1 + 0.03 nM, MIC: 4.9 + 0.3 ug/mL)
(Figure 11E, F).

The cationic loop, specifically R13, in all three thanatin peptides is involved in
extensive intermolecular interactions with LptAm (Figure 11C), suggesting that it is an
important residue for LptAm binding. Mutations of R13 that would break contact to
LptAm, such as R13C or R13H, were reported to abolish inhibition of E. coli growth [78].
In contrast to R13, the residue at position 14 has no obvious contact with LptAm, though
these two residues are invariantly conserved as basic residues (Arg/Lys). R14K has no
significant changes (Ka: 1.5 + 0.3 nM, MIC: 3.9 + 0.0 pg/mL) (Figure 11E, F). However,
removal of positively charged residues in the cationic loop via P. maculiventris thanatin
R13A/R14A, was reported to abolish inhibition of E. coli growth [83], showing that it
plays a critical role in the efficacy of thanatin presumably due to enhanced membrane
permeability.

The C-terminal carboxyl group in all three thanatin peptides forms bidentate
hydrogen bonds with sidechain of LptAm R76 to position thanatin with the
hydrophobic core of LptAm (Figure 11D). C-amidation of P. maculiventris thanatin was
reported to increase the MIC value by 2-fold, most likely due to the loss of charged

interaction with LptA R76 [69]. Deletions of residues 19 — 21, 20 — 21, or 21 in
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Table 1: X-ray data collection and refinement statistics of E. coli LptA-Thanatin
complexes.

E. coli LptAm-
P. maculiventris

E. coli LptAm-
Chinavia ubica

E. coli LptAm-
Murgantia histrionica

Thanatin Thanatin Thanatin
PDB XXXX YYYY 7777
Data collection
Wavelength (A) 0.9792 0.9792 0.9792
Space group P212121 P212121 P212121
Cell dimensions
a,b,c (A) 44.95, 61.83, 150.33 45.51, 62.13,150.08  45.60, 62.47, 147.12
o, B, v(A) 90.0, 90.0, 90.0 90.0, 90.0, 90.0 90.0, 90.0, 90.0
Resolution ( A) 47.75-2.43 47.86 — 1.90 47.62 - 1.80
(2.52 - 2.43) (1.97 = 1.90) (1.86-1.80)
Rmeas 0.06248 (0.5848) 0.067 (0.852) 0.062 (0.708)
CCin 0.999 (0.98) 0.999 (0.974) 0.998 (0.936)
Mean I/cl 23.27 (3.94) 20.00 (3.22) 14.17 (2.83)
Completeness (%) 99.90 (99.94) 99.61 (99.20) 97.89 (98.59)
Redundancy 11.5 (11.3) 13.1 (13.7) 5.5 (5.7)
Total reflections 189,877 (18,210) 450,466 (45,983) 216,971 (22,188)
Unique reflections 16,463 (1,614) 34,382 (3,364) 39,095 (3,874)
Refinement
Rwork / Riree 0.1938/0.2416 0.197/0.239 0.181/0.212
No. atoms 2406 2384 2608
Protein 2237 2245 2274
Water 169 139 334
Average B-factors 23.68 49.39 39.18
Protein 23.48 49.21 38.16
Water 26.42 52.28 46.11
R.m.s. deviations
Bond lengths (A) 0.004 0.007 0.015
Bond angles (°) 0.62 0.92 1.37
Ramachandran
Favored (%) 98.24 97.21 98.24
Allowed (%) 1.76 2.79 1.76
Outliers (%) 0.00 0.00 0.00

*Values in parentheses are for highest-resolution shell.
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A) LptAm with P. maculiventris Thanatin

B) LptAm with C. Ubica Thanatin
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Figure 10: Crystal structures of LptAm in complex with thanatin orthologs.
Ribbon diagram of A, LptAm in complex with P. maculiventris, B, LptAm in
complex with C. ubica thanatin, and C, LptAm in complex with M. histrionica
thanatin in two different orientations. All three structures contain two copies of
LptAm (green and maroon) and thanatin (blue and teal), where the LptAm
monomers are domain swapped in the C-terminal region. Thanatin binds to the
N-terminal region of LptAm by aligning the [3-strands at the interface.

P. maculiventris thanatin were also reported to abolish inhibition of E. coli growth,

highlighting the importance of the C-terminal region [69].
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Figure 11: Characteristics of P. maculiventris thanatin binding to E. coli
LptAm.
A, Thanatin binds to the N-terminal -strand of LptA in a parallel orientation
mediated through backbone interactions. Thanatin forms a B-hairpin held
together by a disulfide bond and provides a B-strand edge to the complex that
disfavors further oligomerization. B, Thanatin contains a flexible N-terminal tail
not well defined in the electron density map, thus missing the first several
residues and side chains. C, Thanatin R13 of the cationic loop is extensively
involved in intermolecular interactions. D, LptA R76 stabilizes the C-terminus of
thanatin through bidentate hydrogen bonds. E, Probing importance of shared
structural regions by binding. Error bars indicate SEM (minimum of at least n=3).
F, MIC values of thanatin mutants against E. coli ATCC 25922. MIC values are
calculated as geometric means, and the error bars represent SEM (minimum of at
least n=3).
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2.6 Molecular basis of the enhanced LptAm binding and
antibiotic activity by thanatin orthologs from C. ubica and M.
histrionica

When comparing the sequences of thanatin from P. maculiventris, C. ubica, and M.
histrionica, Y10A, Q19R, Q19T, and M21I highlight the major differences at the interface
of thanatin with the hydrophobic core of LptAm (Figure 12A, B). The hydrophobic
surface of LptAm consists of 138, L45, V52, and F54, which is the main interface that
residues 10 and 21 of thanatin pack against. P. maculiventris thanatin contains Y10 and
M21, while C. ubica thanatin and M. histrionica thanatin contain A10 and 121. Residues
A10 and 121 provide a better interface, as reflected in tighter binding to LptAm (C. ubica
Kaof 0.5+ 0.1 nM and M. histrionica Ka of 0.8 + 0.1 nM vs P. maculiventris Ka of 1.8 + 0.2
nM) (Figure 6C). The tighter binding of C. ubica thanatin and M. histrionica thanatin to
LptAm also contributes to lowering the MIC values (Figure 6D).

To evaluate the contributions of the variant surface residues of thanatin
orthologs to LptAm binding, we generated single point mutations of Y10A, QI9R, and
M21I and double mutant YI0A/M21I on the P. maculiventris backbone. Binding for all
mutants to LptAm improved by roughly 3-fold (Figure 12C). However, a gradual
improvement of inhibition was observed through MIC values (Figure 12D). Single point
mutants Y10A, QI9R, and M21I did not significantly lower the MIC more than 2-fold,
whereas a double point mutant Y10A/M21I lowered the MIC 3-fold, suggesting a

synergistic relationship between the two positions.
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Figure 12: Differences between P. maculiventris, C. ubica, and M. histrionica
thanatin.

A, Sequence alignment of thanatin peptides highlights neutral differences (AK3
and R14K) in green and major differences (Y10A, Q19T, Q19R, and M21I) in red.
B, Major differences are found at the interface of thanatin with the hydrophobic
core of LptA. C, Assessing effects on binding to E. coli LptAm of single- and
double-point mutations. Values given are averages of Ka (nM) with SEM as error
bars (minimum of at least n=3). D, Assessing effects on inhibition to E. coli ATCC
25922, a clinical strain, of single- and double-point mutations. Values given are
geometric mean of MIC (ug/mL) with SEM as error bars (minimum of at least
n=3). E, Assessing effects in membrane permeability to E. coli W3110, a laboratory
strain, and E. coli W3110 yhjD* AkdtA, a mutation that compromises the outer
membrane. Values given are geometric mean of MIC (pg/mL) with SEM as error
bars (minimum of at least n=3).

The synergy of Y10A and M21I cannot be attributed to binding due to the single
point mutants also improving the Ka to similar levels. To explore if the synergistic effect

is due to membrane permeability, we tested the mutants against E. coli W3110, the
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parent laboratory strain, and E. coli W3110 yhjD* AkdtA, a strain with a compromised
membrane (Figure 12E). A deletion of kdtA causes disruption of LPS biosynthesis and
results in only lipid A being displayed on the outer membrane instead of a complete LPS
molecule. All single point mutations do not improve the MIC >2-fold in either the wild-
type or membrane compromised strain. However, the double point mutation
Y10A/M21I and M. histrionica thanatin improves 4-fold over P. maculiventris thanatin in
the parent strain. When the membrane is compromised, the double point mutation
Y10A/M211 and M. histrionica thanatin improves roughly 2-fold over P. maculiventris
thanatin. The decrease in fold-improvement indicates that there is increased membrane
permeability with the Y10A/M21I combination, present in both peptides here. The M.
histrionica thanatin can be represented as the double point mutant YIOA/M21I with the
additional Q19R mutation. Despite seeing no membrane permeability problems with the
single point mutant QI9R, QI19R alone is not significant enough to further lower the

MIC.

2.7 Redesigning M. histrionica thanatin

Next, we sought to improve M. histrionica thanatin, the most potent thanatin
ortholog identified from our studies. We showed that the N-terminal region of P.
maculiventris thanatin is dispensable (Figure 11E, F) and was not always well defined in
any of the crystal structures, suggesting that the N-terminal flexibility applied to the

other thanatin orthologs as well. We showed that the disulfide bond was necessary for

46



binding and inhibition (Figure 11E, F). We approached the redesign of thanatin in two
manners, a stapled version and a cyclized manner. Our approach focused on truncating
M. histrionica thanatin and removing the need of the disulfide bond, which are prone to
environmental oxidizing and reducing conditions.

For the stapled thanatin, we mutated the disulfide bond to C11E and C18K and
created a lactam bridge across the peptide (peptide synthesized by Genscript) (Figure
13A, B). This created a staple across thanatin that retained binding to E. coli LptAm (Ka:
0.7 £ 0.0 nM vs. 0.8 + 0.1 nM for M. histrionica thanatin) (Figure 13D), However, potency
against E. coli was 6-fold worse (MIC: 6.6 + 0.2 ug/mL vs. 1.1 + 0.2 ug/mL for M.
histrionica thanatin) (Figure 13E). This discrepancy in results could be due to how
thanatin interacts with the cell membrane. The effect of the staple on membrane
permeability would be interesting to explore to further understand how thanatin is
transported across the membrane.

For the cyclized thanatin, we mutated the disulfide bond to C11A and C18A and
created a lactam bridge across mutations P7D and R20K (peptide synthesized by
Genscript) (Figure 13A). This created a bridge across thanatin to mimic a head-to-tail
cyclization of the peptide (Figure 13C). Unfortunately, binding to E. coli LptAm was
drastically decreased (Ka: 986 + 154 nM vs. 0.8 + 0.1 nM for M. histrionica thanatin) and

potency was abolished (MIC: >62.5 ug/mL) (Figure 13D, E). These weakened qualities
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Figure 13: Redesigning M. histrionica thanatin into a novel scaffold.

A, Novel thanatin scaffolds were derived from the M. histrionica thanatin
sequence. B, The stapled thanatin was truncated on the N-terminus and the
disulfide bond was replaced with a lactam bridge. Modeling predicts stapled
thanatin can retain its structure with the modifications. C, The cyclized thanatin
was truncated on the N-terminus, the disulfide bond was mutated to alanine
residues, and a lactam bridge was used to link thanatin in a head-to-tail manner.
Modeling predicts cyclized thanatin can retain its structure with the
modifications. D, Assessment of modified thanatin peptides binding to E. coli
LptAm (minimum of at least n=3). E, Assessment of modified thanatin peptides
potency against E. coli ATCC 25922. Values given are geometric mean of MIC
(ng/mL) with SEM as error bars (minimum of at least n=3).

of thanatin could be due to a larger rearrangement of thanatin that our modeling did not
predict.
Although we failed in improving thanatin via cyclization, we show promising

results with a stapled thanatin scaffold. The stapled peptide retained binding with a
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slight reduction in potency. Structural studies will be needed to confirm the binding
mechanisms of this thanatin derivative in order to further improve upon. Overall, we

present a novel thanatin scaffold to use as a platform to create better antibiotics.

2.8 Discussion

Here, we showed that mining genomic databases for thanatin orthologs yielded
more effective thanatin peptides that potently target E. coli. We developed a BLI assay to
measure binding to E. coli LptA and a MIC assay to measure inhibition of E. coli growth
and assess membrane permeability. We crystallized and determined the structures of P.
maculiventris thanatin and two of the best thanatin orthologs, from C. ubica and M.
histrionica, bound to E. coli LptA for structural characterization. We conducted
mutagenesis studies to better understand the mechanism of improved binding and
inhibition. Overall, Y10A, QI9R, and M21I increased binding affinity, however the
improvement in antibiotic activity is additionally driven by the increased membrane
permeability of Y10A and M21I. Furthermore, we redesigned a scaffold from M.
histrionica thanatin, the most potent thanatin ortholog, to shorten the peptide and
remove the need for a disulfide bond.

The discovery of novel thanatin orthologs adds to the recent and growing field of
microproteomics and cryptic peptides. Recent efforts have been made to mine the
human genome for microproteins (around 100 amino acids or less) that have been

largely ignored until recently. Microproteins have been found to play various roles in
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regulating stress signaling (PIGBOS), muscle and fat metabolism (MOTS-c), and
mitochondrial activity (SHMOOSE) [100]-[102]. They have also been found to be linked
to various diseases such as cancer, diabetes, and Alzheimer’s disease [100]-[102]. In
addition, recent efforts have been made to mine the human genome for cryptic peptides
that serve as antibiotics and better identify them [14], [17]. Cryptic peptides are active
peptides created from the degradation of or cleavage from a larger protein. P.
maculiventris thanatin is expressed within a precursor of 109 residues (Accession number
ATG84180.1). After cleavage from the precursor, P. maculiventris thanatin becomes an
active antimicrobial peptide of 21 residues. Thanatin sequences found in our genomic
search were mostly from whole genome sequences and their corresponding precursors
were not identified. However, the precursor for R. pedestris thanatin has been reported,
suggesting similar processing and maturation of the peptides (Accession number
BAN67668). Our studies show that mining non-human genomes, such as insects in our
case, could identify a valuable library of unexplored microproteins with antimicrobial
activity.

Variance in the thanatin peptides can reveal what role these peptides play in
their host by elucidating their microbial targets. The search for thanatin orthologs
yielded 16 thanatin-like sequences, which can be grouped into 11 unique sequences,
from 13 species. The majority of these orthologs are from stink bugs and other insects. It

has been reported that thanatin in P. maculiventris (spined soldier bug) and R. pedestris
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(bean bug) are found in the insect’s midgut region and help regulate the microbiome to
promote symbiosis [69], [72]. It is plausible that the newly reported thanatins in other
insects play a similar role in their respective hosts. Different thanatin sequences could
target different pathogens to various degrees, which may reflect the microbiome
population of each host and helps build the broadly inhibitory profile of thanatin.
Interestingly, one thanatin ortholog was found in Shewanella, an anaerobic Gram-
negative bacteria found in marine sponges. It is plausible that Shewanella produces
thanatin as an anti-toxin and secretes it into the environment as a defense mechanism
against competing bacteria or fungi. Further studies will be needed to confirm the role of
thanatin in these other species. Overall, as more genomic data is deposited, additional
thanatin orthologs will be identified and allow us to update the consensus sequence.
Our early design of a stapled thanatin retains binding but slightly reduces
potency. It would be worthwhile to apply computational tools, such as OSPREY, to our
stapled thanatin to increase binding affinity and regain potency [103]. Another design
approach would be to create hybrid peptides to combine our improved thanatins with
other antimicrobial peptides to synergistically attack pathogens. Due to the effective
membrane permeability and short cationic sequence of thanatin, thanatin could be
reimagined to be like a cell-penetrating peptide to delivery molecules to targets in the
periplasm. Examples of this have already been reported in literature, though the

mechanisms of action have not been explored [97], [98].
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Overall, our findings show that nature and evolution are valuable sources for
antimicrobial peptides. We identified a more potent thanatin peptide from M. histrionica
that targets E. coli through strong binding to LptA to disrupt the the lipopolysaccharide
transport system. High-resolution crystal structures allowed us to better understand the
mechanism of action between thanatin and LptA. We identified that the key to
improved potency lies in the coordination between thanatin A10 and I21 to increase
membrane permeability. We also redesigned M. histrionica thanatin to remove the need
for a disulfide bond and present a scaffold for the next round of peptide design. Future
work includes utilizing computational protein design to improve the affinity and
potency of our redesigned M. histrionica thantin scaffold and to apply our thanatin

library to other Gram-negative bacteria.

2.9 Materials and methods
2.9.1 Sequence analysis

Identification of novel thanatin orthologs was performed with the tblastn and
blastp suites (https://blast.ncbinlm.nih.gov) [104]. The amino acid sequence from P.
maculiventris thanatin was used as the query sequence. Sequence identities and positive
substitutions were used to determine sequences of interest. A multiple sequence
alignment was generated with Clustal Omega
(https://www.ebi.ac.uk/Tools/msa/clustalo/) [105]. A consensus sequence was generated

with WebLogo (https://weblogo.berkeley.edu) [106]. The accession numbers
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corresponding to all thanatin orthologs mentioned in this publication are: Aelia
acuminata (CAJVQNO010000565), Anasa tristis (GEII01018028), Chinavia impicticornis
(GIVF01040023), Chinavia ubica (GBFA01023333), Dichelops melacanthus (GBES01007078),
Halyomorpha halys (XP_014293651), Murgantia histrionica (GECQ01170005), Nezara viridula
(GIBW01225186 and GGPJ01242699), Piezodorus guildinii (CMO041296), Podisus
maculiventris (AAB36066), Riptortus pedestris (BAN67668 and JAAEANO010010806),

Shewanella (WP_238898582), and Stiretrus anchorago (WUAS01076668).

2.9.2 Cloning, expression, and purification of E. coli LptA

A monomeric mutant (A159-185) of LptA [49] without the signal peptide
sequence (A1-27) was inserted into a modified pET24b vector through Takara Bio In-
Fusion cloning to yield the final construct of Hise-SUMO-LptA. For BLI binding studies,
a C-terminal flexible linker and AviTag were incorporated to yield the final construct of
Hise-SUMO-LptA-GSGGSGSG-AviTag. After confirmation through DNA sequencing,
the plasmid was transformed into BL21 (DE3) competent cells on LB plates containing
kanamycin. Cells were grown in Luria-Bertani (LB) media with kanamycin at 37 °C until
OD600 =0.6 with shaking and then induced with 1 mM IPTG at 18 °C for 18 hours. The
cells were harvested by centrifugation and frozen at -80 °C until purification.

The cell pellet was thawed, resuspended in Buffer A (20 mM Tris pH 8.0, 250 mM
NaCl) with a protease inhibitor tablet, and lysed with a microfluidizer. The lysate was

centrifuged at 20,000 g for 20 mins to remove cellular debris. The supernatant was
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passed through a Ni-NTA column, washed with Buffer A + 25 mM imidazole, eluted
with Buffer A + 250 mM imidazole, and further eluted with Buffer A + 500 mM
imidazole. Elution fractions containing protein were pooled and digested with SENP1
protease (1:100 M protease:protein) while being dialyzed (MWCO 3.5 kDa) against 20
mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT for 20 hours at 4 °C. The dialyzed and
digested solution was passed through a Ni-NTA column, washed with Buffer A + 25
mM imidazole, eluted with Buffer A + 250 mM imidazole, and further eluted with Buffer
A + 500 mM imidazole. The flow through and wash fractions containing protein were
concentrated (MWCO 3K) and passed through a Superdex200 column in Buffer B (50
mM Tris pH 8.5, 200 mM NaCl). The fractions containing purified LptA were
concentrated (MWCO 3 kDa) and flash frozen in liquid nitrogen for storage at -80 °C.
For BLI binding studies, the protein was biotinylated with the BirA biotin-protein ligase
standard reaction kit from Avidity and passed through a S75 column in Buffer C (1X

PBS) before being flash frozen for storage at -80 °C.

2.9.3 Cloning, expression, and purification of thanatin peptides

The thanatin sequence was inserted into a pET15b vector through Takara Bio In-
Fusion cloning to yield the final construct of Hisi-GB1-TEV Cleavage Site-Thanatin.
Single point and double point mutations were made with a Q5 Site-Directed
Mutagenesis Kit from New England BioLabs. After confirmation through DNA

sequencing, the plasmid was transformed into BL21 (DE3) competent cells on LB plates
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containing ampicillin. Cells were grown in LB media with ampicillin at 37 °C until
OD600 =0.6 with shaking and then induced with 1 mM IPTG at 18 °C for 18 hours. The
cells were harvested by centrifugation and frozen at -80 °C until purification.

The cell pellet was thawed, resuspended in Buffer D (50 mM Tris pH 8.0, 200 mM
NaCl) with an added protease inhibitor tablet, and lysed with a microfluidizer. The
lysate was centrifuged at 20,000 g for 20 mins to remove cellular debris. The supernatant
was passed through a Ni-NTA column, washed with Buffer D + 25 mM imidazole,
eluted with Buffer D + 250 mM imidazole, and further eluted with Buffer D + 500 mM
imidazole. Elution fractions containing protein were pooled, concentrated (MWCO 3
kDa), and passed through a Superdex200 column in Buffer B. The fractions containing
protein were pooled and digested with TEV protease (1:100 M protease:protein) for 20
hours at 4 °C. The digested solution was passed through a Ni-NTA column, washed
with Buffer B + 25 mM imidazole, eluted with Buffer B + 250 mM imidazole, and further
eluted with Buffer B + 500 mM imidazole. The flow through and wash fractions
containing purified peptide were concentrated (MWCO 3K) and frozen for storage at -20
°C.

Synthesis of the stapled and cyclized thanatin peptide were carried out by

Genscript.
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2.9.4 Bio-layer interferometry binding assay

A BLI binding assay was developed on an Octet Red96e System. All assays were
performed at 25 °C, at 700 r.p.m., and in buffer (1X Octet Kinetics Buffer: 1X PBS, 1%
BSA, 0.1% Tween-20, 0.1% Kathon). Octet Streptavidin (SA) Biosensors were pre-wet for
15 minutes in buffer. The order of steps for each assay were as follows: (1) baseline:
immersion in buffer for 300 seconds, (2) loading: immersion in biotinylated E. coli LptA-
Avi at 1 pg/mL for 300 seconds, (3) baseline: immersion in buffer for 300 seconds, (4)
association: immersion in peptide for 3600 seconds. A 15-point titration of peptide from
153.1 nM to 0.6 nM was used. Controls for double-referencing each point were the
following: (1) reference sample well: SA biosensor with LptA-Avi loaded immersed into
buffer, (2) reference sensor: SA biosensor with no LptA-Avi loaded immersed into
various peptide concentrations. Curve fitting and data analysis for reporting

dissociation constants (Kd) were performed using the following steady-state 1:1 binding

model: ’Response = Thanatinl/Kd_ gy . The SA Biosensors loaded with LptA-Avi were
14[Thanatin]/Kd

regenerated for multiple uses as follows: (1) baseline: immersion in buffer for 100
seconds, (2) regeneration: immersion in 10 mM glycine pH 1.7 for 10 seconds, (3)
neutralization: immersion in buffer for 10 seconds, repeat steps (2) and (3) for a total of 3

times, (4) baseline: immersion in buffer for 100 seconds.
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2.9.5 Minimal inhibition concentration assay

A MIC assay was developed with E. coli ATCC 25922, E. coli W3110, and E. coli
W3110 yhjD* AkdtA based on the Clinical & Laboratory Standards Institute (CLSI)
standard protocol [107]. E. coli was streaked onto an antibiotic free LB plate from a cryo
stock and incubated at 37 °C overnight. A single colony from this plate was streaked
onto an antibiotic free LB plate and incubated at 37 °C overnight. For E. coli ATCC 25922
and W3110, a single colony was added to LB media (10 mL) and grown at 37 °C to
OD600 ~0.1 (corresponding to =1 — 2 x 108 CFU/mL) with shaking. Cells were plated at a
final concentration of =5 x 105 CFU/mL in Cation-Adjusted Mueller-Hinton Broth
(CAMHB) over a titration of peptide inhibitor in clear 96 well plates. Due to difficulties
growing in CAMHB, E. coli W3110 yhjD* AkdtA was grown in LB at 37 °C to OD600 =0.6
and plated at a final dilution of 1:100 in LB. The plate was incubated at 37 °C for 20
hours. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (10 pL of 5
mg/mL) was added to each well and incubated at 37 °C for 3 hours. Isopropanol + 0.1 M
HCI (100 pL) were added to each well. The plate was imaged and read at OD690 and
OD5750 for analysis. The MIC was determined to be the minimum peptide

concentration where no growth was observed.

2.9.6 Crystallization and structure determination of E. coli LptA with
P. maculiventris thanatin

Purified E. coli LptA and P. maculiventris thanatin were incubated together and

co-eluted through a Superdex200 column in Buffer B. The fractions containing the
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complex were concentrated (MWCO 3 kDa) to 5 and 10 mg/mL. Crystal trays were set
up at each concentration using the sitting drop method with 1 uL protein and 1 uL of
crystallization solution, along with seeding from E. coli LptA with P. maculiventris M21W
crystals using the scratch method. Crystallization solutions that yielded crystals ranged
from 60 — 70% MPD at 0.1 M MES pH 5.8. The crystallization condition of the reported
dataset was 10 mg/mL LptA:thanatin in 0.1 M MES pH 5.8, 60% MPD.

Diffraction data were collected at NE-CAT 24-ID-C beamline. The 3D model was
constructed using molecular replacement from the PHASER module in PHENIX with a
structure of E. coli LptA and P. maculiventris thanatin M21W as the input model. Coot

and PHENIX were used for iterative model building and refinement.

2.9.7 Crystallization and structure determination of E. coli LptA with
C. ubica thanatin

Purified E. coli LptA and C. ubica thanatin were incubated together and co-eluted
through a Superdex200 column in Buffer B. The fractions containing the complex were
concentrated (MWCO 3 kDa) to 6, 8, and 15 mg/mL. Crystal trays were set up at each
concentration using the sitting drop method with 1 uL protein and 1 ul of
crystallization solution. Crystallization solutions that yielded crystals ranged from 60 —
77.5% MPD and pH 5.8 — 8.5 (0.1 M MES, HEPES, or Tris). The crystallization condition
of the reported dataset was 6 mg/mL LptA:thanatin in 0.1 M MES pH 5.8, 70% MPD.

Diffraction data were collected at NE-CAT 24-ID-E beamline. The 3D model was

constructed using molecular replacement from the PHASER module in PHENIX with an
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AlphaFold model of E. coli LptA and P. maculiventris thanatin as the input model. Coot

and PHENIX were used for iterative model building and refinement.

2.9.8 Crystallization and structure determination of E. coli LptA with
M. histrionica thanatin

This section was done in collaboration with Amanuel Kibrom of the Zhou
Laboratory. Purified E. coli LptA and M. histrionica thanatin were incubated together and
co-eluted through a Superdex200 column in Buffer B. The fractions containing the
complex were concentrated (MWCO 3 kDa) to 10.5 mg/mL. Crystal trays were set up at
each concentration using the sitting drop method with 1 pL protein and 1 ulL of
crystallization solution. Crystallization solutions that yielded crystals ranged from 0.095
- 0.1M sodium citrate pH 5.6, 19 - 20% isopropanol, 19 - 20% PEG 4000, and 0 - 5%
glycerol. The crystallization condition of the reported dataset was 10.5 mg/mL
LptA:thanatin in 0.095 M sodium citrate pH 5.6, 19% isopropanol, 19% PEG 4000, and
5% glycerol.

Diffraction data were collected at NE-CAT 24-ID beamline. The 3D model was
constructed using molecular replacement from the PHASER module in PHENIX with an
AlphaFold model of E. coli LptA and Murgantia histrionica as the input model. Coot and

PHENIX were used for iterative model building and refinement.
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3. Characterizing thanatin against Pseudomonas
aeruginosa LptH

3.1 Background

Podisus maculiventris thanatin, a 21-residue p-hairpin held together by a disulfide
bond, was reported as a broadly inhibitory antimicrobial peptide that could inhibit
Gram-positive bacteria, Gram-negative bacteria, and fungi [69]. The mechanism of
action of thanatin in Gram-positive bacteria and fungi has yet to be elucidated.
However, the mechanism in Gram-negative bacteria has been well characterized in
Escherichia coli, a microbe strongly inhibited by thanatin. Thanatin has been shown to
target the Lipopolysaccharide transport (Lpt) system by disrupting complex formation
[60], [61]. The Lpt system is composed of seven essential proteins, LptABCDEFG, that
assemble into a complex spanning from the inner membrane to the outer membrane.
The Lpt system is responsible for transporting lipopolysaccharide (LPS) to the outer
membrane for display where a dense layer offers protection from antibiotics and evasion
from host detection. Thanatin has been shown to bind to LptA, LptD, and
lipopolysaccharides to disrupt the Lpt pathway [60], [61], [83], [93]. Thanatin has been
well characterized with LptA, where it was shown to inhibit self-oligomerization by
binding to the N-terminus of LptA and preventing B-sheet elongation [61].

Pseudomonas aeruginosa, a Gram-negative bacterium also containing the Lpt
system, was reported as one of thanatin’s targets. However, the potency drops roughly

between 20- and 100-fold when compared to E. coli [69]. LptH, the P. aeruginosa ortholog
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of E. coli LptA, has been shown to be essential for the viability and infectivity of P.
aeruginosa [108]. A crystal structure of apo LptH (PDB ID: 4UU4) has been reported
which shows the same B-jellyroll fold as that of apo LptA (PDB ID: 2R19) and is also
predicted to self-oligomerize in an N-to-C polarity [109], [110]. The two apo structures
are similar with a backbone RMSD of 4.19 A, a 45.9% sequence similarity, and 27.1%
sequence identity. When disregarding the C-terminal end of LptH and LptA, where
LptH contains a longer loop region, the backbone RMSD improves to 1.92 A. This
highlights the high tertiary similarities in the N-terminal end of LptH and LptA. Hence,
it is plausible that thanatin also targets LptH in P. aeruginosa through a similar
mechanism of action. Here, we confirm that thanatin binds to LptH. We identify the
resistance factor Y51 in LptH and show that thanatin position 10 is vital for binding. We
also provide insight on the role of C-amidation improving the potency of thanatin
against P. aeruginosa. Designs made to improve thanatin towards P. aeruginosa based on
modeling were not successful, therefore highlighting the need for a high-resolution
structure of thanatin in complex with LptH to better understand the mechanism of

binding.

3.2 Thanatin targets LptH in P. aeruginosa

We confirmed that P. maculiventris thanatin does indeed bind LptH. To predict
where thanatin binds, we used AlphaFold2-multimer to model thanatin in complex with

LptH [111], [112]. AlphaFold2-multimer predicted thanatin to bind to the N-terminus of
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LptH in a similar manner as reported with E. coli LptA (Figure 14A). Thanatin is
predicted to append to the N-terminal B-strand of LptH to inhibit self-oligomerization.
Crystallization studies of this complex were attempted, however no protein crystals
were obtained from multiple rounds of general screening. Structure determination to
confirm the binding site has yet to be elucidated. To measure the interaction, we
developed a bio-layer interferometry (BLI) binding assay. Biotinylated monomeric LptH,
LptHm, is immobilized on BLI streptavidin biosensors. The Avi-tag, the site-specific
sequence for biotinylation, was placed on the C-terminus to orient the protein with the
N-terminus available for binding. To prevent LptH from self-oligomerizing in solution,
we modeled a monomeric LptH (LptHm) after a reported monomeric E. coli LptA
(LptAm) construct and deleted the terminal B-strand of LptH [49]. The biosensors
containing immobilized LptHm were then immersed into a titration of thanatin to
record association for 1 hour (Figure 14B). The steady-state data was fit to a 1:1 binding
model, which yielded a Ka of 12.9 + 1.1 nM (Figure 14C) for P. maculiventris thanatin. We
assessed the role of the disulfide bond by generating a double mutant C11A/C18A.
Removal of the disulfide bond abolished binding, indicating the necessity of it (Ka: >4398
+ 0nM) (Figure 14D, E).

We developed a minimum inhibition concentration (MIC) assay and confirmed
that P. maculiventris thanatin can inhibit P. aeruginosa growth, however we observed

some discrepancy from literature. Literature reported MIC values of 12.5 - 100 pg/mL
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Figure 14: P. maculiventris thanatin targets P. aeruginosa LptH.

A, AlphaFold2-multimer predicts thanatin to bind to the N-terminal end of LptH
in a similar manner as seen with the crystal structure of thanatin with E. coli
LptA. Due to domain-swapping and dimerization observed in the crystal
structure, alignment was truncated on the C-terminal end. B, Representative BLI
trace of a thanatin titration over LptH showing binding C, Representative steady
state binding curve fit to a 1:1 binding model for thanatin binding to LptH. D,
Representative BLI trace of thanatin C11A/C18A titration over LptH showing
loss of binding without a disulfide bond. E, Representative steady state binding
curve of thanatin C11A/C18A indicating no binding. F, Thanatin inhibits P.
aeruginosa RP73 with the aid of PMBN.

With clinical strain ATCC 9027, 2.5 — 16 pg/mL with clinical strain ATCC 27853, and 1 -

16 ng/mL with clinical strain X]J75315 [69], [81], [83], [91]. We did not observe inhibition

of P. aeruginosa with up to 1000 pg/mL with ATCC 27853. We added polymyxin B

nonapeptide (PMBN), a cationic peptide that induces increased outer membrane

permeability, to sensitize the strain [113]. However, we observed undesired toxicity

effects. We were able to develop MIC assay conditions for P. aeruginosa clinical strain

RP73 with the aid of 10 pg/mL PBMN (Figure 14F). No toxicity effects were observed at
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this concentration of PMBN. The MIC value of P. maculiventris thanatin under these

conditions was 450 pug/mL.

3.3 Identifying the resistance factor of thanatin in P. aeruginosa
LptH

We identified several residues of interest in LptH that could account for the
difference in binding when compared to E. coli LptA. We performed a sequence
alignment of LptH with LptA to identify differences in the binding interface (Figure
15A). The majority of residues identified to be important for thanatin binding to LptA
are not conserved. The hydrophobic core of LptA that interacts with thanatin is defined
by 138, L45, V52, F54, and V74. These residues correspond to V35, L42, A49, Y51, L71 in
LptH, respectively. LptA residues identified to be involved in intermolecular
interactions wih thanatin are E39, D41, Q43, G56, N57, and R76. These residues
correspond to Q36, D38, A39, G53, D54, and Q73 respectively. To predict what structural
effect these changes would have on thanatin binding, we overlayed apo LptH (PDB ID:
4UU4) with our structure of LptA in complex with P. maculiventris thanatin (Figure 15B,
C, D, E). Thanatin R13 is involved in extensive intermolecular contacts with LptA at E39,
D41, and N57 (Figure 15B). Corresponding mutations to reflect LptH would be E39Q
and N57D. We predict that the intermolecular interactions involving thanatin R13 would
be preserved due to E39Q both containing a carbonyl in their side chain, D41 is
conserved, and N57D side chains are not involved. Thanatin N12 is interacting with

LptA Q43 (Figure 15C). An LptA Q43A mutation to reflect LptH would result in the loss
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Figure 15: Identifying LptH Y51 as resistance factor through LptA model
system.

A, Partial sequence alignment of the N-terminal end of LptA and LptH (top
numbers LptA, bottom numbers LptH) with residues involved with thanatin
binding highlighted. Yellow residues are involved with the hydrophobic pocket
of LptA. Blue residues are involved in intermolecular interactions involving side-
chains. Red residues are differences between LptA and LptH. B, Thanatin R13
interactions with LptA E39, D41, and N57 overlayed with apo LptH. C, Thanatin
N12 interaction with LptA Q43 overlayed with apo LptH. D, Thanatin Y10
interaction with LptA F54 with apo LptH overlayed. E, Thanatin C-terminus
interaction with LptA R76 with apo LptH overlayed. F, BLI binding K4 values of
P. maculiventris thanatin with LptAm and mutants corresponding to LptH
interface. Values are averages with error bars representing SEM.

of interaction, perhaps weakening binding. Thanatin Y10 and M21 interact with the
hydrophobic core of LptA, represented by 138, L45, V52, F54, and V74 (Figure 15D). The
corresponding mutations to reflect LptH, 138V, V52A, and V74L, are not predicted to
affect the binding pocket and L45 is conserved. However, a F54Y mutation is predicted
to clash with thanatin Y10 due to the addition of a hydroxyl group in the binding

pocket. The C-terminus of thanatin interacts with LptA R76 (Figure 15E). An LptA R76Q
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mutation to reflect LptH would result in the loss of a charged interaction, perhaps
weakening binding. Overall, we predicted that LptH A40, Y51, and Q73 are residues of
interest due to loss of interaction with thanatin as seen in LptA.

To test our predictions, we generated the following mutations, Q43A, F54Y, and
R76Q, in LptAm and assessed binding with thanatin via a BLI binding assay (Figure
15F). Due to having a high-resolution crystal structure of thanatin in complex with
LptAm, but none with LptH, we used the LptAm system as a model for initial proof of
concept. We reported a Ka of 1.8 + 0.2 nM for thanatin with LptAm. A LptAm Q43A
mutation (1.0 £ 0.3 nM) and R76Q mutation (3.5 + 0.8 nM) did not alter the Ka >2-fold.
However, A LptAm F54Y mutation caused a significant increase in Ka to 10.1 + 1.4 nM,
aligning with our prediction that the addition of a hydroxyl group to the binding
interface would be unfavorable.

To confirm if LptH Y51 is the resistance factor for thanatin, we made a LptHm
Y51F mutant to assess if binding of thanatin improved via BLI. Unexpectedly, we did
not observe any binding between thanatin and LptHm Y51F (Figure 16A, B). We
developed an orthogonal binding assay via isothermal calorimetry titration (ITC) to
confirm this unexpected observation. We titrated thanatin into LptHm and LptHm Y51F
to measure the change of heat and fit for the Ka values. We were able to rescue binding

of thanatin between LptHm (Ka: 149 + 31 nM) and LptHm Y51F (Ka: 23 nM) (Figure 16C,
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Figure 16: LptH Y51F induces higher-ordered self-oligomerization.

A, P. maculiventris thanatin does not bind to LptHm Y51F shown with BLI
binding traces and B, data fit. C, P. maculiventris thanatin isotherm and binding
curve with LptHm (Ka: 149 nM) and D, P. maculiventris thanatin isotherm and
binding curve with LptHm Y51F (Ka: 23 nM) show recovery of binding via ITC.
E, Size exclusion chromatography of LptAm (monomeric reference), LptHm, and
LptHm Y51F on a superdex200 column show a shift of LptHm Y51F to a higher
molecular weight. F, AlphaFold2-multimer modeling predicts that LptHm Y51F
would form a N-to-N dimer. Two LptHm Y51F monomers are presented in cyan
and green, with Y51F shown in the interface.

D), hence confirming our prediction that LptH Y51 is a major resistance factor of
thanatin. This discrepancy prompted us to inspect the construct more closely and we
observed that a Y51F mutation shifts the population to a higher order oligomerization
state (Figure 16E). Wild-type LptHm was observed to be predominately monomeric,
based on using monomeric LptAm as a reference in size exclusion chromatography,
however a small peak indicating higher order oligomerization is present. We reason that

the higher order oligomerization state is blocking the N-terminal edge of LptHm Y51F
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which would prevent thanatin from binding. To assess if this could be plausible, we
used AlphaFold2-multimer to model a dimer of LptHm Y51F (Figure 16F). AlphaFold2-
multimer predicted N-to-N dimerization of LptHm Y51F that occluded the N-terminal
interface. This oligomerization state could be concentration dependent, which could
explain the discrepancy in the BLI and ITC binding data. The ITC experiment utilizes 2.5
uM LptH Y51F in the sample cell, however the BLI experiment immobilizes LptHm
Y51F to the biosensor surface and creates a high local concentration. The binding affinity
of thanatin to LptHm Y51F is not strong enough to disrupt the LptHm Y51F dimer,
hence no binding is observed via BLI. Structure determination will be necessary to
confirm and visualize these interactions. However, we identified a resistance factor in
LptH that weakens binding to thanatin when compared to LptA by using the LptA

model for analysis of the binding interface.

3.4 Improving thanatin to overcome LptH Y51 resistance factor

We attempted to mutate P. maculiventris thanatin to enhance binding to LptH.
Using our overlay of apo LptH with LptAm in complex with thanatin, we predicted that
LptH Y51 sterically clashes with thanatin Y10 (Figure 17A). To reduce this clash, we
generated thanatin Y10A and assessed binding with our LptAm F54Y model system
(Figure 17B). Thanatin Y10A improved binding to LptAm F54Y (Ka: 5.6 + 0.4 nM)
compared to wild type thanatin (Ka: 10.1 £ 1.4 nM), indicating that it would be beneficial

to create more space in the binding pocket (Figure 17D). To improve the interaction in
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Figure 17: Thanatin Y10 is essential for binding LptH.

A, Homology modeling using E. coli LptAm in complex with P. maculiventris
thanatin with a LptAm F54Y mutation to mimick LptH. Disks represent good
(green) and bad (red) Vander Waals interactions. B, Homology modeling of
thanatin Y1I0A with LptAm F54Y and C, thanatin Y10S with LptA F54Y to
overcome resistance factor LptH Y51. D, Average BLI Ka values for thanatin and
thanatin Y10A with LptAm F54Y show improved binding. E, BLI trace for
thanatin with LptHm as reference. BLI traces for F, Thanatin Y10A with LptHm
and G, thanatin Y10S with LptHm show no binding. H, ITC isotherm and
binding curve for Y10A with LptHm confirms no binding. I, AlphaFold2-
multimer model of thanatin with LptH predicts Y10 to adopt a different rotamer.
J, AlphaFold2-multimer model of thanatin Y10A with LptH and K, thanatin Y10S
with LptH still predict complex formation. Y10A appears to be favorable with
minimal clashes, however Y10S appears to be unfavorable with severe clashes
with F54Y.

that region, we modeled thanatin Y10S to create a favorable interaction between the

hydroxyl groups of LptAm F54Y and thanatin Y10S (Figure 17C).
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To confirm these findings, we applied thanatin YI0A and thanatin Y10S to
LptHm in our BLI binding assay. Unexpectedly, we did not observe any binding of
thanatin Y10A or Y10S with LptHm (Figure 17F, G). We assessed thanatin Y10A with
LptAm in our orthogonal ITC assay and confirmed the results of no binding (Figure
17H). These results indicate to us that thanatin Y10 is essential to binding in a way that
the LptA model does not predict. To further assess this observation, we generated
AlphaFold2-multimer models of wild type thanatin, thanatin Y10A, and thanatin Y10S
with LptH (Figure 171, J, K). AlphaFold2-multimer predicted all three peptides to bind
at the N-terminus of LptH. Thanatin Y10 is predicted to adopt a rotamer pointing
towards the turn in the LptA B-jellyroll fold, opposite of the direction as that observed in
thanatin in complex with LptA (Figure 17I). This explains the difference between LptH
A39 and LptA Q43 in the corresponding position. LptH A39 allows for thanatin Y10 to
adopt this conformation, where a glutamine would cause a steric clash. However, the
AlphaFold2-multimer model of thanatin Y10A does not indicate any bad clashes (Figure
17]). The AlphaFold2-multimer model of thanatin Y10S indicates that all three rotamers
of serine would have steric clashes with LptH Y51 (only one rotamer shown here)
(Figure 17K). Despite our predictions being experimentally validated with the LptA
model, our predictions do not hold true with LptH. AlphaFold2-multimer modeling did
not predict the necessity of thanatin Y10, highlighting that experimental structure

determination is required to better understand the binding interface.
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3.5 Characterizing thanatin orthologs against P. aeruginosa LptH

A small library of thanatin peptides was discovered by mining genomic
databases for thanatin orthologs. To assess if any of these sequences better target LptH
than P. maculiventris thanatin, we generated eight sequences and measured binding
affinity with LptH in a BLI and ITC binding assay (Figure 18A, B). The ITC assay
parameters needed to be adjusted to use 10 uM LptH in the sample cell to accommodate
for weak binders. Overall, the BLI and ITC binding data corroborate each other. None of
the eight sequences significantly improve binding to LptH. Three sequences, from Aelia
acuminata isoform 1 (BLI Ka: 23.3 £ 2.0 nM) and 2 (BLI Ka: 30.7 £ 0.9 nM) and Riptortis
pedestris isoform 1 (BLI Ka: 17.7 + 1.8 nM), bind to LptH roughly the same as P.
maculiventris (BLI Ka: 12.9 + 1.1 nM). One sequence, from Halymorpha halys, significantly
weakens binding to LptH (BLI Ka: 58.7 * 4.3 nM). Three sequences, from Chinavia ubica,
Murgantia histrionica, and Nezara viridula isoform 1, do not bind LptH. These three
sequences contain A10, which agrees with our loss of binding observation with P.
maculiventris thanatin Y10A. Interestingly, when binding of M. histrionica thanatin with
LptH Y51F is assessed via ITC, we observed recovery of binding (Ka: 287 nM), giving
further evidence of LptH Y51 interfering with the binding of thanatin (Figure 18C, D). It
is also interesting to note that AlphaFold2-multimer predicted protein-peptide complex
models of all thanatin orthologs presented here to bind (data not shown), despite clear

experimental data showing a subset do not bind at all.
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Figure 18: Thanatin orthologs do not target P. aeruginosa LptH better than P.
maculiventris thanatin.

A, BLI Ku values of thanatin orthologs do not show improvement in binding.
Values are averages with error bars representing SEM. H. halys thanatin is a
weaker binder. C. ubica, M. histrionica, and N. viridula thanatin do not bind at all.
B, ITC Ku values of thanatin orthologs do not show improvement in binding. H.
halys thanatin is a weaker binder. C. ubica, M. histrionica, and N. viridula thanatin
do not bind at all. C, ITC isotherm and binding curve for M. histrionica thanatin
with LptHm showing no binding. D, ITC isotherm and binding curve for M.
histrionica thanatin with LptH Y51F showing “rescue” of binding. E, Thanatin
orthologs do not effectively inhibit P. aeruginosa RP73 with the aid of PMBN
better than P. maculiventris thanatin.

To assess if any of the thanatin orthologs were more potent against P. aeruginosa
than P. maculiventris thanatin, the peptides were tested against RP73 in a MIC assay

supplemented with PMBN (Figure 18E). Correlating with the binding data, thanatin
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from A. acuminata isoform 1 (MIC: 188 pg/mL) and 2 (MIC: 236 ug/mL) and R. pedestris
(MIC: 236 pg/mL) had similar potency as P. maculiventris (MIC: 188 pg/mL). Thanatin
from C. ubica and N. viridula both had a MIC value of 576 pg/mL. Thanatin from H. halys
and M. histrionica both had MIC values >900 ng/mL. These weaker thanatin peptides
inhibiting growth could be an off-target or cytotoxic effect due to high concentration of
peptide. Overall, none of the thanatin orthologs screen in this subset of the library

improve binding to LptH or inhibition of P. aeruginosa in cultures.

3.6 Role of C-amidated thanatin with P. aeruginosa

Previous studies have revealed that C-amidation of P. maculiventris thanatin
improves the potency against P. aeruginosa by 4-fold at minimum [69]. We turned to our
structural overlay of apo LptH with E. coli LptA in complex with P. maculiventris
thanatin for insight. The C-terminus of thanatin interacts with LptA R76 through
bidentate hydrogen bonds. In LptH, Q73 aligns with that position and would cause a
loss of interaction with the C-terminus of thanatin. However, C-amidation of thanatin
would recover the bidentate hydrogen bonds. To test this prediction, we generated
LptAm R76Q to mimic LptH (Figure 19A). LptAm R76Q increased the Ka (3.5 + 0.8 nM)
of P. maculiventris thanatin compared to wild type LptAm (K4 of 1.8 + 0.2 nM). However,
the binding affinity was rescued with C-amidated P. maculiventris thanatin and LptAm

R76Q (K4 of 1.1 £ 0.1 nM). To visualize this interaction, we crystallized and determined
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thanatin AG1-K3 in

the structure of E. coli LptAm R76Q in complex with C-amidated P. maculiventris

Table 2: X-ray data collection and refinement statistics of E. coli LptA R76Q -
P. maculiventris Thanatin AG1-K3 C-amidated complex.

E. coli LptAm R76Q-

P. maculiventris

Thanatin AG1-K3 C-amidated

PDB
Data collection
Wavelength (A)
Space group
Cell dimensions
a,b,c(A)
o, B, 7(A)

o

Resolution (A)

Rimeas
CCin
Mean I/cl
Completeness (%)
Redundancy
Total reflections
Unique reflections

Refinement
Rwork | Réree
No. atoms
Protein
Water
Average B-factors
Protein
Water
R.m.s. deviations
Bond lengths (A)
Bond angles (°)
Ramachandran
Favored (%)
Allowed (%)
Qutliers (%)

XXXX

0.9792
P212121

45.18, 61.17, 148.29

90.0, 90.0, 90.0
47.18 - 1.64
(1.70 - 1.64)

0.02353 (0.69)

1 (0.86)
17.76 (0.98)
99.63 (99.31)

2.0 (2.0)

102,546 (10,130)
51,275 (5065)

0.1994/0.2294
2445
2248
195
40.92
40.52
45.38

0.010
1.13

98.23
1.77
0.00

*Values in parentheses are for highest-resolution shell.
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Figure 19: C-amidation of thanatin may not play a role in improved
interactions with LptAm R76Q.

A, BLI Ka values for various thanatin peptides with and without C-amidation in
an E. coli LptAm model system mimicking LptH. C-amidation of thanatin rescues
binding with LptAm R76Q. Values are averages with error bars representing
SEM. B, Crystal structure of E. coli LptAm R76Q with C-amidated P. maculiventris
thanatin AG1-K3. Distance between the C-amidated terminus and R76Q are too
long to form hydrogen bonds. C, BLI K« values for various thanatin peptides
with and without C-amidation with LptHm. C-amidation of thanatin does not
improve binding with LptHm. Values are averages with error bars representing
SEM. D, ITC Ka values of truncated thanatin with and without C-amidation
binding to LptHm. C-amidation of thanatin improves binding with LptHm.

the P212121 space group, which diffracted to 1.64 A resolution (Figure 19B) (data

collection and refinement statistics can be found in Table 2). We have previously shown
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that the N-terminal region of P. maculiventris thanatin is dispensable. As seen with the
wild type LptAm in complex with thanatin structures, the complex formed a domain-
swapped dimer at the C-terminal end of LptAm R76Q due to high concentrations under
crystallization conditions. C-amidated thanatin bound to the N-terminal end of each
LptAm R76Q protomer. Upon closer inspection of the structure, we unexpectedly did
not find the C-amidated end of thanatin proximal enough to the LptAm R76Q side chain
to form hydrogen bonds (Figure 19B). The distance between the C-amidated terminus
and LptAm R76Q was 3.7 A, when ideally a hydrogen bond is between 2.7 and 3.3 A.
This could be due to the LptA model system simplifying the differences at the binding
interface to one residue change at a time along with the usage of an apo structure of
LptH. Multiple residue changes may be needed to model the LptH interface more
accurately and thus, the overall conformational change in LptH upon thanatin binding.
These questions remain difficult to answer without an experimentally determined
structure of LptH in complex with thanatin.

To confirm the improved effect of C-amidation on binding with LptH, we
assessed C-amidated thanatin and C-amidated thanatin AG1-K3 in our BLI binding
assay (Figure 19C). Unexpectedly, we did not observe any significant changes in Ka via
BLI with the wild-type and C-amidated thanatin or thanatin AG1-K3. We assessed C-
amidated thanatin AG1-K3 with LptH in our ITC binding assay and observed a tighter

Ka (110 pM) than wild type thanatin AG1-K3 (Ka: 350 uM) by roughly 3-fold (Figure
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19D). These discrepancies along with the lack of hydrogen bonds between LptAm R76Q
and C-amidated thanatin perhaps indicate that the improved potency of C-amidated
thanatin does not affect binding, but cell permeability instead. C-amidation would
remove a negative charge from the peptide, thus increasing the net positive charge.
Positive charges have been shown to help increase membrane permeability, such as seen
with cell permeating peptides [99]. Further MIC experiments with P. aeruginosa with and

without a compromised membrane will be needed to explore this.

3.7 Discussion

P. aeruginosa, an opportunistic pathogen, remains complex and difficult to study
and treat. Current treatments of P. aeruginosa infections utilize small molecules that
disrupt cell wall synthesis, RNA translation, DNA replication, and inhibit f-lactamases
[114]. However, as multi-drug resistance is on the rise, a new class of inhibitors, such as
peptide inhibitors, will be necessary. Here, we provided a characterization study on
thanatin, an antimicrobial peptide, against LptH of P. aeruginosa. LptH remains to be
greatly understudied with currently less than ten publications on it. LptH was shown to
be essential for LPS transport and oligomeric, however only an apo monomeric crystal
structure was reported [108]-[110]. We used in silico modeling to predict the binding site
of thanatin on LptH and confirmed via in vitro binding assays that thanatin does bind
LptH. Using structural homology analysis and mutagenesis, we identified LptH Y51 as a

main resistance factor of thanatin. We attempted to improve thanatin towards targeting
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LptH, however none of our designs improved binding. Interestingly, we found that
thanatin Y10 is critical for binding LptH. Our findings were also reflected in our
screening of novel thanatin orthologs against LptH, where none of them were found to
better target LptH. Lastly, we used structural homology analysis and mutagenesis to
gain insight on the role of C-amidation improving potency. Difficulties arose when
applying our findings with an E. coli LptA model system to LptH, therefore highlighting
the need of a high-resolution structure of LptH in complex with thanatin to better
understand the mechanism of binding. Our attempts at crystallizing LptH in complex
with thanatin through general screening did not yield any crystals. It is quite plausible
that upon thanatin binding, LptH undergoes a large conformational change that is not
reflected in any of our modeling.

In lieu of a protein-peptide complex structure, we turned to several in silico
techniques to generate a model. We originally attempted to model LptH with thanatin
(data not shown) using AutoDock Vina and HADDOCK [115], [116]. However, many of
these results did not resemble realistic structures. Thanatin would lose its secondary and
tertiary structure, often resembling an unfolded peptide. If thanatin did resemble a -
hairpin, it would be positioned in unexpected ways such as perpendicular to or upside
down to the binding interface with very poor contacts. Continuing the LptH [-sheet
through backbone mediated interactions with thanatin is a main feature of binding that

was often not captured. We assessed that AutoDock Vina did not allow for much
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backbone flexibility, which could be useful for small molecule docking but not peptide
docking. HADDOCK did incorporate more backbone flexibility, however we were
unable to take advantage of their distinct feature of incorporating experimentally
determined restraints due to the lack of data. Both AutoDock Vina and HADDOCK
required known input structures, which could also complicate the results by not
accounting for conformation change upon binding which requires extensive backbone
flexibility. Both AutoDock Vina and HADDOCK also required the definition of the
binding interface, placing bias on where the ligand could be docked to and possibly
missing other binding sites if no previous knowledge was known. The recent releases of
AlphaFold2 and AlphaFold2-multimer have made great advances in the field of protein
structure prediction [111], [112]. AlphaFold2 and AlphaFold2-multimer uses artificial
intelligence to predict 3D protein structures or protein complex structures based on the
amino acid sequence alone. The algorithm was trained on a large library of crystal
structures from the Protein Data Bank and was shown to be highly accurate in their
predictions. In our own hands, AlphaFold2 and AlphaFold2-multimer have proved to
be useful in generating initial models before structure determination. However,
experimentally determined structures will still be necessary. Highlighted in our work
here, is the discrepancy between AlphaFold2-multimer predictions and in vitro binding
data. AlphaFold2-multimer predicted single point mutants thanatin Y10A and Y10S, and

thanatin from C. ubica, M. histrionica, and N. viridula to form a complex with LptH,
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however our orthogonal binding studies do not indicate binding. This discrepancy
demonstrates that despite recent advances in the field, the necessity to experimentally
validate in silico models remain to be standard.

Future experiments to further understand the mechanism of action of thanatin
with LptH will be needed. Our studies highlight the importance of thanatin Y10, which
did not vary much in our small library of thanatin orthologs. We unexpectedly saw
elimination of binding with a Y10A and Y10S mutation. Thanatin from Shewanella was
not tested in this study due to later discovery and deposition in the genomic data bank.
However, thanatin from Shewanella could be of interest for future studies. Shewanella
thanatin contains F10 which would allow us to interrogate if the aromatic ring of F10
and Y10 or if the hydroxyl group on Y10 is critical for binding LptH. Without a current
structure, this mutagenesis study could further map out the interaction. The thanatin
library was mostly generated from insect hosts, however the potential symbiotic link
between Shewanella and thanatin could indicate a new source of thanatin hosts or new
group of targets. Shewanella, Pseudomonas, and Burkholderia (previously of the
Pseudomonas genus), are all found in marine sponges [117], [118]. It is plausible that the
microbial population in the marine sponge is regulated by an antimicrobial peptide
similar to thanatin, however it has evaded discovery due to divergence over the years.
Marine sponges have already been reported as a rich source of antibiotics and

antimicrobial peptides [119]-[121]. Sequencing and mining of the marine sponge
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genome for cryptic peptides could produce more thanatin orthologs or a novel group of
antimicrobial peptides, similar to how the thanatin orthologs were discovered, that

better target Pseudomonas and similar pathogens.

3.8 Materials and methods
3.8.1 Generating AlphaFold2-multimer models

Models were generated by using the online notebook of AlphaFold2-multimer
hosted by DeepMind on Google Colaboratory
(https://colab.research.google.com/github/deepmind/alphafold/blob/main/notebooks/AlphaFold.ip
ynb) [111], [112]. The protein and peptide sequences were input separately to select for
the multimer model. The multiple sequence alignment against the genetic databases
were set to their default parameters with jackHMMER. Multimer models were refined

for a maximum of three cycles and relaxed by AMBER.

3.8.2 Molecular cloning, expression, and purification of P. aeruginosa
LptH and mutants

A monomeric mutant (A164-175) of LptH, modeled after a monomeric mutant of
E. coli LptA [49], without the signal peptide sequence (Al-24) was inserted into a
modified pET24b vector through Takara Bio In-Fusion cloning to yield the final
construct of Hise-SUMO-LptH. For BLI binding studies, a C-terminal flexible linker and
AviTag were incorporated to yield the final construct of Hise-SUMO-LptH-GSGGSGSG-
AviTag. Single point mutations were made with a Q5 Site-Directed Mutagenesis Kit

from New England BioLabs.
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Purification and expression of P. aeruginosa LptH and mutants were identical to
the purification of E. coli LptA outlined in Section 2.9.2. In brief, all constructs were
confirmed by DNA sequencing before transformation and expression in BL21 (DE3)
competent cells. Cells were grown in LB media with kanamycin and induced with 1 mM
IPTG for an overnight growth at low temperature. The cell pellet was lysed and the
supernatant was applied to a Ni-NTA column. The His-tagged LptH was eluted with
imidazole on a step gradient. The SUMO tag was removed through SENP1 protease
digest. The digest was applied to a Ni-NTA column to collect the flow through. The
cleaved LptH was further purified on a Superdex 200 column before being prepped for
storage. For BLI binding studies, LptH was biotinylated with BirA and further purified

on a S75 column before prepped for storage.

3.8.3 Molecular cloning, expression, and purification of thanatin
peptides

Cloning, expression, and purification of the thanatin orthologs were identical to
that outlined in Section 2.9.3. In brief, cloning of all the orthologs was achieved through
In-Fusion Cloning from Takara Bio. All constructs were confirmed by DNA sequencing
before transformation and expression in BL21 (DE3) competent cells. Cells were grown
in LB media with ampicillin and induced with 1 mM IPTG for an overnight growth at
low temperature. The cell pellet was harvested, lysed, and applied to a Ni-NTA column.
The His-tagged thanatin was eluted with imidazole on a step gradient. The His-tagged

thanatin was further purified on a Superdex200. The His-tag was removed by TEV
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protease digest. The digest was applied to a Ni-NTA column before being prepped for

storage.

3.8.4 Molecular cloning, expression, and purification of E. coli LptA
mutants

Single point mutations to the wild-type E. coli LptA construct outlined in Section
2.9.2 were made with a Q5 Site-Directed Mutagenesis Kit from New England BioLabs.
Expression and purification of the E. coli LptA mutants were identical to that outlined in
Section 2.9.2. In brief, all constructs were confirmed by DNA sequencing before
transformation and expression in BL21 (DE3) competent cells. Cells were grown in LB
media with kanamycin and induced with 1 mM IPTG for an overnight growth at low
temperature. The cell pellet was harvested, lysed, and applied to a Ni-NTA column. The
His-tagged LptA mutant was eluted with imidazole on a step gradient. The SUMO tag
was removed through SENP1 protease digest. The digest was applied to a Ni-NTA
column to collect the flow through. The cleaved LptA was further purified on a
Superdex 200 column before being prepped for storage. For BLI binding studies, LptA
was biotinylated with BirA and further purified on a S75 column before prepped for

storage.

3.8.5 Bio-layer interferometry binding assay for P. aeruginosa LptH
and mutants

BLI binding assays for P. aeruginosa LptH and mutants were identical to that

outlined in Section 2.9.4. In brief, biotinylated LptH was loaded onto streptavidin
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biosensors. The loaded biosensors were then immersed into a titration of thanatin
peptide. Association of peptide was recorded for 1 hour. A 15-point titration of peptide
from 1436 nM to 0.6 nM was used. At times, a higher concentration range was needed
for weaker binders. All experiments were double-referenced. Curve fitting and data
analysis was performed with a steady state 1:1 binding model. Biosensors were

regenerated for multiple uses.

3.8.6 Bio-layer interferometry binding assay for E. coli LptA mutants

BLI binding assays for E. coli LptA mutants were identical to that outlined in
Section 2.9.4. In brief, biotinylated LptA mutant was loaded onto streptavidin
biosensors. The loaded biosensors were then immersed into a titration of thanatin
peptide. Association of peptide was recorded for 1 hour. At times, a higher
concentration range was needed for weaker binders. All experiments were double-
referenced. Curve fitting and data analysis was performed with a steady state 1:1

binding model. Biosensors were regenerated for multiple uses.

3.8.7 Isothermal calorimetry titration binding assay for P. aeruginosa
LptH and mutants

ITC binding assay for LptH and thanatin orthologs was developed on a MicroCal
VP-ITC. All samples were degassed before each experiment. Thanatin peptide was
loaded into the syringe at 100 pM and titrated into a sample cell containing 10 uM LptH
at 25 °C in Buffer (50 mM Tris pH 8.5, 200 mM NaCl). For tighter binders, 25 uM

thanatin and 25 uM LptH were used. After an intial delay of 600 seconds, the first
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injection was 7.5 pL for 7.5 seconds, followed by 15 pL injections for 15 seconds followed
by an equilibration time of 400 or 600 seconds. The reference power was 10 pCal/sec,
stirring speed of 307, and filter of 2 seconds. Data analysis and curve fitting were done

with Origin with a 1:1 binding model.

3.8.8 Minimum inhibition concentration assay for P. aeruginosa RP73

A MIC assay was developed with P. aeruginosa RP73 based on the Clinical &
Laboratory Standards Institute (CLSI) standard protocol [107]. P. aeruginosa was
streaked onto an antibiotic free LB plate from a cryo stock and incubated at 37 °C
overnight. A single colony from this plate was streaked onto an antibiotic free LB plate
and incubated at 37 °C overnight. A single colony was added to LB media (10 mL) and
grown at 37 °C to OD600 =0.1 (corresponding to =1 — 2 x 108 CFU/mL) with shaking.
Cells were plated at a final concentration of =5 x 105 CFU/mL in Cation-Adjusted
Mueller-Hinton Broth (CAMHB) supplemented with 10 pg/mL polymyxin B
nonapeptide (PMBN) over a titration of peptide inhibitor in clear 96 well plates. The
plate was incubated at 37 °C for 20 hours. MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-
Diphenyltetrazolium Bromide) (10 puL of 5 mg/mL) was added to each well and
incubated at 37 °C for 3 hours. Isopropanol + 0.1 M HCl (100 uL) were added to each
well. The plate was imaged and read at OD690 and OD5750 for analysis. The MIC was

determined to be the maximum peptide concentration where no growth was observed.
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3.8.9 Crystallization and structure determination of E. coli LptA R76Q
with P. maculiventris thanatin A1-3 C-amidation

Crystallization and structure determination of E. coli LptA R76Q with P.
maculiventris thanatin A1-3 C-amidation were similar to that outlined in Section 2.9.6,
with the following modifications. In brief, the LptA mutant and thanatin construct were
co-eluted through a Superdex200 column and concentrated to 5 and 10 mg/mL for
crystal tray assembly via sitting drop method in a 1:1 mixture. Crystallization solutions
that yielded crystals ranged from 60 - 72.5% MPD at 0.1 M MES pH 5.8. The
crystallization condition of the reported dataset was 10 mg/mL protein complex in 0.1 M
MES pH 5.8, 60% MPD.

Diffraction data were collected at NECAT 24-ID-C beamline. The 3D model was
constructed using molecular replacement from the PHASER module in PHENIX with a
structure of E. coli LptA in complex with P. maculiventris thanatin as the input model.

COOT and PHENIX were used for iterative model building and refinement.
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4. Conclusions

4.1 Discovery of novel thanatin more potent towards E. coli

Here, we reported a small library of novel thanatin orthologs by mining genomic
databases. We characterized the small library of thanatin orthologs against E. coli, which
led to the discovery of more potent thanatins from Chinavia ubica and Murgantia
histrionica when compared to Podisus maculiventris thanatin, the most reported on
thanatin. Improved potency was due to better binding and cell membrane permeability
from residues A10 and 121 in C. ubica and M. histrionica thanatin. We present a novel
stapled thanatin scaffold based on the redesign of M. histrionica thanatin that removes
the necessity of a disulfide bond. Although binding affinity of the stapled thanatin was
retained, potency was slightly decreased, thus further optimization is needed.

The work presented in this chapter highlights the wealth of knowledge available
in genomes across all forms of life waiting to be discovered. Only a small library of
thanatin sequences were discovered here, however many more orthologs are likely to
exist. Taking full advantage of the genomic knowledge available to us will require some
sophisticated and creative protocols to efficiently mine through the vast amount of data.
This work also presented several high-resolution crystal structures of thanatin with E.
coli LptA. A wealth of mutagenesis, binding, and inhibition data were reported in
literature, however understanding the results were not always definitive without a

structure. Our structures help provide a better understanding of previously reported

87



results. This work also presented a better understanding of the mechanism of action of
thanatin. We found that potency of thanatin is not only driven by binding, but also cell
permeability, thus highlighting the multiple mechanisms of action of thanatin reported
in literature. This work also presents a novel approach to redesigning thanatin to make it
more drug-like. In vitro characterization of the disulfide bond was not reported in
literature until our findings. Despite not improving potency, we present a novel scaffold

for the next generation of thanatin-based AMPs.

4.2 Insight towards thanatin with P. aeruginosa LptH

Here, we characterized P. maculiventris thanatin against P. aeruginosa LptH to
gain insight on the mechanism of action of thanatin. We used E. coli LptA for homology
modeling and identified key differences between LptA and LptH in the binding
interface with thanatin. We assessed these differences in our E. coli model system and
LptH system to identify LptH Y51 as a resistance factor against thanatin. We attempted
to overcome this resistance factor by mutating thanatin Y10 and showed success in our
E. coli model system, however they did not translate to our LptH system. We used
AlphaFold to model the interaction, however they agreed with our inaccurate
predictions, indicating that an experimentally determined structure of the complex was
needed to better understand the interaction. We applied our small library of thanatin
orthologs to P. aeruginosa and did not find any thanatin orthologs better in binding LptH

or inhibiting P. aeruginosa growth than P. maculiventris thanatin. However, our screening
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of thanatin orthologs highlighted the importance in thanatin Y10 for binding LptH
again. We also used our E. coli LptA homology modeling to gain insight on why C-
amidation of thanatin improves potency against P. aeruginosa. We reasoned that a C-
amidated terminus rescues interaction with LptH Q73. Our findings were supported by
binding assays with our E. coli model system, however when we crystalized and
determined the structure of LptA R76Q with C-amidated thanatin AG1-K3, we did not
observe the recovered interaction. In addition, when we applied our reasoning to LptH,
we did not observe recovery of binding with c-amidated thanatin and LptH via BLIL,
however we did via ITC. These multiple instances of conflicting data indicate further
experiments will be needed to fully understand the mechanism of action of thanatin
with LptH.

This work presented here highlights how different P. aeruginosa LptH is from E.
coli LptA, despite high sequence and structure homology. We thought that modeling the
LptA interface to mimick LptH would be sufficient to gain initial understanding of the
binding interface differences. Despite correlation with our predictions and E. coli system
model, we could not translate the majority of our results to LptH. Even computationally
modeling the interaction of thanatin with LptH proved to be difficult due to misleading
models. This highlights that despite recent rapid advances in model prediction,
experimentally determined structures are still needed as a final confirmation. Despite

conflicting data, we were able to identify LptH Y51 and thanatin Y10 as key residues in
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binding. This work also highlights one possible explanation for improved potency of C-
amidated thanatin through better binding to LptH. However, conflicting data may
indicate that improvement is due to another mechanism of action, such as cell
membrane permeability. Unsuccessful attempts to crystallize and determine the
structure of thanatin in complex with LptH have been made. Further experiments will
be needed to elucidate how thanatin interacts with P. aeruginosa in general and

specifically with LptH.

4.3 Future work

This dissertation presents further insight on the mechanisms of action of thanatin
interacting with E. coli LptA and P. aeruginosa LptH. Further questions in multiple
directions also arise from this dissertation. It would be interesting to update the thanatin
library and consensus sequence as more genomes are deposited, but also to discover
more distantly related AMPs similar to thanatin. We used a very stringent percent
similarity cutoff while searching for thanatin orthologs, but perhaps it will be
meaningful to look at fragments of thanatin that have evolved into different branches of
AMPs to further diversify the library. Difficulties may arise from trying to align even
shorter lengths of sequences than full length thanatin, however development of
computational tools could help in determining what is a significant match or not. This
library could be screened and characterized against other pathogens to find effective

AMPs. Our screening against P. aeruginosa unfortunately did not provide any hits.
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Without a structure of LptH and thanatin, our studies were at a disadvantage. Since
general screening did not produce any crystals, it would be worthwhile to attempt a
solution NMR structure of the complex like the reported structure of E. coli LptA in
complex with thanatin. Further structural characterization will be needed to understand
the relationship between LptH Y51 and thanatin Y10.

Characterizing the thanatin orthologs against other reported mechanisms of
actions could also give insight on why specific sequences are improved in potency. For
example, it would be interesting to study the interactions of M. histrionica thanatin with
LPS to see if binding affinity is improved to better characterize the membrane
perturbation. P. maculiventris thanatin was reported to be a dimer in the presence of LPS
micelles. Perhaps the sequence of M. histrionica thanatin breaks the dimer in LPS
micelles, thus lowering the energy barrier to disrupt the membrane more effectively.
Structurally determining and characterizing the binding affinity of M. histrionica
thanatin with LptD and NDM-1 could also give further insight on their contributions. It
would also be interesting to further characterize the role of the disulfide bond regarding
transport across the membrane. Investigating whether thanatin is transported through
an outer membrane protein or through pore formation in a linear form or B-hairpin
structure would further improve understanding the mechanism of thanatin. M.
histrionica thanatin could be acting upon E. coli in multiple synergistic ways, however we

have only explored part of the mechanism of this molecule.
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In addition, computational design tools could be applied to redesign thanatin in
multiple ways. Peptide design can be used to improve the binding affinity of thanatin
towards a specific LptA ortholog, such as LptH. It would also be interesting to see if any
clinical strain of Gram-negative bacteria has mutations in LptA or LptD at the binding
interface with thanatin. Peptide design can also be used to help thanatin overcome those
resistance mutations. Experimentally determined structures of the complex would be
needed for accurate designs though. Peptide design can also be used to synthetically
improve thanatin, such as the lactam bridge presented in this work. Different staples
and linkers can be modeled in to see if potency or membrane permeability can be
improved or to make it more like a macrocycle. The unmodified residues can be
swapped out for more favorable amino acids, non-natural amino acids, or D-amino
acids, such as those seen in other successful drug-like AMPs. Once thanatin is more
drug-like, it would be interesting to test them in clearing bacterial infections in a murine
model. For example, bacteria of interest can be injected into a mouse to induce sepsis
and intravenously administered thanatin can be provided as treatment. Survival rate can
be the monitored outcome. Another example would be to induce bacterial infection on a
skin lesion and topically apply thanatin as treatment. Wound healing can be the
monitored outcome. The design of animal model studies will depend on future findings

about thanatin to narrow its specific application. Overall, much more can be learned
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about thanatin to help develop it into a successful therapeutic agent to combat

pathogens in a clinical setting.

4.3 Conclusion

The work presented in this dissertation adds to our overall understanding of
AMPs. AMPs are a largely underutilized source of natural products with promising
therapeutic potential. As more AMPs are characterized, we advance our understanding
of how to effectively target pathogens in new ways. Adding new options to our toolbox
is important due to many pathogens developing multi-drug resistance in clinical
settings. Treatment of primary diagnoses is often prolonged and complicated due to a
difficult hospital acquired infection that must be addressed first. Thus, developing
broadly inhibiting AMPs for therapeutic usage could have its rare advantage of being a
one-treatment-fits-all as a first line of defense. Our studies on thanatin provide insight
on the versatility and potency of thanatin to serve as a platform for future studies to
further develop thanatin into a clinical drug and for future applications to other AMP

systems.
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Appendix A. Effect of lipid composition on the function
of hepatitis C virus p7

A.1 Introduction
A.1.1 Hepatitis C virus background

Upon infection, the hepatitis C virus (HCV) causes acute and chronic
inflammation of the liver. Severe infections often lead to cirrhosis, hepatocellular
carcinoma, and death through liver failure, especially in vulnerable populations such as
those with human immunodeficiency virus (HIV) co-infection or immunosuppression.
HCYV is a bloodborne pathogen often transmitted through improper use of contaminated
medical equipment in a way that exposes an individual to infected blood. In 2019, the
World Health Organization estimated that 58 million people globally have chronic HCV
infection and attributed ~300,000 deaths that year due to complications caused by HCV
[122]. There is no vaccine against HCV due to the difficulties of having to target multiple
evasive genotypes, however effective treatment through an oral regiment of pan-
genotypic direct-acting antivirals (DAAs) for 12 to 24 weeks is available. Despite great
progress in treatment of hepatitis C, access to these DAAs is limited in low-income
countries and new antiviral treatments will be necessary as the virus evolves and
acquires resistance to current treatment.

HCV is comprised of a ribonucleic acid (RNA) genome that is directly translated
into a polyprotein precursor and processed into three structural and seven nonstructural

proteins. Current HCV treatment targets the viral proteases and polymerase, however
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the nonstructural protein p7 could be of druggable interest. p7 (monomeric molecular
weight 6.7 kDa, 63 amino acids) is a small hydrophobic protein that oligomerizes into an
ion channel that transports Ca?, Na*, K*, and H* ions [123]-[125]. p7 is localized in the
endoplasmic reticulum and has been shown to play a necessary role in virus
propagation through viral replication, release of virions, and capsid assembly [126],
[127]. It can be inhibited by small molecules such as amantadine, rimantadine, and
hexamethylene amiloride [123], [125], [128]. However, the inhibition response varies
with the genotype of HCV [128]. Despite recent progress in research, the mechanism of
how p7 functions is still unknown. To gain further insight on p7, several groups have
performed structural studies. However, these studies present conflicting data and lack

consensus. Thus, understanding p7 remains to be a challenge.

A.1.2 Reported data supporting C6 and C7 oligomeric state

The oligomerization state of p7 has been reported as both C6 and C7, but never
as a heterogenous solution. p7 (genotype 1b) was first proposed to form hexameric
channels through cross-linking and TEM [123], [129]. A cross-linked p7 (genotype 1b)
sample was shown to migrate at 42 kDa through sodium dodecyl sulfate -
polyacrylamide gel electrophoresis (SDS-PAGE) and a GST-p7 (genotype 1b) sample in
liposomes was shown to form hexameric rings through TEM and immunogold labelling
that detected the GST tag [123]. Further evidence was established when a 16 A TEM

structure of p7 (genotype 2a) in 1,2-dihexanoyl-sn-glycero-3-phosphocholine (DHPC)
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micelles showed that p7 formed hexameric channels [129]. The low-resolution structure
suggested that the N and C terminus of each p7 monomer pointed towards the ER
lumen through antibody binding. Cross-linking of p7 (genotype 2a) and blue native —
polyacrylamide gel electrophoresis (BN-PAGE) also showed six bands indicative of a
hexamer [129]. The structure was too low of a resolution to give further insight into p7
though. More recently, a solution NMR structure of p7 (genotype 5a*) in
dodecylphosphocholine (DPC) micelles was published (PDB ID: 2M6X) [130]. The
structure was determined through simulated annealing (SA) with nuclear Overhauser
effect (NOE) and residual dipolar coupling (RDC) constraints. The structure positions
the N and C terminus of each p7 monomer towards the cytosol, opposite of what the
TEM structure proposed. Additional negatively stained TEM images were published
that also showed hexameric channel formation [130]. The same group then reported that
p7 (genotype 5a*) in 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC):DHPC
bicelles also formed hexamers through an oligomer-labeling and cross-linking method
[131]. SDS-PAGE showed six bands indicative of a hexamer. Overall, the NMR structure
displaying C6 symmetry is the most detailed p7 structure reported so far.

p7 has also been reported as a heptamer in literature. The first TEM images of p7
reported  were  GST-FLAG-p7  (genotype 1b) in  phosphatidic  acid
(PA):phosphatidylcholine (PC) liposomes [132]. The sample formed heptameric rings.

FLAG-p7 (genotype 1b) was shown to migrate in seven different bands in SDS-PAGE to

96



further validate heptameric formation. Cross-linked FLAG-p7 (genotype 1b) was also
subjected to matrix assisted laser desorption/ionization — time of flight (MALDI-TOF)
and peaks equivalent to the heptameric form could be identified [132]. Extensive
modeling has also been done with a heptameric p7 structure. A heptameric p7 (genotype
1b) structure was built with Maestro to support the results observed with point
mutations in a functional assay [133]. A heptameric p7 (genotype 2a) structure was also
built with Maestro. Both heptameric p7 models were used to model binding sites for
drugs to help understand the results from inhibition assays [134]. Lastly, a solution
NMR structure of monomeric FLAG-p7 (genotype 1b) in methanol was reported (PDB
ID: 3ZD0) [135]. The monomeric hairpin structure was generated from paramagnetic
relaxation enhancement (PRE) and NOE restraints. The monomeric structure was then
modeled into a heptamer, used for in silico screening of inhibitors, validated in vitro in a
dye release assay, and validated in vivo in HCV infected Huh?7 cells [135]. These results
have provided promising data towards drug design, but a comprehensive structure of
p7 is still lacking.

Data from crosslinking experiments, TEM, NMR, and modeling have supported
both C6 and C7 structures of p7. The only oligomeric structure of p7 deposited in the
protein data bank (PDB) is the solution NMR structure that supports C6 symmetry [130].
Despite the amount of data supporting C6 symmetry, concerns over the proposed NMR

structure have been raised [136]. Hisl7 has been shown to be involved in ion
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conductance, hence it was predicted to point inside the channel [137]. The NMR
structure shows His17 pointed away from the channel. The N and C termini in the NMR
structure point towards the cytosol, contradicting the antibody binding data that show
the N and C termini pointing towards the lumen [129]. The shorter outer
transmembrane helix exposes polar residues to the hydrophobic inner membrane, which
was simulated to cause improper insertion into a lipid bilayer [136]. The NMR structure
was recently shown to cause thinning of the surrounding lipid bilayer via PRE analyses
when hexameric p7 was inserted into DMPC:DHPC bicelles [131]. The sample
conditions of the NMR structure were also questioned to be monomeric via calculations
from Ri and R: relaxation rates and size exclusion chromatography — multi angle light
scattering (SEC-MALS) [136]. However, Chen and colleagues, the authors of the solution
NMR structure, recently reported that the discrepancy was due to differences in the
assembly protocol and detergent:protein ratio [138]. Concerns about artefactual
crosspeaks in the NOEs collected due to incomplete deuteration were also brought to
attention [136]. This suggested that false intermolecular contacts were reported. It was
also noted that the alignment tensor calculated from the RDCs was large with non-zero
rhombicities, which is unexpected for a symmetric oligomer [136]. These observations
could allow for multiple assignments and several structures to fit the data.

Discrepancy in the data could also arise from differences due to construct used,

genotype wused, reconstitution environment, and purification method. Further
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experiments are needed to better define and understand the true structure and behavior
of p7 in its native environment. Here, we show data on reanalyzing the solution NMR
structure and determining the effects of the membrane mimicking environment. We
show that although the proposed NMR structure could fit the data, there are also
alternative C6 and C7 structures that satisfy the data as well. This shows that the data is
ambiguous and the conformation space needs to be sampled more to address subunit
ambiguity. A functional assay for p7 was developed and we show that p7 is not active in
a DMPC environment. These are the same lipids used for determining the NMR
structure.  However, ~we show that p7 activity is observed in
PA:PC:phosphatidylethanolamine (PE) liposomes and can be inhibited with
amantadine. Different reconstitution conditions are needed to better mimic the natural
environment of p7. Our findings show that a different interpretation of the NMR data in

combination with a functional assay can provide further insight on the structure of p7.

A.2 Alternative C6 and C7 models of p7

Several concerns about the deposited solution NMR structure of p7 (PDB ID:
2M6X) have been raised in literature. Our own internal analysis, done in collaboration
with Jeff Martin and Hong Niu (former members of the Donald Laboratory), of the
deposited structure raises several other concerns. To assess the fit of RDCs measured,
the '"H-'>N RDCs from the deposited structure were back calculated and plotted against

the experimentally measured 'H-"N RDCs reported (Figure 20). Poor agreement
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between the RDCs is observed, as shown by a RMSD of 1542 Hz. The deposited
structure was also assembled using SA, which has an inherent weakness of possibly
being trapped in local minima. Therefore, SA does not guarantee that the absolute
energy minimum is found. Adequate sampling of the conformational space is necessary
but is not guaranteed through this method. Also, due to the symmetric oligomerization
of p7, subunit ambiguity increases the complexity in assigning the NMR peaks and
assembling the structure. If the conformational space was not sampled enough, multiple
models could be generated to fit the data. This is plausible especially given that multiple
oligomeric states have been reported in literature.

To assess if the deposited p7 data could support several models, we generated
alternative C6 and C7 models of p7 using the deposited data from the solution NMR
structure (PDB ID: 2M6X). A monomeric p7 subunit consists of three distinct o-helices
and two linker regions. A p7 subunit was assembled by constructing each helix and
linker separately using intramolecular NOEs, RDCs, and dihedral restraints. We found
that the helices were well defined, but the linkers could not be fully orientated by the
restraints alone. We used intermolecular NOEs to orient the first helix around a central
symmetry axis, grafted on the first linker region, then incorporated the second helix, and
so on until the end of the subunit. Each time a new section was grafted on, the partial
structure was oligomerized and refined using XPLOR-NIH with corresponding

intramolecular and intermolecular NOEs, NH RDCs, and dihedral angles until all
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Figure 20: Poor fit of "H-*N RDCs from PDB ID: 2M6X.

Experimental 'H-®N RDCs vs back-calculated "H-*N RDCs with dashed lines

show + 2.7 Hz error threshold. When comparing the experimental RDCs to the

back-calculated RDCs of PDB ID: 2M6X, there is a large disagreement between

the RDC values (RMSD: 15.42 Hz).
sections were combined to form a fully oligomerized structure. We found multiple
scaffolds at each step, but considered the best structures to be those that most satisfied
the NMR data and had good overall XPLOR-NIH energy.

When restricting the data to a C6 symmetry, we found two alternative structures
that satisfied the NMR data as well as the deposited NMR structure (PDB ID: 2M6X)
(Figure 21A, B, C). Both alternative structures maintained similar levels of satisfaction of

NOE and dihedral angle restraints, however the RDC restraints were better satisfied

when compared to the deposited NMR structure (PDB ID: 2M6X) (Table 3). One
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Table 3: Summary of NMR restraint statistics.

2Me6X C6-A Cé6-B C7
Intramolecular-NOEs
Total Number of Restraints 1350 1350 1350 1575
Number Satisfied 1127 1002 978 1225
% Satisfied 83.5 74.2 724 77.8
RMSD (A) 0.06 0.06 0.08 0.08
Number of Differences > 0.05 A 1 0 0 7
Intermolecular-NOEs
Total Number of Restraints 138 138 138 161
Number Satisfied 135 120 108 147
% Satisfied 97.8 87.0 78.3 91.3
RMSD (A) 0.02 0.10 0.11 0.20
Number of Differences > 0.05 A 0 0 0 14
RDCs
Total Number of Restraints 294 294 294 294
RMSD (Hz) 15.42 0.35 0.46 0.46
Q-factor 0.97 0.02 0.03 0.03
Rhombicity 0.03 0.00 0.00 0.00
Dihedral Angles
Total Number of Restraints 468 468 468 546
Number Satisfied 410 396 381 448
% Satisfied 87.6 84.6 814 82.1
RMSD (°) 17.8 2.2 2.9 2.1
Number of Differences > 0.05° 37 24 29 14

Structures include deposited NMR structure (PDB ID: 2M6X), alternative C6
structure (C6 — A) similar to 2M6X, alternative C6 structure (C6 — B) with a novel
fold, and alternative C7 structure with a novel fold. Total restraints include
repeated measurements for symmetry.
alternative structure, C6 — A, had a similar fold to the deposited NMR structure (PDB ID:
2M6X), suggesting that the deposited NMR structure could be a real solution (Figure

21B). However, the other alternative structure, C6 — B, represented a novel fold where
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Figure 21: Alternative C6 and C7 structures of p7.

A, Published structure PDB ID: 2M6X showing C6 symmetry with a monomer
highlighted in red. B, Alternative C6 - A structure, similar to 2M6X, with
monomer highlighted in orange. Orange monomer is also overlayed with 2M6X.
C, Alternative C6 - B structure, a novel fold, with monomer highlighted in blue.
Blue monomer is also overlayed with 2M6X. The C-terminal helix is positioned
with a 60° difference around the symmetry axis. D, Alternative C7 structure with
monomer highlighted in purple. Purple monomer is also overlayed with 2M6X.
The N-terminal helix and middle helix are more angled to allow for a seventh
subunit.

the main difference lies in the orientation of the third helix. The third or C-terminal helix
is positioned with a 60° difference in rotation around the symmetry axis in respect to the
C-terminal helix of the deposited structure (Figure 21C).

When restricting the data to a C7 symmetry, we also found an alternative
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structure, C7 — A, that satisfied the NMR data as well as the deposited NMR structure
(PDB ID: 2M6X) (Figure 21D). The alternative structure maintained similar levels of
satisfaction of NOE and dihedral angle restraints, however the RDC restraints were
better satisfied when compared to the deposited NMR structure (PDB ID: 2M6X) (Table
3). The main difference between the alternative C7 structure and the deposited C6
structure is in the first or N-terminal helix. The N-terminal helix is slightly shifted over
to accommodate an additional subunit (Figure 21D).

One caveat to this analysis is that the genotype of p7 may play a crucial role in
what oligomerization state is observed. All in vitro experiments suggesting hexameric or
heptameric oligomerization states are from a mixture of p7 genotypes. Hexameric p7 has
been reported from genotype 1b, 2a, and a modified 5a [123], [129], [130]. Heptameric p7
has only been reported from genotype 1b, which was also reported as hexameric [132],
[135]. The NMR structure was solved from the modified genotype 5a, which has not
been reported to have any heptameric evidence. However, genotype 1b suggests that p7
can be either hexameric or heptameric under certain conditions. Overall, multiple
solutions supporting a C6 or C7 symmetry show that the deposited NMR data is
ambiguous and further sampling of the configuration space is necessary to elucidate the

true structure of p7.
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A.3 p7in DMPC liposomes is not functional

We developed a functional assay for p7 genotype 5a with DMPC liposomes by
modifying a reported dye-release assay that uses p7 genotype 1b and PA:PC:PE
liposomes [128], [139]. p7 was inserted into the lipid bilayer of liposomes containing
carboxyfluorescein (CF). p7 self-oligomerized into a viroporin, which should allow CF to
be released from the liposomes. The CF dye was encapsulated in the liposomes at a self-
quenching concentration and became detectable upon dilution into the surrounding
solution. The activity was measured by monitoring the fluorescence at Aex 485 nm/Aem
520 nm.

The solution NMR structure was solved in DPC micelles, which is not
biologically relevant due to the lack of a lipid bilayer [130]. Further NMR studies were
reported in DMPC:DHPC bicelles, where the disk was composed of a bilayer of DMPC
and the edge of the disk was composed of DHPC [131]. Bicelles, despite providing a
lipid bilayer, would not work with this functional assay due to not having an inner and
outer compartment, hence liposomes were chosen for the lipid construct instead. We
made DMPC liposomes by extrusion and confirmed their size and homogeneity through
negatively stained TEM (Figure 22A). To confirm p7 incorporation into the DMPC
liposomes, we separated our sample mixture on a density gradient and used a Stewart
Assay for lipid detection and SDS-PAGE for protein detection (Figure 22B, C, D). The

Ficoll step-gradient separated unincorporated p7, proteoliposomes, and liposomes into
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Figure 22: p7 in DMPC liposomes is not functional.
A, DMPC liposomes were made by extrusion and confirmed by negatively
stained TEM. B, Schematic of Ficoll step gradient used to separate and fractionate
DMPC liposomes incorporated with p7. C, Detecting DMPC liposomes with the
Stewart Assay from fractions of the Ficoll step gradient. Fractions were reacted
with ammonium ferrothiocyanate and phase separated with chloroform. Lipids
in complex with ammonium ferrothiocyanate were detected at Abs 485 nm.
Lipids were mainly detected in F2. D, Detecting p7 with SDS-PAGE from
fractions of the Ficoll step gradient. Fractions were visualized for protein on a 4-
20% gradient SDS-PAGE gel. p7 was detected in F2 and F8. E, Incorporation of
p7 into DMPC liposomes did not cause release of CF dye over time.
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distinct fractions. Each fraction was tested for lipid and protein detection. Fractions
containing only lipids corresponded to liposomes, which was mostly observed in F1 at
the top of the gradient. Fractions containing only protein corresponded to
unincorporated p7, which was mostly observed in F8 at the bottom of the gradient.
Fractions containing both lipids and proteins corresponded to proteoliposomes, which
was mostly observed in F2. To confirm that CF was properly encapsulated, we
measured the fluorescence with and without disruption from 1% Triton X-100 (Figure
22E). To confirm activity, we added p7 to DMPC liposomes containing CF and
monitored the fluorescence at Aex 485 nm/Aem 520 nm every 30 seconds for 1 hour (Figure
22E). Surprisingly, we did not observe any activity under these conditions, suggesting

an inactive structure of p7 is present with DMPC lipids.

A.4 p7in PA:PC:PE liposomes is functional

We next assessed the activity of p7 genotype 5a in PA:PC:PE liposomes, the original
liposome conditions published in the reported assay [139]. We made PA:PC:PE
liposomes by extrusion and confirmed their size and homogeneity through negatively
stained TEM (Figure 23A). To confirm p7 incorporation into the PA:PC:PE liposomes,
we separated our sample mixture on a density gradient and used a Stewart Assay for
lipid detection and SDS-PAGE for protein detection (Figure 23B, C). The Ficoll step-
gradient separated unincorporated p7, proteoliposomes, and liposomes into distinct

fractions. Each fraction was tested for lipid and protein detection. Fractions containing
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only lipids corresponded to liposomes, which was not observed in the gradient.
Fractions containing only protein corresponded to unincorporated p7, which was mostly
observed in F6-F8 at the bottom of the gradient. Fractions containing both lipids and
proteins corresponded to proteoliposomes, which was mostly observed in F1-F2.
Overall, this could indicate that the liposomes were saturated with p7 so no free
liposomes were detectable. To confirm that CF was properly encapsulated, we measured
the fluorescence with and without disruption from 1% Triton X-100 (Figure 23D). To
confirm activity, we added p7 to PA:PC:PE liposomes containing CF and monitored the
fluorescence at Aex 485 nm/Aem 520 nm every 30 seconds for 1 hour (Figure 23D). We
were able to observe an increase in fluorescence over time, indicating dye release and
activity. Additionally, we were able to inhibit the activity of p7 with amantadine, a
known small molecule inhibitor of p7 (Figure 23D). Our results indicate that p7 is active
in a PA:PC:PE lipid environment, so structural studies under these conditions could
provide better insight into the biological structure and function of p7.

We reasoned that the negatively charged polar head group of PA could better
interact with the cationic p7 monomer. The pl of p7 genotype 5a is 12.13 with a net
charge of 6.3 at pH 7, thus being highly charged under assay conditions. DMPC, PC, and
PE contain neutral polar head groups, so the advantage of a charged attraction is not
applicable. In addition, p7 is found in the endoplasmic reticulum which is estimated to

contain ~15% negatively charged lipids and 85% neutral lipids [140]. Including PA into
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Figure 23: p7 in PA:PC:PE liposomes is functional.

A, PA:PC:PE liposomes were made by extrusion and confirmed by negatively
stained TEM. B, PA:PC:PE liposomes incorporated with p7 were centrifuged
through a Ficoll step gradient and fractionated into 8 fractions, as similarly
shown before with DMPC. Lipid detection with a Stewart Assay was done as
previously described. Lipids were mainly detected in F1. C, Detecting p7 with
SDS-PAGE was done as previously described. p7 was detected in F1-F2. D,
Incorporation of p7 into PA:PC:PE liposomes causes release of CF dye over time.
Amantadine can inhibit the activity of p7.

the lipid mixture better mimics the natural environment of p7 than DMPC alone.
However, p7 insertion still occurs most likely due to the hydrophobic properties of p7
and the lipid bilayer. Our activity assay results suggests that the lipid environment is

crucial to ensure proper insertion and structure assembly.

A.5 Discussion

Our analysis and data generate more questions regarding the structure and
function of p7. Further experiments are needed to better define and understand p7,
where variables in the experimental conditions are carefully selected. A new approach at

experimental conditions and data processing could prove to be beneficial in this case.
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The deposited solution NMR structure (PDB ID: 2M6X) of p7 in DPC micelles was
solved with XPLOR-NIH, which uses simulated annealing [130]. DPC micelles do not
provide a lipid bilayer, which is necessary for replicating the biological environment of
p7. Simulated annealing has an intrinsic weakness of being trapped in local energy
minima, which could lead to inaccurate structures. The symmetric nature of p7 also
creates subunit ambiguity in the data. To overcome these three weaknesses, it would be
advantageous to reconstitute p7 in nanodiscs and apply Fold Operator Theory (FOT)
and DISCO, two algorithms from the Donald Laboratory, to the structure determination
process [141]-[143].

Nanodiscs are a recent development in the field that mimics membranes [144].
Nanodiscs are composed of a lipid bilayer enclosed by a membrane scaffold protein
(MSP). The MSP determines the diameter of the nanodisc and should be appropriately
selected based on the size of the protein. Various constructs have been generated that
allow for a diameter from 6 — 30 nm [145], [146]. The lipid bilayer can be swapped out
for a range of appropriate lipids. We estimate that a nanodisc with a 9 nm diameter, the
MSP1D1 construct, would be appropriate for a hexameric or heptameric p7. Based on
our results above, we suggest loading PA:PC:PE lipids into the nanodisc to provide an
active environment. Structure determination can be performed in a similar manner via
NMR as previously published, however the increase in molecular weight due to the

nanodisc (hexameric p7 in MSP1D1: 62.6 kDa, heptameric p7 in MSP1D1: 69.3 kDa)
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could create some difficulties such as signal overlap and line broadening. The innate
symmetric nature of p7 would help reduce signal overlap, however line broadening
from a large molecular weight would still require sophisticated and careful
measurements. Another recent development, styrene maleic-acid lipid particles
(SMALPs), could reduce the size problem [147]. SMALPs are similar to nanodiscs in that
they enclose a disk of lipid bilayer, however they do so by using a polymer ring instead
of MSPs. SMALPs can achieve similar disk sizes, however they are much smaller in
molecular weight, which would be advantageous in an NMR-based approach.

If NMR measurements of p7 in a MSP1D1 nanodisc are obtainable, then the data
analysis for structure assembly can be improved upon. FOT, which avoids local energy
minima traps, and DISCO, which avoids subunit ambiguity, can be applied to the
acquired NOEs and RDCs. FOT is a computational tool that systematically searches the
entire energy landscape for topologically distinct folds [143]. It uses mathematical
operators to transform an initial fold into alternative folds. The algorithm can be broken
down into the following four steps. First, an initial 3D fold is reduced to a 2D schematic
to help visualize packing. A p7 monomer can be reduced to 3 helices. This is a rigid
oversimplification of the 3D structure, however flexibility in search space will be
allowed back in when a 3D structure is reconstructed. Second, operators are defined to
search the packing space. Operators can be applied in any order and the result is the

same. Third, the operators are applied to the initial fold to generate the search space. The
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entire search space is evaluated, therefore identifying and avoiding local energy minima.
Intermolecular restraints are used here to remove unsatisfied folds. Fourth, a model of
each remaining fold is constructed and annealed with XPLOR-NIH. A rigid backbone is
used to preserve the fold. Intramolecular restraints are used to guide the construction.
Applying FOT to the data should produce an accurate p7 subunit structure.

The subunit is then oligomerized with DISCO in the following five steps [141],
[142]. DISCO is an algorithm that computes oligomeric structures by analyzing
intermolecular distance restraints and RDC constants, even when atom and subunit
ambiguity is present. DISCO interprets an oligomeric structure as a subunit rotated n
times around its symmetry axis that can be computed from the RDC constants. It uses
the observation that the symmetry axis must be parallel to one of the eigenvectors of the
alignment tensor. First, the central orientation of the alignment tensor is computed from
the RDC constants and subunit structure. The rhombicity and RMSD are used to
evaluate the structural agreement. For p7, a higher-order oligomer, zero rhombicity is
expected and the symmetry axis is parallel to the eigenvector with the largest
magnitude, often the Z-axis. Second, the uncertainty in the symmetry axis orientation is
computed based on the experimental errors of RDCs. A normal distribution with the
mean equal to the RDC value is created and fit for an alignment tensor, hence the
symmetry axis orientation. This is done for each set of RDC defined in the distribution.

This process is repeated 10,000 times to generate a large sample of possible symmetry
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axis orientations, which is then sampled with a uniformed grid. Third, the maximally
satisfying regions (MSRs) are computed for each grid orientation sampled. This region
represents a continuous set of symmetry axis positions that represents the oligomeric
structures that satisfy the greatest number of intermolecular distance restraints. It is
guaranteed that the MSR contains all satisfied structures or at least the structure of best
fit. DISCO computes one annulus for each distance restraint that describes an oriented
oligomer structure that satisfies the assignment. The region with the most overlapping
annuli is the MSR. DISCO can also find the MSR with atom ambiguity, however at a
slightly lower precision. Fourth, discrete oligomeric structures are computed from the
MSR. The MSR can also be sampled in a uniform grid to evaluate the symmetry axis
positions. Fifth, each computed structure is evaluated after energy minimization in
XPLOR-NIH with rigid backbone and flexible side chains. RMSD restraint violations are
used to measure structural agreement with the intermolecular distance restraints. Van
der Waals energy are used to score the structure for intermolecular packing. Violations
in these parameters are then used to prune out ill-fitting structures. Applying DISCO to
the data should produce an ensemble of well-satisfied oligomeric p7 structures.

As the field of structural biology advances, the use of cryo-EM for structure
determination could also provide an alternative solution, especially if p7 in a nanodisc
(MW: 62.6 - 69.3 kDa) is too large to measure by NMR. Electron microscopes and data

processing techniques are rapidly improving and pushing the lower limit of observable
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molecular weight. Recently, cryo-EM structures of similarly sized proteins, such as the
64 kDa methemoglobin, 52 kDa streptavidin, and 43 kDa catalytic domain of protein
kinase A, have been published [148]. The cyclic symmetry of p7 would also provide an
advantage in sorting particles into 2D-class averages and increasing resolution. If
structure determination by NMR presents difficulties, then cryo-EM could provide a
feasible alternative approach.

Overall, there are multiple approaches to address the conflicting and ambiguous
data surrounding p7. Until further experiments are conducted to more thoroughly
understand p7, the field remains to be under sampled. Experimental and computational
developments will be key to determining a biologically relevant structure of p7. If
proven successful, the p7 system can be used as a model system for studying other
membrane proteins or homo-oligomeric protein complexes that remain to be a

challenge.

A.6 Conclusions

The structure and function of p7 has been poorly understood due to much
conflicting data. p7 has been reported to self-oligomerize into hexamers and heptamers,
however never as a heterogenous sample. The most detailed structure of p7 is a solution
NMR structure in DPC micelles that supports C6 symmetry. However, several concerns
have been raised surrounding the experimental conditions and computational approach

used for assembling the structure. Here, we reanalyzed the deposited NMR data and
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showed that the data are ambiguous. We fit multiple C6 and C7 structures to the data
that satisfied the restraints just as well as the deposited structure. To determine the true
structure of p7 more accurately, further experiments and sampling of the data will be
needed to rule out alternative structures. Conflicting reports of the oligomerization state
of p7 could also arise from differences in the construct, reconstitution condition,
purification method, and other experimental conditions used. Here, we explored the
effect of the lipid environment on p7 by developing an activity assay. We showed that
p7 is not active in DMPC liposomes, however, it is active in PA:PC:PE liposomes. Our
findings highlight that the variation in experimental conditions could severely affect the
structure and function of p7, hence the most biologically relevant conditions should be

carefully selected when available.

A.7 Materials and methods
A.7.1 Determination of alternative C6 and C7 models of p7

This section was done in collaboration with Jeff Martin and Hong Niu (former
members of the Donald Laboratory). Deposited NMR data was downloaded from
Biological Magnetic Resonance Data Bank (BMRB) Entry 19162. Intramolecular and
intermolecular NOEs, RDCs, and dihedral angles were used as restraints. XPLOR-NIH
was used to fold the p7 subunit in separate components: helix 1, helix 2, helix 3, linker 1-
2, linker 2-3, and C-terminal region. Each component was sequentially appended

together around a symmetry axis. The partial subunit was homo-oligomerized and
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refined with XPLOR-NIH after each addition. Refinements were performed at high
temperature, followed by a period of cool, and then low temperature. Top candidates
were selected at each step to further build upon. We considered the overall XPLOR-NIH
energy, NMR data fit, and diversity in quaternary structure when selecting for the best

structure. Local refinement were performed for each final structure by XPLOR-NIH.

A.7.2 Molecular cloning, expression, and purification of p7

p7 genotype 5a* was cloned into a pWFLE vector to yield the final construct of
TrpLE-Hisii-Met-p7. The TrpLE leader sequence brings the protein to inclusion bodies.
The Hisu tag allows for affinity purification. The methionine provides a cleavage site for
cyanogen bromide (CNBr) to separate the tag from p7. The gene and vector were cut at
Ndel and EcoRI restriction sites and amplified with a Phusion High-Fidelity PCR Kit
(New England BioLabs). The PCR products were ligated together with a Quick Ligation
Kit (New England BioLabs). After confirmation through DNA sequencing, the plasmid
was transformed into c41 (DE3) competent cells on Luria-Bertani (LB) plates containing
ampicillin. Cells were grown in LB media with ampicillin at 37 °C until OD600 ~0.6 with
shaking and then induced with 0.5 mM IPTG at 37 °C for 5 hours. The cells were
harvested by centrifugation and frozen at -80 °C until purification.

The cell pellet was resuspended in p7 Lysis Buffer (50 mM Tris pH 7.8, 25%
sucrose, 1 mM EDTA, 20 mM DTT). The cells were incubated with 1 mg/mL lysozyme

for 30 mins, and then with 0.2 mg/mL DNase I, 33 mM MgClz, 666 uM MnCl: for 30
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mins. A series of detergent washes were used to purify the inclusion bodies. The lysed
cells were diluted 3-fold with Detergent Buffer (20 mM Tris pH 7.8, 0.2 M NaCl, 1%
deoxycholate, 1% nonidet p-40, 20 mM DTT, 2 mM EDTA) and pelleted. The pellet was
washed once with Triton Wash Buffer (0.5% Triton X-100, 20 mM DTT, 1 mM EDTA),
twice with Deoxycholate Wash Buffer (0.1% deoxycholate, 20 mM DTT, 1 mM EDTA),
and up to five times with dH20. The final pellet was resuspended in p7 Buffer A (6M
guanidine HCl, 50 mM Tris pH 8.0, 200 mM NaCl) and loaded onto a nickel column. The
sample was eluted off with an imidazole gradient of 0 — 100% p7 Buffer B (6M guanidine
HCl, 50 mM Tris pH 8.0, 200 mM NaCl, 400 mM imidazole). The peak of interest was
dialyzed (MWCO: 1 kDa) against dH20, pelleted, and then lyophilized. The cyanogen
bromide cleavage reaction was initiated by incubating the lyophilized pellet in 70%
trifluoroacetic acid (TFA) with 0.1 g/mL CNBr for 2 hours. The reaction was terminated
under vacuum until all liquid was transferred to a cold trap. The reaction products were
dialyzed (MWCO: 3.5 kDa) against dH:0, pelleted, and then lyophilized. The
lyophilized mixture was then resuspended in 70% acetic acid and loaded onto a C18
semi-prep column for reversed-phase high performance liquid chromatography (HPLC).
The mixture was separated with 46% acetonitrile at 5 mL/min (Buffer A: dH20 + 0.1%
TFA, Buffer B: 100% acetonitrile + 0.1% TFA). The peak corresponding to purified p7

was collected and dried with a rotary evaporator. The purity and identity of each sample
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was checked with MALDI-TOF and liquid chromatography - mass spectrometry (LC-
MS).
A.7.3 Liposome formation

Two types of liposomes, DMPC and PA:PC:PE, were used in these studies. PA,
PC, and PE mixtures were sourced from chicken egg. Both liposomes were made
similarly with and without incorporating dye. Empty liposomes were used for imaging
and lipid detection. Liposomes loaded with 5(6)-carboxyfluorescein (CF) dye were used
for a functional dye-release assay.

The protocol for empty liposomes is as follows. DMPC or PA:PC:PE (1:1:0.5
molar ratio) powder was suspended in chloroform, dried over nitrogen gas, and further
dried under vacuum overnight in a glass vial. The thin film of lipids was resuspended in
HEPES Buffer Saline (HBS) (10 mM HEPES pH 7.4, 100 mM NaCl) and incubated in a 37
°C water bath for 1 hour. The sample was freeze-thawed four times where one freeze-
thaw cycle consisted of 5 mins on dry ice and 10 mins in a 37 °C water bath. The sample
was extruded through a 200 nm filter paper at 37 °C with an Avanti Mini Extruder for 21
passes. The sample starts as a cloudy solution and becomes clear with more passes
through the extruder. The liposomes can be pelleted at this step by ultracentrifugation at
100,000 g at 10 °C for 20 mins to either buffer exchange or resuspend at a higher

concentration for further experiments.
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The protocol for liposomes containing CF dye is as follows. DMPC or PA:PC:PE
(1:1:0.5 molar ratio) powder was suspended in chloroform, dried over nitrogen gas, and
further dried under vacuum overnight in a glass vial. The thin film of lipids was
resuspended in HEPES Buffer Saline (HBS) (10 mM HEPES pH 7.4, 100 mM NaCl) with
50 mM CF, covered from the light, and incubated in a 37 °C water bath for 1 hour. CF
self-quenches at 50 mM. The sample was freeze-thawed four times where one freeze-
thaw cycle consisted of 5 mins on dry ice and 10 mins in a 37 °C water bath. The sample
was extruded through a 200 nm filter paper at 37 °C with an Avanti Mini Extruder for 21
passes. The sample starts as a cloudy solution and becomes clear with more passes
through the extruder. The liposomes were pelleted by ultracentrifugation at 100,000 g at
10 °C for 20 mins. The supernatant was discarded and the pellet was washed with HBS.
This pellet and wash step was repeated for a total of 4 times to remove excess dye. The
supernatant starts as a red-orange color, turns into a neon yellow color, and then
becomes clear as the washes progress. The final pellet was resuspended in HBS to the
desired concentration for further experiments.

A.7.4 TEM imaging of liposomes

Sample preparation for negatively stained imaging of DMPC or PA:PC:PE
liposomes were performed similarly. Liposome concentration could slightly vary, but
0.025 mg/mL DMPC and 0.5 mg/mL PA:PC:PE were typical. A 4 pL solution of

liposomes was applied to the formvar/carbon coated copper grid (300 mesh) for 60 secs.
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The solution was blotted away with filter paper. The grid was washed with 0.6% uranyl
formate and blotted away with filter paper. This wash step was repeated for a total of 2
times. The grid was stained with 0.6% uranyl formate for 60 seconds and then blotted
with filter paper. The grid was air dried. Grids were imaged on a FEI Tecnai G? Twin
electron microscope at 80 kV. Images were collected at 25 kx magnification and

defocused to -1.49 pm.

A.7.5 p7incorporation into liposomes

To confirm p7 incorporation into the liposomes, a liposome control and
proteoliposome sample were separated on a Ficoll gradient. The gradient was
fractionated and tested for lipid and protein prescence. The Stewart Assay was used to
detect lipids. Coomassie stain and SDS-PAGE were used to detect protein. Fractions
containing both lipids and protein indicated p7 association with liposomes.

Lyophilized p7 was resuspended in 50% trifluoroethanol (TFE) + HCl, which has
been shown to induce a-helical structures. Dye-free DMPC and PA:PC:PE liposomes
were prepared as mentioned in section A7.2. Liposome formation. DMPC liposomes
were incubated with p7 at a 200:1 molar ratio for 1 hour at room temperature. PA:PC:PE
liposomes were incubated with p7 at a 200:1 molar ratio for 1 hour at 37 °C.

A discontinuous Ficoll gradient was generated as follows. The liposome or
proteoliposome samples were mixed 40% Ficoll in 1:1 ratio to bring the final Ficoll

concentration to 20%. This sample was placed at the bottom of a tube. The volume is 1X.
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A 10% Ficoll layer was placed on top of the 20% Ficoll layer containing the sample. The
volume is 6X. A layer of HBS (0% Ficoll) was placed on top of the 10% Ficoll layer. The
volume is 1X. The tube was ultracentrifuged at 100,000 g for 30 mins at 10 °C. The tube
was fractionated into 8 parts of equal volume. Each fraction was run on an SDS-PAGE
gel and visualized with Coomassie stain for protein detection. Each fraction was tested
via the Stewart Assay for lipid detection.

The Stewart Assay utilizes ammonium ferrothiocyanate which binds to
phospholipid head groups to form a colored complex. Ammnoium ferrothiocynante is
water soluble, but not soluble in chloroform. However, the lipid complex can be
extracted into a chloroform layer using phase separation and be optically detected. Each
fraction is mixed with ammonium ferrothiocynante and chloroform in a 1:5:5 ratio. The
tubes are centrifuged to separate the aqueous layer and organic solvent layer. The
chloroform layer is measured at Aabs = 485 nm. The absorbance value is then compared to
a standard curve to determine lipid concentration. Using a known lipid stock identical to
the lipid being detected, a standard curve can be generated using the same steps

mentioned above.

A.7.6 Dye-release liposome assay

p7 forms a channel upon insertion of a double membrane. To test the function of
p7, a dye release assay was developed. p7 was inserted into liposomes containing CF

dye at a self-quenching concentration. Upon p7 insertion, the CF dye was released into
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the supernatant through the viroporin and diluted to detectable concentration. The
release of CF dye was monitored by fluorescence at Aex/Aem=485/510 nm.

Lyophilized p7 was resuspended in 50% trifluoroethanol (TFE) + HCI, which has
been shown to induce a-helical structures. DMPC and PA:PC:PE liposomes containing
50 mM CF dye were prepared as mentioned in section A7.2. Liposome formation. A 5 uL
solution of inhibitor, amantadine HCl, was added to a black 96 wells clear bottom plate.
A titration of inhibitor was prepared in a 1:1 serial dilution. A 5 uL solution of p7 in 50%
TFE was added to the plate. The mixture of p7 with inhibitor was incubated together for
15 mins at room temperature. A 90 uL solution of liposomes was added to the plate. The
final concentration of p7 was 50 nM and the final concentration of PA:PC:PE liposomes
was 50 uM. Various concentrations of p7 and DMPC liposomes were tested, however no
activity was observed. The fluorescence was read from the bottom at Aex/Aem = 485/510

nm every 30 seconds for 1 hour at room temperature.
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