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ABSTRACT

The modern molecular understanding of biological systems relies on integration of
principles, practices, and techniques from diverse fields such as molecular biology,
biochemistry, and biophysics. This approach has provided great insights into the
molecular complexity of living cells. However, studies of some biological assemblies, such
as the dynamic collection of lipids, proteins, and other biomolecules that make up cellular
membranes, remains a challenge. To simplify these systems, and enable investigations
of their structure and function, a wide range of membrane-mimetic models have been
developed. Chapter 1 of this dissertation reviews some of the most important methods
for studies of these types of biological systems, including recently developed lipidic
nanodiscs. In Chapter 2 of this dissertation, | describe the design and construction of a
new class of nanodiscs that are stabilized by covalent crosslinking of a membrane
scaffold protein. These nanodiscs, termed SpyDiscs, uniquely enable imaging of pore
formation by membrane-disruptive peptides. Another class of molecules that interacts
with biological membranes is described in Chapter 3 of this dissertation. In this chapter,
we report the synthesis of a new class of hydrophobic fluorescent probes that can be
used to visualize the endoplasmic reticulum of living cells. The final chapter of this
dissertation describes a fluorescence polarization assay developed to study protein-
protein interactions involved in iron homeostasis in the pathogenic bacterium
Pseudomonas aeruginosa. These binding studies along with other observations offer a
promising target for inhibition of this pathogen as a strategy to overcome multidrug

resistance observed with this superbug.
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Chapter 1

Biophysical and biochemical techniques for studies of membranes and proteins

Structural biology involves the study of molecular structure and dynamics of
biological macromolecules. This field integrates principles of molecular biology,
biochemistry and biophysics with biophysical and biochemical techniques to enable
scientists to analyze substances and reactions underlying life processes. Biophysical
techniques that are used to study the structure, properties, and functions of
macromolecules at the atomic or molecular level include a range of methods such as
microscopy, spectroscopy, electrophysiology, and molecular modelling. Biochemical
analysis methods involve assays and procedures to evaluate the properties of
biomolecules in biological systems. These techniques are involved in the purification and
characterization of biomolecules. Together, biophysical and biochemical techniques have

transformed our understanding of the nature and molecular complexity of living cells.

1.1. Models of cellular membranes

A wide variety of techniques have been developed to investigate the structures
and biochemistry of biological membranes. These studies have been used to understand
functionally important biological macromolecules such as proteins, carbohydrates and
membrane-active peptides that interact with lipid bilayers that define membranes. These
macromolecules are not isolated molecular entities but are surrounded by lipid molecules

present in membranes, which play a crucial role in maintaining the structural and



functional integrity of the cell. To investigate these critical interactions, a wide range of
membrane-mimetic models of a variety of lipid compositions have been developed and
will be reviewed here.

In the 1970s, patch-clamp technique was used to study small patches of
membranes or very small cells. It is an electrophysiological technique that measures
electric current generated by a living cell. This technique was used for measuring drug
effects and mechanism of diseases. This method makes use of real cellular membrane

in contrast to the model membranes that are discussed below.

1.1.1. Liposomes and related structures

Liposomes' or vesicles are defined by a lipid bilayer that separates an aqueous
internal compartment from the solvent aqueous phase. These model membranes were
initially used in the study of membrane proteins to provide compartmentalization and a
large bilayer area. They represent the most widely used technique for reconstitution of
membrane proteins with lipids. This model is advantageous because it closely resembles
structures of cell membranes and can consist of a single bilayer of phospholipids formed
when detergent-solubilized lipids are sonicated to spontaneously assemble into a vesicle
(Figure 1.1). During this process, a small amount of buffer is encapsulated into the vesicle.
Methods used to disperse these lipids in aqueous medium include sonication, French
pressure cell, freeze-thaw, membrane extrusion, and many others. A number of factors
play a role in the preparation of liposomes of defined sizes for studies of biomolecules.
These include physicochemical properties of lipids and other biomolecules, the

concentration of material to be encapsulated, shelf-life, polydispersity, and the dispersion



medium for lipid vesicles. Variations in time and manipulations of the lipid ratio can be
used to produce very small vesicles of various sizes.! Applications of liposomes include
gene transfer®® and drug delivery, where lipophilic drugs become encapsulated.”®
However, there are many challenges in using these vesicle systems because they can
be turbid, viscous, and unstable over extended periods of time. Liposomes are frequently
heterogenous multilamellar structures and proteins embedded in them experience
different conformations that may make them unsuitable for structural studies by methods
such as NMR. Furthermore, they tend to segregate into phase-separated domains that
are not uniform in size. Another potential disadvantage of liposomes is that they may
prevent accessibility of probes to both sides of proteins embedded in these structures if

only one side of the protein faces the lumen or central cavity.

1.1.2. Supported monolayers, micelles, and bilayers

Other lipidic systems used to study membrane proteins include monolayers,
micelles, and bicelles. Lipid monolayers are simple structural models that mimic either
the inner or outer leaflet of cell membranes. These are mainly employed in the study of
structural changes when proteins interact with lipid membranes.'® Supported monolayers
consist of the transfer/coating of monomolecular films of lipids onto solid substrates such
as silica beads.’ However, the applications of monolayers are limited and are mostly
used to obtain structural studies of embedded proteins by NMR. Micelles are monolayer
aggregate of lipid molecules that arrange themselves in a spherical form in aqueous
solutions (Figure 1.1). When lipids are dispersed in aqueous media, the hydrophobic

chains of lipids aggregate on the inside of a micelle with the non-polar heads on the



outside.'?>'® Micelles are formed with the help of detergents where they can trap other
hydrophobic molecules. They help extract membrane proteins by solubilization. Micelles
are generally used in biochemical studies of solubilized integral membrane proteins.'4-16
However, detergents can influence the conformation of a protein present in the
hydrophobic core of micelle, and lipid packing has an influence on the membrane protein
function in lipid bilayers.” Another membrane mimetic employed to study membrane
proteins by NMR are bicelles, also known as a bi-layered micelle.'® Bicelles are lipidic
structures and can be made with a variety of phospholipids, cholesterol, and ceramides.'®-
21 They can be disc-shaped, cylindrical or lamellar depending on the composition of lipids,
temperature, and hydration.?>?* These can mimic a variety of membranes such as
prokaryote, mitochondria, erythrocyte, and others.2> However, controlling the precise lipid
ratio is difficult in bicelles. Furthermore, diffusion of detergent into bicelles can cause

protein instability and lead to aggregation.?®

1.1.3. Nanodiscs

Nanodiscs represent a recently developed technology for studies of membrane
proteins that is now considered to be superior to other membrane mimetics.?’-?
Nanodiscs are an assembly of phospholipid bilayers that are surrounded by a homodimer
of an engineered lipoprotein termed a membrane scaffold protein (Figure 1.1). These
structures exhibit well-defined sizes and can be used with various lipids to form the bilayer
structures. They overcome several limitations of other membrane mimetics and provide
an alternative approach to enable structure-functional studies of macromolecules that

interact with membranes. Nanodiscs provide a more native-like membrane environment



than a micelle or liposome. Compared to bicelles, they do not require detergent in

samples, and they offer greater flexibility in the choice of lipids used for assembly.

Q Polar hydrophilic head
é% Non-polar hydrophobic tail

) Membrane scaffold protein

Bilayer sheet Nanodisc

Figure 1.1. Membrane mimetic models. Cartoon representations of liposomes, micelles,
bilayer sheets, and nanodiscs.

Nanodiscs are considered a state-of-the-art chemically-defined lipid bilayer. They
mimic biomembranes and can self-assemble to incorporate integral membrane proteins.
This system uniquely provides a nanometer scale membrane of defined and controlled
composition, providing an attractive method for a variety of biophysical and biochemical
studies of membrane proteins and peptides. The design of nanodiscs3?3" was based on
high-density lipoprotein (HDL), also known as good cholesterol. HDL is a part of a reverse
cholesterol transport system that brings cholesterol and cholesterol esters back to the
liver for elimination in bile.3? The core protein component of HDL is apolipoprotein A-1
(apoA-1).23 ApoA-1 consists of 10 alpha helices along with a globular region that does
not interact with lipids. In 2004, Dr. Sligar of Univ. of lllinois genetically engineered the
ApoA-1 protein to remove those parts of the sequence (the globular region and part of

the first helix) that were not involved in forming these homogenous discs.?” A



hexahistidine tag was further added to the N-terminus of the sequence for ease of
purification (Figure 1.2). This engineered protein from human serum apoA-1 was termed
membrane scaffold protein (MSP). MSP can form an amphipathic helix belt that wraps
around the discoidal structure. These amphipathic helices are nonpolar on the inside
against the alkyl chains of the phospholipids and they are polar on the outside to provide

stability in aqueous buffer.
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Figure 1.2. Secondary structural regions of apolipoprotein A-1 compared with the
engineered membrane scaffold protein analogue.

Nanodiscs have been successfully assembled with synthetic lipids such as DMPC
(1,2-dimyristoyl-sn-glycero-3-phosphocholine),3+3¢ DPPC (1,2-dipalmitoyl-sn-glycero-3-
phosphocholine),?”:3 POPC (1-palmitoyl-2-oleoyl-glycero-3-phosphocholine),®*44 and
mixtures of PC (phosphatidylcholine)*>-4° (Figure 1.3). Natural lipid mixtures such as E.
coli lipids,®%-%2 chicken egg PC lipids,33%* soy bean lipids,®® and others have also been
used to prepare nanodiscs. Nanodiscs are formed by a self-assembly process when
precise molar ratios of phospholipids solubilized in detergent, membrane scaffold protein,
and the detergent-solubilized target protein/peptide of interest are incubated at a specific
temperature (Table 1.1).?” Subsequent removal of detergent by dialysis or adsorbent

beads initiates self-assembly of nanodiscs, where the target protein/peptide becomes
6



incorporated into the bilayer. These detergent-free nanodiscs are separated from lipid

micelles and free proteins by size exclusion chromatography (Figure 1.4).
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1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC)

palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)

Figure 1.3. Lipids commonly used for preparation of nanodiscs.

Table 1.1. The incubation temperature and optimal lipid : protein ratio used for the
formation of nanodiscs. The phase transition temperature of individual lipids is listed.?”

Lipid phase Incubation Optimal ratio of
Phospholipid transition temperature for lipid : MSP1D1
temperature (Tm) nanodisc formation protein
DPPC 41 °C 37 °C 90 :1
DMPC 24 °C 25°C 80:1
POPC -2 °C 4°C 65:1

Size exclusion chromatography (SEC) is a technique that separates biomolecules
based on their size. SEC works by trapping smaller molecules in pores of an adsorbent

material (stationary phase). As the solution travels down the column, molecules with a
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larger size elute first followed by smaller molecules as they pass through the pores of the
stationary phase and elute slowly. Because membrane proteins are of a variety of sizes,
nanodiscs of different sizes are needed to study these proteins. Hence, the traditional
membrane scaffold protein, which is derived from ApoA1 sequence (HDL), surrounding
the nanodisc has been further engineered to give nanodiscs of different sizes for different

applications.>®
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Figure 1.4. Production of empty nanodiscs. Nanodiscs are formed in a self-assembly
process when detergent-solubilized lipids are incubated with membrane scaffold protein.

1.1.1.1. Stabilization of peptides and proteins in nanodiscs

The ability to engineer the membrane scaffold protein to create structures of well-
defined molecular size and shape, in addition to the interchangeability and accessibility
of the lipid and scaffold components, makes nanodiscs a versatile platform for diverse
studies of model membranes. Empty nanodiscs have been thoroughly characterized
using NMR methods to illustrate the structure of the membrane scaffold protein that
surrounds the nanodisc,® to study lipid-MSP interactions,®” and interactions of lipid head-
groups with cations.#” There are several advantages of nanodiscs compared to other
membrane mimetic models. As individual membrane proteins are packed in separate
nanodiscs, they can preserve target function, structure, and avoid aggregation. The

possibility of uniformly sized nanodiscs has enabled high-resolution structures of
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membranes proteins incorporated in nanodiscs using electron microscopy (EM). Three-
dimensional reconstructions of these membrane proteins have yielded high-resolution
images of membrane proteins in nanodiscs. A few examples include the ryanodine
receptor, revealing the ordering of trans-membrane helices,*® the structures of the TRPV1
ion channel,®® Tc toxin,®° lipoxygenase,®’ drug efflux pumps,®? and the magnesium
channel.®® Thus, nanodiscs play an important role in structure determination of membrane

proteins and their interactions.

1.1.1.2. Other applications of nanodisc technology
In addition to structural analysis of membrane proteins by EM, nanodiscs are also
extensively used for a number of applications involving NMR and fluorescence methods.
The first example of a membrane protein structure solved in nanodiscs by NMR was that
of OmpX, which is a bacterial outer membrane protein.®* Other applications of nanodiscs
include:
e Spectroscopic single-molecule studies requiring attachment to a substrate,® as the
samples are monodisperse, homogenous, and prevent protein self-aggregation.
e Atomic force microscopy and fluorescence spectroscopy®®6” of membrane proteins.
e Ligand binding, protein dynamics, and molecular recognition events of enzymes®® and
electron transfer proteins.®°
e Conformational studies of the cytoplasmic surface of G-protein coupled receptors
(GPCR) induced by binding of ligand to the extracellular surface of a GPCR. The p2-

adrenergic receptor (a GPCR) was studied in this way to profile receptor signaling.”



e Absorption of lipophilic compounds and high solubility can be used for the delivery of
hydrophobic drugs.””? Amphotericin B was incorporated into nanodiscs for the
treatment of Leishmania in mice.”"*

e Binding studies of membrane proteins using surface plasmon resonance (SPR).”>"’
Affinity tags such as histidine, FLAG etc. added to the MSP sequence of nanodiscs
allow attachment to the sensor surface, or the MSP can be genetically engineered to
link biotin, sulfhydryl-reactive agents etc. Modification of MSP for attachment to the
sensor surface enables label-free detection of unmodified membrane proteins. These
nanodiscs allow accessibility to both sides of lipid bilayer for SPR studies.

e Nanodiscs made from a novel membrane scaffold protein used to investigate
membrane-disruptive peptides is described in Chapter 2 of this dissertation. This is a

new addition to the applications of nanodisc technology.

1.2. Fluorescent probes of biological systems

Fluorescent probes are powerful molecular tools to image cells in real-time and
enable the visualization of biological structure and function. Fluorescent probes can be
extremely sensitive and selective while minimally perturbing cell or subcellular
components under study. Mammalian cells are highly complex and are
compartmentalized using membrane-sealed cellular organelles associated with specific
subsets of biomolecules. Major eukaryotic organelles include the nucleus, endoplasmic
reticulum, mitochondria, golgi apparatus, endosomes, and Iysosomes. This
compartmentalization within organelles enables increased efficiency by segregation of

specific chemical reactions.”®® For example, many proteins destined for localization in
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the ER include the tetrapeptide sequence KDEL at the C-terminus.8%-82 Every organelle
requires an appropriate microenvironment to function and disruption in organelle
homeostasis or function can cause disease. For example, mitochondria generate reactive
oxygen species (ROS) as mediators of oxidative stress.8384 Irregularity in this production
of ROS leads to cardiac problems.® Therefore, monitoring the organelles and their
microenvironment becomes crucial to understand their roles in cell function and the
pathophysiology of the disease. In order to track and study these organelles in living cells,
fluorescent probes are often used for optical imaging as they can allow direct visualization
of subcellular structures with high sensitivity. Fluorescent probes that accumulate in
specific organelles allow investigation of mechanisms of subcellular targeting because

their specific accumulation can be readily observed by fluorescence microscopy.

1.2.1. Principles of fluorescence

Fluorescence®® is a photophysical process observed when an object absorbs light
at one wavelength and emits at a longer wavelength. Molecules that fluoresce are called
fluorophores. The process of fluorescence can be represented with a Jablonski diagram?®’
(Figure 1.5) that involves three stages: excitation, excited-state lifetime, and fluorescence
emission. A fluorophore absorbs energy supplied by a light source such as an
incandescent lamp or a laser.®® It undergoes conformational changes and also interacts
with its molecular environment that lead to partial dissipation of energy. This results in a
relaxed singlet excited state (S4) from where the photon is emitted to return the

fluorophore to its ground state through the release of energy. Molecules can also be
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returned to the ground state by other processes such as Forster resonance energy

transfer (FRET) and collisional quenching.8®
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Figure 1.5. Jablonski diagram showing the processes involved in fluorescence.

1.2.2. Physicochemical properties and applications of fluorophores

Fluorescence spectral data are generally presented as fluorescence emission
spectra, which is a plot of emission wavelength versus fluorescence intensity.
Fluorophores have several specific properties such as absorbance, extinction coefficient
(€), quantum yield (®), and fluorescence life time (1). The extinction coefficient of a
fluorophore is the capacity for absorption of light at a given wavelength. The quantum
yield is the amount of photons emitted per photons absorbed. The fluorescence lifetime
(1) of a fluorophore is the average time between its excitation and return to the ground
state, typically 1-10 ns. Factors that influence fluorescence properties include the
chemical structure of the fluorophore, the polarity and pH of the solvent in which the
fluorophore is dissolved,® and the proximity and concentrations of fluorescence

quenchers.?-°2 Modern instrumentation allows many fluorophores to be detected at very
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low concentrations, and as a result, fluorescence technology is used extensively in
biotechnology, flow cytometry, DNA sequencing, and many other applications.
1.2.2.1. Hydrophobic fluorophores for studies of membranes

Useful fluorescence for biological studies typically requires polyaromatic
hydrocarbons or heterocycles. Extended conjugation shifts the absorption and
fluorescence emission spectra to longer wavelengths to allow discrimination of
fluorescent probes from intrinsically fluorescent biomolecules such as tryptophan. One
application of fluorescence is the study of cell organelles by labelling of their membranes.
Partitioning of hydrophobic probes into the nonpolar regions of membranes can be used
to visualize these structures in cells. A wide variety of fluorescent lipid probes are
available to label membrane structures (Figure 1.6).8° Fluorophores can be attached to
the fatty acid side chain (NBD-PC) or at the head group (Dansyl-PE) of different lipids.
Other fluorophores such as fluorescein and rhodamine B (Figure 1.6) can also be linked

to lipids for these types of studies.
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Fluorescein Rhodamine B

Figure 1.6. Fluorescent phospholipid analogues. PC = Phosphatidylcholine; PE =
Phosphatidylethanolamine.

1.2.2.1.1. Fluorescent probes that associate with specific membranes of organelles

Fluorescent probes that label the plasma membrane and intracellular membranes
have been extensively used for structural and biophysical analysis of these assemblies.
Typical membrane phosphoglycerolipids of eukaryotes are phosphatidylserine (PS),
phosphatidylethanolamine (PE), phosphatidylglycerol (PG), phosphatidylcholine (PC)
and phosphatidylinositol (PI), and cardiolipin (CL).” For functions such as cell sorting and
signal transduction, biomembranes contain at least five lipid classes. PC assembles into
a bilayer because of its two fatty acyl chains and polar head group. PG and CL are
synthesized in mitochondria, and mitochondrial CL promotes a non-bilayer configuration

under charge neutralization conditions (divalent cations or high salt).” Inactivation of CL
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synthase was found to be lethal in yeast,®® which indicates that mitochondria require non-
bilayer lipids. PE is also a non-bilayer lipid and is essential for functional embedding of
membrane proteins, and membrane fusion and fission.” Along with glycerol-based
phospholipids, eukaryotes contain sphingolipids and sterols, which are abundant in the
plasma membrane and endosomes. Sphingolipids exhibit a solid gel phase, but they are
fluidized by sterols. This combination of sphingolipids and sterols adds structural stability
to membranes. The endoplasmic reticulum is high in PC and PI,%*% and these lipids are
involved in the insertion of membrane proteins and secretory proteins. Cholesterol is also
important for the physical properties of membranes and affects membrane thickness,
rigidity, and lateral organization.®® The lipid content of the plasma membrane consists of
30-50% cholesterol,®”-%8 which is important for rigidity. On the contrary, membranes of
the ER contain only 3-6% cholesterol.®® It is thought that these differences in membrane
composition, along with other physicochemical properties of an organelle, determines the
accumulation of small molecules or fluorophores in specific organelle membranes.
Alternatively, the association of molecular probes with organelle-specific resident proteins
or linkage to a targeting signal can cause their accumulation in these compartments.
The endoplasmic reticulum (ER) is responsible for myriad important cellular
functions including protein folding and unfolding, the synthesis of secreted and integral
membrane proteins, lipid production, and calcium homeostasis. Relatively little is known
about targeting of ER membranes with small molecules, but it has been proposed that
amphipathic and moderately lipophilic compounds can selectively associate with the
cholesterol-poor membranes of the ER.'%%:19" A novel fluorophore that selectively targets

and accumulates in the ER is described in Chapter 3 of this dissertation.
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1.2.2.2. Fluorescent probes of receptor-ligand interactions

Receptor-ligand interactions play an important role in all biological events
occurring in living cells. As a result, the discovery and quantification of binding of ligands
to specific receptors is important for studying cellular pathways and drug development.
Studies of receptor-ligand binding interactions can probe affinity, kinetics, conformational
changes, specificity, and ligand efficiency, among others. In the early stages of drug
discovery, compounds of interest are often initially identified based on affinity for a
biological target. Binding assays with other targets can be further employed to assess
ligand specificity. A meaningful receptor-ligand interaction often leads to a physiological
response as a starting point for further development of a clinical drug candidate.

Several different techniques can be used to investigate receptor-ligand
interactions. Fluorescence-based methods include fluorescence polarization (FP),'%?
Forster resonance energy transfer (FRET),'® and fluorescence intensity,'® while non-
fluorescence based techniques include isothermal titration calorimetry (ITC),'% surface
plasmon resonance (SPR),'® nuclear magnetic resonance (NMR),'"” protein X-ray
crystallography,'® UV/Vis spectroscopy,'® equilibrium dialysis,'° and radiolabeling.""

The advantages and limitations of each technique are listed in Table 1.2.
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Table 1.2. Summary of ligand binding assays: advantages and disadvantages of the

methods. 12113

Technique

Advantages

Disadvantages

Fluorescence
polarization (FP)

e Measures kinetics and
thermodynamics of
binding

e Simple, automated,
suitable for HTS

e Susceptible to different
fluorescent interferences

e Difficult to obtain good
fluorescent ligands for many
receptors

Isothermal titration
calorimetry (ITC)

e Quantitative
thermodynamic data
available

e Directly measures heat
exchange during
complex formation

e Non-destructive, high
precision

e Complete thermodynamic
profile not available

¢ Not applicable to all
systems, as large heat
changes are required

Differential scanning
calorimetry (DSC)

e Quantitative
thermodynamic data
available

¢ Estimate stability of
protein-ligand
complexes

e Cannot control rate of
experiment
¢ Very sensitive to changes

Surface plasmon
resonance (SPR)

¢ Real-time quantification
of binding kinetics and
affinities

¢ Prone to false positives
e Target or ligand must be
immobilized

Differential scanning
fluorimetry (DSF)

¢ Real-time quantification
of binding kinetics and
affinities

e Molecular details of
receptor-ligand
interactions

e Extensive optimization
necessary
e Prone to artifacts

Nuclear magnetic
resonance (NMR)

e Molecular details of
receptor-ligand
interactions

e Expensive, time consuming
e Generally, limited to small
proteins

X-ray crystallography

e Solvent effect can be
examined

e Protein target must
crystallize

e Expensive X-ray sources
required
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e Precise determination of e Expensive
receptor density, ligand e Hazards of handling
binding sites and affinity radioactive materials

Radioligand binding
assays

1.2.2.2.1. Fluorescence polarization

Fluorescence polarization (FP) was adopted in high throughput screening in mid
1990s to facilitate the drug discovery process. These assays are particularly useful
because they are homogeneous, high-throughput, and can be inexpensive. They can
provide quantitative measurement of receptor-ligand binding interactions and information
on changes in molecular mobility, as the rotational rate of a free small ligand is faster
compared to the rotational rate of a large receptor/protein-ligand complex.'™* As depicted
in Figure 1.7, the rotation of a free ligand (a fluorophore in this case) is rapid, and this
gives rise to a low polarization value. If this fluorophore is bound to protein, the rotation
of the complex is slower due to a larger mass and gives rise to high polarization. The light
emitted by a free ligand in solution is distributed in all direction as the free ligand rotates,
whereas in case of protein-ligand complex the polarization of emitted light retains the

polarization of excited light because it tumbles more slowly.''®
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Figure 1.7. Schematic representation of fluorescence polarization of two samples: a free
ligand in solution (top) and a protein-ligand complex (bottom).

In an FP assay, plane polarized light is used to excite a fluorophore. The
fluorescence intensities in parallel (Fi) and perpendicular (F.) directions to the plane of
excitation are measured. The polarization (P) of the sample is calculated by the following

equation:'"®

FII_FJ_

P =

A fluorometer instrument capable of FP typically consists of an excitation light
source (typically a Xe or Hg arc lamp) to excite the sample, excitation and emission
polarizers (polaroid sheets or calcite polarizers), a filter or monochromator to remove
scattered excited light, parallel and perpendicular polarizers to collect the emitted light
and a sample platform (cuvette or multiwell plate)."™ To measure the affinity of a
fluorescent ligand for a protein, the protein of interest is generally titrated into a fixed
concentration of fluorescent ligand (below Kq) and allowed to reach equilibrium. In these

types of experiments, it is important that effects on quenching or enhancement of the
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fluorophore are evaluated in parallel because correction for these effects on the
fluorescence lifetime is important to obtain accurate measurements of affinities. A
fluorescence polarization assay to study protein-protein interactions is described in

Chapter 4 of this dissertation.

1.3. Outline of this dissertation

My research has focused on the development of new biophysical and biochemical
techniques in structural biology that would enable study of interactions of small molecules
with membranes and proteins. In this dissertation, Chapter 2 describes modifications of
nanodisc technology to generate covalently-linked, stabilized, nanodiscs in high yield
based on the recently developed SpyCatcher/SpyTag system. Unlike traditional
nanodiscs, these SpyDiscs were shown to enable studies of membrane-active agents.
This approach provides a new tool for studies of biomolecules that disrupt membrane
structure. Chapter 3 describes the synthesis and biological evaluation of novel
hydrophobic resorufamine compounds that specifically accumulate in the ER. One of
these compounds was used to facilitate visualization of small molecule-mediated release
of a fusion protein from the ER into the secretory pathway. Finally, Chapter 4 reports the
development of a fluorescence polarization assay for studies of ligands that inhibit a

protein-protein interaction involved in iron homeostasis in pathogenic bacteria.
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Chapter 2

Covalently-crosslinked nanodiscs for studies of membrane-disruptive peptides

2.1. Introduction

Plasma membranes of living cells represent complex and dynamic assemblies of
lipids, proteins, and other biomolecules. Ever since lipid bilayers were defined as a basic
structural unit of biological membranes,’? model systems of various lipid compositions
were created to study properties of these structures.®> These models are designed to
simplify these biological systems and facilitate their investigation. As discussed in Chapter
1, traditional model membranes include supported lipid monolayers and bilayers,*
liposomes,>® micelles,” bicelles,® and amphipathic polymers (amphipols).® These models
have been extensively used for structural and functional studies of membrane-embedded
proteins, peptides, and drugs.'’® However, the heterogeneity of many model membrane
systems limits their utility for structural studies of membrane-associated molecules.
Moreover, the numerous important biological processes that disrupt cellular membranes
including apoptosis,''® immunity,'*'5 bacterial toxins,'®'” viral infection, and protein
translocation® provide additional challenges for studies of effects on membranes. As a
more chemically-defined alternative to traditional model membranes, nanodiscs have
been developed to provide nanometer-scale mimics of cellular lipid bilayers.?>22 As
shown in Figure 2.1, many of these model membranes are derived from homodimers of
the Membrane Scaffold Protein 1D1 (MSP1D1),2%23 a protein that encircles a cluster of

lipids to provide lipidic discs with a well-defined chemical composition of ~126 lipids and
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a bilayer area of ~4400 A2222* These nanodiscs enable a wide variety of structural
studies of proteins integrated in lipid bilayers. Examples include OmpX,?> BCL-XL,%

human CYP3A4,%” TRPV1,28 Cytb5-CytP450,%° and many more.*°

Figure 2.1. Model of an MSP1D1 lipidic nanodisc. The traditional MSP1D1 nanodisc
consists of lipids held together by two membrane scaffold proteins (shown in blue and
green).

Although nanodiscs are considered best in class for many types of studies of
membrane proteins and peptides, they exhibit some limitations. One such limitation is
their relatively low thermal stability. They disintegrate over time and can exhibit some
heterogeneity in size. A contributor to this low stability and heterogeneity is the gaps
between the protein belts that surround nanodiscs. These gaps may allow the escape of
lipids and contribute to protein aggregation. To help overcome this issue, Wagner and co-
workers developed covalently circularized nanodiscs®' that can be prepared using the
enzyme sortase. These nanodiscs beneficially exhibit greater homogeneity in size and

improved stability. However, they require the non-commercially available enzyme sortase
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for cyclization of a modified membrane scaffold protein, substantially increasing the
complexity involved in their production and purification.

To solve this problem, we explored the addition of cysteines to the termini of the
membrane scaffold protein (MSP) to generate a covalent disulfide bond. We additionally
investigated crosslinking of these cysteines by alkylation to yield a more stable m-xylene
(mxy) thioether. These mxy-crosslinked MSP nanodiscs were termed mxy-MSPSS_M6
nanodiscs. However, despite numerous attempts, these approaches, based on Cys-
crosslinking, did not generate pure nanodiscs in high yield. Better results were obtained
using a new technology based on the SpyTag/SpyCatcher system to covalently link the
membrane scaffold protein. We termed this protein SpyMSP, and we termed nanodiscs
assembled from this protein SpyDiscs.

We hypothesized that SpyDiscs derived from SpyMSP might be sufficiently stable
to enable visualization of the effects of membrane disruptive peptides by transmission
electron microscopy (TEM). To test this hypothesis, we examined incorporation of
alamethicin and melittin, two natural membrane-disruptive peptides, as well as a synthetic
cholesterol-linked endosome-disruptive peptide termed Chol-EDP,%? previously reported
by our laboratory (Figure 2.2). Alamethicin, the best understood of these peptides, is a
20-residue antimicrobial peptide produced by the fungus Trichoderma viride.®® This
peptide exhibits antimicrobial activity by forming non-specific pores in cell membranes
that exhibit properties of voltage-gated channels.3* These pores have been directly
visualized by electrochemical scanning tunneling microscopy in a phospholipid matrix3>
and by atomic force microscopy in a supported lipid membrane.®® These studies, and

others,3®® have shown that alamethicin forms alpha-helices that predominantly self-
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assemble as hexamers in membranes. These assemblies form barrel-stave channels with
an outer diameter of 2.0 £ 0.3 nm. Melittin from bee venom comprises a 26-residue lytic
and antimicrobial®® pore-forming peptide.**#' Dye leakage*? and computational*® studies
of melittin indicate that it forms toroidal pores of 1.3—1.5 nm, although somewhat larger
pores were proposed from neutron scattering data.** For all of these membrane-active
peptides, direct visualization of pores by TEM has not been previously reported. We
demonstrate here that in contrast to unmodified MSP1D1 nanodiscs, more thermally
stable SpyDiscs enable visualization by TEM of nanometer-diameter pores induced by
these membrane-active peptides, suggesting that SpyDiscs may have general utility for
studies of membrane-disruptive peptides and proteins. In this chapter, | present the initial
design, analysis, and application of disulfide linked MSPSS_M®6 nanodiscs and covalently
linked mxy_MSPSS_M6 nanodiscs, their limitations, and the subsequent development of

SpyDiscs as an improved approach for covalent crosslinking of these model membranes.
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Figure 2.2. Structures of membrane-active peptides. Alamethicin and melittin are natural
products, whereas Chol-EDP is a synthetic peptide.
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2.2. Disulfide crosslinking of a membrane scaffold protein for stabilization of
nanodiscs
2.2.1. Design of the MSPSS_M6 protein

To close the gaps predicted to exist between the N-and C-termini when the MSP
surrounds lipids in traditional nanodiscs, we designed a new MSP termed MSPSS_M6
(Figure 2.3). This protein includes an additional 14 amino acid linker segment from human
Apolipoprotein A-1 (ApoA1) of high density lipoprotein (HDL),* which was previously
used to design MSP1D1.22 We envisioned cyclizing MSPSS_M®6 by oxidizing cysteines
that were additionally included at the N-and C-termini to form a disulfide bond. This protein
was overexpressed in E. coli, purified on Ni-NTA resin, cleaved with TEV protease, and

analyzed by SDS-PAGE (Figure 2.4) and mass spectrometry (Figure 5.2, Appendix A).

Figure 2.3. Comparison of a structure of the MSP1D1 homodimer (left) with a model of
MSPSS_M6 (right) cyclized by formation of cysteine disulfides.
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(A) Analysis of Ni-NTA purification of MSPSS_M6 by SDS-PAGE

(B) Analysis of MSPSS_M6 by SDS-PAGE after TEV cleavage
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Figure 2.4. Analysis of MSPSS_M6 during purification on Ni-NTA resin (A) and after
cleavage by TEV protease (B) by SDS-PAGE.
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2.2.2. MSPSS_M6 forms nanodiscs as imaged by TEM

To investigate nanodiscs derived from MSPSS_M6, this protein was assembled
with POPC lipids and purified by size-exclusion chromatography (SEC). As shown in
Figure 2.5, imaging by transmission electron microscopy (TEM) revealed that this protein

can form discoidal structures of 14 + 3 nm in diameter.
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Figure 2.5. Measurement of sizes of nanodiscs by TEM. Imaging of MSPSS_M6-POPC
nanodiscs revealed discoid structures with a diameter of 13.8 £ 3.4 nm (range = 17.7 nm).
The box-and-whisker plot gives the distribution of diameters of nanodiscs. All nanodiscs
are reconstituted with POPC lipids. ‘N’ is the number of nanodiscs measured.
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2.2.3. Comparison of the stabilities of MSP1D1 and MSPSS_M6 nanodiscs
2.2.31. Analysis of stability by temperature-dependent circular dichroism
spectroscopy

Circular dichroism (CD) spectroscopy was used to compare the thermal stability of
traditional MSP1D1 nanodiscs with disulfide-linked MSPSS M6 nanodiscs. This
spectroscopic method is commonly used to investigate the secondary structure of
proteins. For example, B-sheets exhibit a characteristic minimum at 215 nm (n—1*) and
a maximum at 198 nm (T—1*), whereas alpha helices exhibit two double minima at 208
(m—1*) and 220 nm (n—T*), with a stronger maximum at 191-193 nm (T—1*). In
contrast, random coils in proteins tend to exhibit a maxima and minima essentially
opposite from these features in a-helical and B-sheet structures. As seen in Figure 2.6, in
both traditional and modified nanodiscs, a spectral signature consistent with the formation
of alpha helices was observed. However, in temperature-dependent studies, the CD
spectra of disulfide-linked nanodiscs had a much lower minima at 10 °C compared to the
traditional nanodiscs, indicating higher helicity of the disulfide linked MSP compared to
MSP1D1. Moreover, spectra at 70 °C showed that the modified membrane scaffold
protein still retains substantial helical structure, which appeared to be lost in the traditional

MSP.
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Figure 2.6. Comparison of CD spectra of traditional MSP1D1 nanodiscs and MSPSS_M6
nanodiscs after assembly with POPC lipids. Nanodiscs made with MSPSS_M®6 protein

were more thermally-stable than the MSP1D1 nanodiscs.

2.2.3.2. Comparison of nanodisc stability by size exclusion chromatography

The TEM images and CD data showed that MSPSS_M6 nanodiscs are well-
defined and are more stable than MSP1D1 nanodiscs at higher temperatures. To test the
stability of the disulfide-linked nanodiscs over time, traditional MSP1D1 nanodiscs and
MSPSS_M6 nanodiscs were stored at 4 °C and SEC readings were obtained every week
for three weeks. As shown in Figure 2.7, the disulfide linked nanodiscs were much more

stable after 3 weeks at 4 °C compared to MSP1D1 nanodiscs.
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(A) Stability of MSP1D1 nanodiscs by SEC
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(B) Stability of MSPSS_M6 nanodiscs by SEC
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Figure 2.7. Stability of MSP1D1 and MSPSS_M6 nanodiscs at 4 °C. Only the
MSPSS_M6 nanodiscs could be observed as a defined peak after 3 weeks.
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Although nanodiscs formed with MSPSS_M6 protein are more thermally stable,
this protein was observed to form higher oligomers (Figure 2.4), with a predominant dimer
visible by mass spectrometry (Figure 5.2, Appendix A), even under mass spectrometry-
reducing conditions, consistent with cysteine disulfide exchange. This phenomenon may
also contribute to the somewhat high variation observed in the sizes of these nanodiscs

(Figure 2.5).

2.3. Attempts to crosslink MSP cysteines as meta-xylene thioethers to avoid
disulfide exchange

As an approach to avoid potential disulfide exchange in MSPSS_M6 nanodiscs,
we envisioned cross-linking the cysteines of MSPSS_M6 with meta-dibromoxylene. This
xylene linkage might additionally allow the study of proteins that include Cys residues,
which could be incompatible with disulfide-linked nanodiscs. To generate these proteins,
TEV cleaved MSPSS_M6 protein was overexpressed in E.coli, treated with meta-
dibromoxylene to afford a protein termed mxy MSPSS_M6. Characterization of this
protein by mass spectroscopy revealed the correct molecular species (Figure 5.3,

Appendix A) and no presence of higher oligomers.

2.3.1. mxy_MSPSS_M6 forms nanodiscs as imaged by TEM
The mxy_MSPSS_M6 protein was assembled with POPC lipids and nanodiscs
were purified by size-exclusion chromatography. As shown in Figure 2.8, imaging by

TEM revealed that this protein forms discoidal structures of 14 £ 3 nm in diameter.
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Figure 2.8. Measurement of the sizes of nanodisc by TEM. Imaging of mxy_MSPSS_M6-
POPC nanodiscs revealed discoid structures with a diameter of 13.6 £ 2.7 nm (range =
10.5 nm). The box-and-whisker plot gives the distribution of diameters of nanodiscs
(below). All nanodiscs are reconstituted with POPC lipids. ‘N’ is the number of nanodiscs
measured.
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2.3.2. Characterization of mxy_MSPSS_MG6 protein by HPLC

Although covalently crosslinking in mxy_MSPSS_M6 nanodiscs appeared to solve
the problem of disulfide exchange by preventing the formation of higher oligomers (Figure
5.3, Appendix A), analysis by HPLC revealed that this approach did not yield pure proteins
for production of nanodiscs (Figure 2.9). Additionally, the mxy_MSPSS_M6 protein was
obtained in low yield (~ 4 mg/L) after cross-linking. Due to these limitations, we decided
to investigate alternative approaches for cyclization of the membrane scaffold protein

without the use of Cys residues.

(A) Analysis of MSPSS_M®6 protein (B) Analysis of mxy_MSPSS_M6 protein
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Figure 2.9. Analysis of MSPSS_M6 and mxy_MSPSS_M6 proteins by reverse-phase
HPLC. Multiple peaks were observed in both cases, but higher levels of impurities were
observed for mxy_MSPSS_M6.

2.4. Covalently cross-linked SpyDiscs

As an alternative approach, we employed a recent technology based on the
SpyTag/SpyCatcher system. Using this system, we designed a protein termed SpyMSP
and SpyDiscs, as nanodiscs derived from this protein. SpyMSP was constructed by fusing
a variant of the protein SpyCatcher to the N-terminus and the peptide SpyTag*64’ to the

C-terminus of MSP1D1. These fusion elements were originally isolated from the
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immunoglobin-like collagen adhesion domain (CnaB2) of the bacterium Streptococcus
pyogenes. In CnaB2, an internal isopeptide bond*® spontaneously forms between amino
acids Lys31 and Asp117, providing exceptionally high protein stability.*>-' Based on this
observation, split engineering was used to design a 13 amino acid peptide termed SpyTag
that binds with high affinity (Kq = 0.2 uM) to its partner protein SpyCatcher, where it rapidly
forms an analogous isopeptide amide bond (Figure 2.10).#” Fusion of enzymes at their
N- and C-termini to SpyTag and SpyCatcher has been shown to enhance their thermal

stability through covalent circularization.52-56
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Covalent Lys-Asp
isopeptide bond

MSP1D1
homodimer

: L N 1
SpyTag * N ’ SpyTag N ’
SpyCatcher SpyCatcher
Figure 2.10. Structure of the SpyCatcher protein (top, blue ribbons) covalently linked to

the SpyTag peptide (sticks, PDB 4MLS%’). Design of SpyDiscs by fusion of MSP1D1 to
these elements (bottom).

2.4.1. Design of covalently cross-linked SpyMSP

To prepare cyclized SpyMSP, MSP1D1 was flanked by a minimized
SpyCatcherAN1%" protein and SpyTag. Using a molecular model of ApoA1 of HDL*S to
design a linker segment, a model of a MSP1D1 nanodisc,®® and the structure of

SpyCatcher bound to SpyTag,% we designed the SpyMSP protein sequence shown in

50



Figure 2.11. In this construct, an N-terminal hexahistadine tag, linker, and TEV protease
cleavage site (ENLYFQG), similar to that used for expression of MSP1D1, was fused
through a GlySer linker to the previously reported SpyCatcherAN1 protein sequence.
Modeling suggested that to avoid potentially detrimental effects of SpyCatcher on the
helical structure of MSP1D1, a downstream linker of approximately 20 amino acids was
needed, and this was accomplished by the addition of a GlySerGlyGlySerGly linker
followed by 14 amino acids derived from ApoA1 that were predicted to form a contiguous
helical segment upstream of the membrane scaffold protein without detrimentally
affecting the packing of the lipids within the nanodisc. This membrane scaffold protein
was followed by another GlySerGlyGlySerGly linker, which was in turn fused to the
SpyTag peptide at the C-terminus. Purification of SpyMSP, and treatment with TEV
protease, allowed production of covalently cyclized SpyMSP (24-346). To examine the
importance of formation of a covalent isopeptide bond in SpyDiscs, we additionally
prepared a mutant SpyMSP D340A protein where the Asp at residue 7 of the SpyTag
peptide (residue 340 in the full-length protein) was mutated to Ala to block formation of
this bond (highlighted in Figure 2.11). This D340A mutation has been previously used as

a control in other studies of the SpyTag peptide.*"-5253

51



His tag, TEV cleavage site, and Gly-Ser linker (1-26):

MGYYHHHHHHDYDIPTTENLYFQGSG
SpyCatcherAN1 protein and Gly-Ser linker (27-124):

DSATHIKFSKRDEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDG

YEVATAITFTVNEQGQVTVNGKATKGDAHIGSGGSG
Apo A1 leader peptide and MSP1D1 protein (126-327):

QLNLKLLDNWDSVTSTFSKLREQLGPVTQEFWDNLEKETEGLRQEMSKDLEEVKAKVQPYL
DDFQKKWQEEMELYRQKVEPLRAELQEGARQKLHELQEKLSPLGEEMRDRARAHVDALRT
HLAPYSDELRQRLAARLEALKENGGARLAEYHAKATEHLSTLSEKAKPALEDLRQGLLPVLE

SFKVSFLSALEEYTKKLNTQ
Gly-Ser Linker and SpyTag peptide (328-346):

GSGGSGAHIVMVDAYKPTK

Figure 2.11. Sequence of SpyMSP (1-346). Design features are listed above standard
amino acid abbreviations. The TEV protease cleavage site is shown in italics, where
cleavage occurs between GIn23 and Gly24. The reactive Lys36 from SpyCatcher and
Asp340 from SpyTag that form an isopeptide amide bond are shown in bold. GlySer linker
sequences are underlined. In SpyMSP D340A, where isopeptide bond formation is
blocked, Asp340 is mutated to Ala.

2.4.2. Characterization of SpyMSP and SpyMSP D340A proteins

Both the SpyMSP and SpyMSP D340A proteins could be readily overexpressed in
E. coli in high yields (30-35 mg/L). These proteins were purified on Ni-NTA resin and
cleaved with TEV protease to generate SpyMSP (24-346) and SpyMSP D340A (24-346).

Analysis by SDS-PAGE (Figure 2.12), HPLC (Figure 2.13), and mass spectrometry
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(Figure 2.13) demonstrated that these proteins can be isolated in >95% purity, and

SpyMSP (24-346) forms a covalent isopeptide bond.
(A) Analysis of Ni-NTA purification of SpyMSP (1-346) by SDS-PAGE
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(B) Analysis of SpyMSP (24-346) by SDS-PAGE after TEV cleavage
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Figure 2.12. Analysis of SpyMSP during purification on Ni-NTA resin (A) and after

cleavage by TEV protease (B) by SDS-PAGE.
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(A) Analysis of SpyMSP (24-346)
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Figure 2.13. Characterization of SpyMSP proteins after purification on Ni-NTA resin
followed by cleavage with TEV protease. Analysis by reverse-phase HPLC revealed
single peaks of high purity. In panel A, SpyMSP (24-346) was found to have a mass of
36029 Da (inset). The cyclized product with an isopeptide bond has a theoretical MW of
36031 Da. In panel B, SpyMSP D340A (24-346) exhibited a mass of 36008 Da (inset),
with a theoretical MW of 36005 Da.

2.4.3. Visualization of SpyDiscs and D340A SpyDiscs by TEM

For comparison with SpyMSP and SpyMSP D340A, MSP1D1 was overexpressed,
purified, and cleaved with TEV protease as previously reported.?® These proteins were
assembled with POPC lipids and nanodiscs were purified by size-exclusion

chromatography (Figure 2.14).

54



(A) SEC profile of gel filtration standards

2000
€ Gamma-globulin Myoglobin Vitamin B12
c (158 kDa) (17 kDa) y (1.35 kDa)
& 1500+ \ ¥
< Thyroglobulin \ Ovalbumin
I (670 kDa) (44 kDa)
£ 1000+ Y
[0
[$)
C
8 500+
S
(2]
<

0

T T T T T T 1 |
4 6 8 10 12 14 16 18 20 22
Eluent volume (mL)

—

B) SEC profile of freshly assembled POPC SpyDiscs
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Figure 2.14. Panels A and B: SEC profiles of protein size standards (A) and POPC
SpyDiscs (B) purified on a superdex 200 10/300 column (GE Healthcare). Reference
samples (Biorad #1511901) were thyroglobulin, bovine gamma-globulin, chicken
ovalbumin, equine myoglobin, and vitamin B12 (MW 1,350-670,000 g/mol, pl 4.5-6.9).
Panel C: Analysis of fractions shown in panel B by SDS-PAGE, showing SpyMSP
associated with SpyDisc fractions isolated by SEC.
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As shown in Figure 2.15, imaging by transmission electron microscopy (TEM)

revealed that all of these proteins form discoidal structures of ~ 12 nm in diameter.

(A) MSP1D1 nanodiscs
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(C) D340A SpyDiscs

Figure 2.15. Imaging of MSP1D1 nanodiscs, SpyDiscs, and D340A SpyDiscs by TEM
after assembly with POPC lipids. Representative individual nanodiscs framed in white
boxes are shown in expansions on the right. In B, the arrow points at a stack of nanodiscs
in a face-to-face geometry.

2.4.4. Measurement of SpyDiscs and D340A SpyDiscs nanodiscs

Measurement of the variance in sizes by TEM (Figure 2.16, using Imaged
software)®® and dynamic light scattering (DLS, Figure 2.17) revealed that the covalently
crosslinked SpyDiscs (diameter = 12 £ 2 nm) were more homogeneous than D340A
SpyDiscs (diameter = 13 + 3 nm) or MSP1D1 nanodiscs (diameter = 10 £ 3 nm),
consistent with other studies of circularized nanodiscs.®' In some images, stacks of

SpyDiscs in a face-to-face geometry were observed, as previously described by others.%°
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(A) MSP1D1 nanodiscs
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Figure 2.16. Measurement of the sizes of nanodisc by TEM. Panel A: MSP1D1 nanodiscs
(10.0 £ 2.6 nm, range = 19.8 nm). Panel B: SpyDiscs (12.6 £ 1.6 nm, range = 9.2 nm).
Panel C: D340A SpyDiscs (13.6 £ 3.0 nm, range = 18.6 nm). The box-and-whisker plot
gives the distribution of diameters of nanodiscs. All nanodiscs are reconstituted with
POPC lipids. ‘N’ is the number of nanodiscs measured.
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Figure 2.17. Analysis of hydrodynamic diameters of SpyDiscs and D340A SpyDiscs by
DLS.

2.4.5. Analysis of the stability of SpyDiscs and D340A SpyDiscs
2.4.5.1. Thermal stability by circular dichroism (CD)

To examine the relative stability of SpyDiscs compared to MSP1D1 nanodiscs, CD
spectroscopy was used to investigate changes in the secondary structure as a function
of temperature. As shown in Figure 2.18, phase transition temperatures (Tm) were
measured by fitting the temperature-dependent molar ellipticity at 222 nm, a measure of
protein helicity, to a Boltzmann sigmoidal model. In these studies, MSP1D1-POPC
nanodiscs exhibited the lowest overall helicity, as evidenced by the most positive molar
ellipticity at 222 nm, and the lowest T of 58 °C. As predicted, the covalently crosslinked
SpyDiscs exhibited the greatest helicity and the highest T, of > 75 °C, whereas the D340A

mutant lacking the isopeptide bond exhibited intermediate stability and helicity with a Tm
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of 69 °C. These results suggest that the non-covalent association of SpyTag with

SpyCatcher in this D340A mutant offers a substantial degree of stabilization in these

complexes, but formation of the isopeptide bond provides the greatest thermal stability.

(A) CD spectra of POPC nanodiscs (20 °C, PBS)
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Figure 2.18. Circular dichroism spectra of POPC nanodiscs at 20 °C (A) and analysis of
their thermal unfolding (Tm) by CD at 222 nm to monitor changes in helical secondary
structure (B). SpyDiscs exhibit the greatest overall helicity and the highest Tr, of > 75 °C

in PBS (pH 7.4).
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2.4.5.2. Stability of POPC nanodiscs by SEC upon storage at 4 °C

To further compare the stability of POPC nanodiscs, we analyzed decomposition
by size-exclusion chromatography after continuous storage at 4 °C. As shown in Figure
2.19, MSP1D1 nanodiscs begin to disintegrate around week 3 to form lipid aggregates
and free protein, were ~50% of the mixture at week 5, and they were only minor
components of the mixture by week 10. In contrast, SpyDiscs maintain > 80% integrity
after storage at 4 °C for 10 weeks. Consistent with the results observed from the thermal
melt experiments, the D340A SpyDiscs exhibited intermediate stability. They were
substantially more stable than MSP1D1 nanodiscs, but some decomposition was
observed around week 6, further establishing the importance of the covalent isopeptide

to maximize the stability of SpyDiscs.

(A) Stability of POPC MSP1D1 nanodiscs by SEC
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(B) Stability of POPC SpyDiscs by SEC
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(C) Stability of POPC D340A SpyDiscs by SEC
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Figure 2.19. Stability of POPC MSP1D1 nanodiscs (A), SpyDiscs (B), and D340A
SpyDiscs (C) over 0—10 weeks at 4 °C. Only SpyDiscs maintained >80% integrity after
10 weeks.
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2.4.5.3. Stability of DMPC nanodiscs by SEC upon storage at 22 °C and 37 °C
DMPC nanodiscs were analyzed after storage at 22 °C and 37 °C. These samples
were examined at different timepoints over four weeks. The stability of these sample was
evaluated by comparing peaks corresponding to nanodiscs, lipid aggregates and free
protein. These studies revealed that among the DMPC nanodiscs stored at 22 °C (Figure
2.20) and 37 °C (Figure 2.21), covalently-crosslinked SpyDiscs exhibited enhanced

stability compared to the non-covalent D340A SpyDiscs and MSP1D1 nanodiscs.

(A) Stability of DMPC MSP1D1 by SEC
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(B) Stability of DMPC SpyDiscs by SEC

Duration of storage at 22 °C prior to analysis (days):
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(C) Stability of DMPC D340A SpyDiscs by SEC
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Figure 2.20. Stability of DMPC MSP1D1 nanodiscs (A), SpyDiscs (B), and D340A
SpyDiscs (C) over 0-4 weeks at 22 °C.
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(A) Stability of DMPC MSP1D1 by SEC

Duration of storage at 37 °C prior to analysis (days):

aam» ( [ 30

120

Lipid Nanodiscs
1004 aggregates %

80+ \

Free protein

v

Absorbance (% of max.)
(o)}
<

4 6 8 1I0 12 14 16 18 20
Eluent volume (mL)

(B) Stability of DMPC SpyDiscs by SEC
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(C) Stability of DMPC D340A SpyDiscs by SEC

Duration of storage at 37 °C prior to analysis (days):
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Figure 2.21. Stability of DMPC MSP1D1 nanodiscs (A), SpyDiscs (B), and D340A
SpyDiscs (C) over 0-4 weeks at 37 °C.

2.5. Analysis of effects of membrane-disruptive peptides on MSP1D1 nanodiscs,
SpyDiscs, and D340A SpyDiscs

To investigate the effects of membrane-active peptides, we reconstituted MSP1D1
nanodiscs, SpyDiscs, and D340A SpyDiscs with the peptides alamethicin, melittin, and
Chol-EDP. As shown in Figure 2.22, the typical 10 nm discoidal structures of MSP1D1
nanodiscs were massively disrupted under these conditions, and only large aggregates
were observed by TEM in the presence of any of these peptides. These aggregates

ranged from ~ 50 nm to 500 nm or larger in diameter.

66



(A) MSP1D1 nanodiscs with alamethicin
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(C) MSP1D1 nanodiscs with Chol-EDP

Figure 2.22. TEM of MSP1D1 and POPC in the presence of the membrane active
peptides alamethicin (A), melittin (B), and Chol-EDP (C). Nanodiscs did not form under
these conditions, and large protein-lipid aggregates were observed.

In contrast, when these peptides were assembled with SpyDiscs under the same
conditions (Figure 2.23), only minor effects on the overall size of the discoid structures
were observed. Moreover, when alamethicin was incorporated into SpyDiscs, discrete
pores of 2 + 1 nm diameter were clearly visible within nanodiscs measuring 12 £ 1 nm (n
= 25). These results were consistent with the pore diameter of 2.0 £ 0.3 nm previously
measured by electrochemical scanning tunneling microscopy®® and atomic force
microscopy.®® Surprisingly, when SpyDiscs were assembled with melittin, this peptide
reduced the size of the discoids to 8 + 1 nm (n=30) as measured by TEM. However
discrete pores of 2 £ 1 nm were also observed in these smaller SpyDiscs. We suggest
that this contraction in size could potentially relate to the non-lamellar phase and toroidal

nature of pores induced by melittin compared with the barrel-stave pores formed by

68



alamethicin.*+8' Both alamethicin and melittin form amphiphilic helices in membranes, but
at pH 7, the predominant net charge for alamethicin is =1 and for melittin is +5, resulting
in stronger electrostatic interactions of melittin with membranes that favor formation of
toroidal pores.®' SpyDiscs assembled with Chol-EDP were similar to those observed with
alamethicin with overall dimensions of 12 + 1 nm (n = 25) and pores of 2 £ 1 nm in

diameter measured by TEM.

(A) SpyDiscs with alaethicin
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(B) SpyDiscs with mellitin

Figure 2.23. TEM of SpyDiscs assembled with POPC in the presence of the membrane
active peptides alamethicin (A), melittin (B), and Chol-EDP (C). These conditions did not
disrupt the formation of SpyDiscs, and most of the SpyDiscs in the field of view exhibited
one or more distinct pores of 2 + 1 nm diameter. Treatment with alamethicin and Chol-
EDP did not significantly affect the diameter of SpyDiscs (12 + 1 nm), but melittin caused
contraction of SpyDiscs to 8 + 1 nm.
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Similar imaging studies of the non-covalently crosslinked D340A SpyDiscs
revealed that these nanodiscs are sufficiently stable to allow imaging of pores formed by
membrane-active peptides (Figure 2.24). In this system, the same trends were observed,
where all three peptides promoted the formation of pores with a diameter of 2 £ 1 nm.
The D340A SpyDiscs exhibited diameters of 13 £ 2 nm (n = 25) for alamethicin and Chol-

EDP and were similarly contracted to 9 + 1 nm (n = 25) by melittin.

(
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Figure 2.24. TEM of D340A SpyDiscs assembled with POPC in the presence of
alamethicin (A), melittin (B), and Chol-EDP (C). These conditions did not disrupt the
formation of D340A SpyDiscs, and most of the SpyDiscs in the field of view exhibited one
or more distinct pores of 2 £+ 1 nm diameter. Treatment with alamethicin and Chol-EDP

did not significantly affect the diameter of D340A SpyDiscs (13 £ 2 nm, n = 25), but melittin
caused contraction of D340A SpyDiscs to 9 + 1 nm (n = 25).
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2.6. Conclusions and future directions

Fusion of SpyCatcher and SpyTag to the membrane scaffold protein MSP1D1
enables the construction of lipidic nanodiscs that spontaneously cyclize through formation
of a covalent isopeptide bond. With diameters of 12 + 2 nm, SpyDiscs are similar in size
to conventional nanodiscs derived from the membrane scaffold protein MSP1D1.
However, SpyDiscs exhibit substantially higher melting temperatures of > 75 °C
measured by temperature-dependent CD spectroscopy. When stored at 4 °C, this
enhanced stability allows SpyDiscs to maintain > 80% integrity after 10 weeks, conditions
where traditional MSP1D1 nanodiscs extensively disintegrate. The covalent isopeptide
bond of SpyDiscs substantially enhances the stability of these assemblies when
compared to D340A mutant SpyDiscs where formation of this bond is blocked. However,
D340A SpyDiscs are more stable than MSP1D1 nanodiscs, suggesting that non-covalent
interactions between SpyTag D340A with SpyCatcher can provide a substantial stabilizing
mechanism. In contrast to conventional MSP1D1 nanodiscs, the enhanced stability of
SpyDiscs enables imaging of pore formation by membrane-active peptides such as
alamethicin, melittin, and Chol-EDP. These peptides form pores of 2 + 1 nm diameter in
SpyDiscs that can be imaged by transmission electron microscopy. For the natural
products alamethicin3®3¢ and melittin,*243 these values are consistent with pore sizes
obtained using other experimental and computational approaches. For the synthetic
peptide Chol-EDP, these results suggest that similarly small pores are created by this
compound in membranes. This interpretation would be consistent with its low toxicity
towards mammalian cells under conditions where it promotes the escape of small

molecules from endosomes.? Given that many important biological processes including
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apoptosis,”'® immunity,'*'> bacterial toxins,'®'” viral infection,’® and protein
translocation’ function to disrupt membranes, SpyDiscs may offer useful tools for

investigating these systems by NMR, TEM, Cryo-EM, and other methods.

2.7. Experimental

2.7.1. General

Chemicals were obtained from Avanti Polar Lipids, Sigma Aldrich, Acros Organics,
Alfa Aesar, or Oakwood Chemical. Chol-EDP was prepared as previously described.3?
Water was purified with a MilliQ purification system (Millipore). Absorbance spectra were
obtained on an Aligent 8452A diode array spectrometer. PCR amplifications were
performed on T-gradient thermocycler (Biometra). Theoretical masses and extinction

coefficients of the protein constructs were calculated with the Expasy tool protparam.

2.7.2. Design, cloning, and mutagenesis of plasmids
2.7.2.1. MSPSS_M6 plasmid

In MSPSS_MB6, the initiator methionine was followed by a GC linker, heptahistidine
tag, and tobacco etch virus (TEV) protease cleavage site, similar to the leader sequence
preceding MSP1D1 in plasmid pMSP1D1 (pMSP1D1 was a gift from Stephen Sligar
(Addgene plasmid # 20061). This was fused at its C-terminus to fourteen amino acids
(QLNLKLLDNWDSVT) from human-ApoA1. These ApoA1 residues were incorporated
based on visualization of a model of ApoA1% (UniProtkKB:P02647),52 to provide a

contiguous extended sequence for MSP1D1. At the C-terminus of MSP1D1, another Cys
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was added to form the disulfide bond with the Cys at the N-terminus. The plasmid
pMSPSS_M6 was constructed by PCR with Phusion polymerase (New England Biolabs)
An Mfel restriction site was introduced in the sequence to facilitate primer synthesis. The
primers 5 Ncol (1-) 5-GATATACCATGGGTCATCATCATCATCA-3’, 3’ Mfel (-33) 5'-
CAGATTCAAITGCTTCCCCAGCGCGGAACCGCAACCCTGAAAATACAAATTCTCAGT-
3, 5 Mfel (33-) 5-
GGGAAGCAaTTGAATCTGAAGTTGCTTGATAACTGGGATAGCGTTACGTCTACCTTC
AGTAAACTTCGCGAA-3’ and 3 Hindlll-Stop (-234) 5-
CGGAGTAAGCTTAGCACTGGGTATTCAGCTTTTTAGTATA-3’, and pMSP1D1 as a
template to add 5’- Ncol and 3’- Hindlll restriction sites. The PCR fragment was digested
with Ncol and Hindlll, ligated into Ncol and Hindlll-digested pET28a, and confirmed by
Sanger sequencing. Vectors derived from pET28a were propagated on LB/kanamycin

plates.

2.7.2.2. SpyMSP and D340A SpyMSP plasmids

In SpyMSP, the initiator methionine was followed by a GYY linker, hexahistidine
tag, and tobacco etch virus (TEV) protease cleavage site, similar to the leader sequence
preceding MSP1D1 in plasmid pMSP1D1 (pMSP1D1 was a gift from Stephen Sligar
(Addgene plasmid # 20061). A short GS linker was added to the N-terminus of
SpyCatcherAN1,°” which was fused at its C-terminus through a longer GSGGSG linker to
fourteen amino acids (QLNLKLLDNWDSVTA) from human-ApoA1. These ApoA1
residues were incorporated based on visualization of a model of ApoA14

(UniProtKB:P02647),% to provide a contiguous extended sequence for MSP1D1. At the
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C-terminus of MSP1D1, another GSGGSG linker was added followed by the 13 amino
acid SpyTag peptide*” (AHIVMVDAYKPTK). The SpyMSP gene was codon-optimized for
expression in E. coli, synthesized, and cloned into the 5’- Ncol and 3’- Hindlll sites of
plasmid pET28a by GenScript USA to afford plasmid pSpyMSP. The mutant plasmid
pSpyMSP D340A was constructed by PCR with Phusion polymerase (New England
Biolabs), the primers 5- ACTCCGCCATGGGTTACTACCATCACCATCACC-3’ and 5'-
AAGCTTATTTGGTCGGTTTGTACGCCGCCACCATAACGATGTGCGCA-3', and
pSpyMSP as a template to mutate Asp340 to Ala and add 5’- Ncol and 3’- Hindlll
restriction sites. The PCR fragment was digested with Ncol and Hindlll, ligated into Ncol
and Hindlll-digested pET28a, and confirmed by Sanger sequencing. Vectors derived from

pET28a were propagated on LB/kanamycin plates.

2.7.3. Expression and purification of proteins
2.7.3.1. MSP1D1 protein

MSP1D1 was expressed, cleaved with TEV protease, and purified as previously
reported.?® The concentration of purified MSP1D1 (MW: 22044 Da) was determined using

a nanodrop instrument by absorbance at 280 nm (¢ = 18450 cm'M").

2.7.3.2. MSPSS_M6 protein

Expression and purification of the MSPSS_M6 protein was based on this
previously described® method with some modifications. A colony of chemically
competent BL21 (DE3) E. coli transformed with pMSPSS_M6 was suspended in LB

media (10 mL) containing kanamycin (50 pg/mL) and incubated at 37 °C with agitation
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(200 rpm) until ODeoo reached 0.5. The cell pellet was isolated by centrifugation,
dispersed in sterile TB media (1L) containing kanamycin (50 pug/mL), and incubated at 37
°C (200 rpm) until ODeoo reached 0.6-0.8 (3 to 4 h). These cells were induced with
isopropyl-B-D-thiogalactopyranoside (IPTG, final concentration 1 mM), and further grown
at 37 °C (200 rpm) until the ODeoo was 1.8-2.1 (16-18 h). Cells were harvested by
centrifugation (4,000 rpm, 4 °C, 10 min). The supernatant was discarded, and the cell
pellet was dispersed in Buffer 1 (20 mM Tris HCI, pH 7.4, 50 mM NaCl, loading buffer).
The protease inhibitor PMSF (final concentration 500 mM) was added, and the cells were
lysed by sonication on ice. This lysate was centrifuged (13,000 rpm, 4 °C, 10 min), the
pellet was discarded, and the supernatant was collected. Aqueous polyethylenimine (PEI)
(700 uL 50%) was added to the supernatant to precipitate nucleic acids, which were
removed by centrifugation (13,000 rpm, 4 °C, 10 min). The pellet was discarded, and the
supernatant was loaded onto a Ni?*-NTA column, prewashed with Buffer 1, for protein
purification. The column was washed sequentially with 10 column volumes of the
following buffers: Buffer 1 + 1 % Triton-X, Buffer 1 + imidazole (20 mM), Buffer 1, Buffer
1 + imidazole (40 mM). The protein was eluted with Buffer 1 + imidazole (500 mM). TEV
protease (New England Biolabs, 100 uL (1000 units) TEV protease for 2 mg MSPSS_M6
protein) was added with TEV protease reaction buffer, and the digestion was allowed to
proceed at 30 °C for 3 h. This mixture was again loaded onto Ni?*-NTA column and
purification protocol described previously was followed. In this case, the MSPSS_M6
protein was eluted with loading buffer (Buffer 1) after the His-tag was cleaved. The protein
eluate was dialyzed against 50-fold nanodisc assembly buffer (20 mM Tris HCI, pH 7.4,

50 mM NaCl and 0.5 mM EDTA) in regenerated cellulose dialysis tubing (3500 Da, Fisher
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Brand) at 4 °C for 4 h. This buffer was exchanged two times for 4 h, and dialysis was
carried out for additional 16 h. Protein was concentrated using Amicon ultra 3,000 MWCO
centrifugal concentrators (Millipore Sigma), and was further purified by size-exclusion
chromatography on an AKTA pure system (GE Healthcare) using a Superdex 75 Increase
10/300 GL column equilibrated with SEC buffer (50 mM Tris HCI, pH 7.4, 150 mM NacCl)
at a flow rate of 0.5 mL/min. The concentration of purified MSPSS_M6 (MW: 23891 Da)
was determined using a nanodrop instrument by absorbance at 280 nm (g = 24075 cm-

M),

2.7.3.3. SpyMSP and D340A SpyMSP proteins

Expression and purification of the SpyMSP and SpyMSP D340A proteins was
based on this previously described® method with some modifications. A colony of
chemically competent BL21 (DE3) E. coli transformed with pSpyMSP was suspended in
LB media (10 mL) containing kanamycin (50 pg/mL) and incubated at 37 °C with agitation
(200 rpm) until ODeoo reached 0.5. The cell pellet was isolated by centrifugation,
dispersed in sterile TB media (1L) containing kanamycin (50 pg/mL) and incubated at 37
°C (200 rpm) until ODeoo reached 0.6-0.8 (3 to 4 h). These cells were induced with
isopropyl-B-D-thiogalactopyranoside (IPTG, final concentration 1 mM), and further grown
at 15 °C (200 rpm) until the ODeoo was 1.8-2.1 (12-14 h). Cells were harvested by
centrifugation (4,000 rpm, 4 °C, 10 min). The supernatant was discarded, and the cell
pellet was dispersed in Buffer 2 (20 mM Tris HCI, pH 7.4, 50 mM NaCl, 2 mM TCEP,
loading buffer). The protease inhibitor PMSF (final concentration 500 mM) was added,

and the cells were lysed by sonication on ice. This lysate was centrifuged (13,000 rpm, 4
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°C, 10 min), the pellet was discarded, and the supernatant was collected. Aqueous
polyethylenimine (PEI) (700 puL 50%) was added to the supernatant to precipitate nucleic
acids, which were removed by centrifugation (13,000 rpm, 4 °C, 10 min). The pellet was
discarded, and the supernatant was loaded onto a Ni?*-NTA column, prewashed with
Buffer 2, for protein purification. The column was washed sequentially with 10 column
volumes of the following buffers: Buffer 2 + 1 % Triton-X, Buffer 2 + imidazole (20 mM),
Buffer 2, Buffer 2 + imidazole (40 mM). The protein was eluted with Buffer 2 + imidazole
(500 mM). TEV protease (New England Biolabs, 100 uL (1000 units) TEV protease for 2
mg SpyMSP protein) was added with TEV protease reaction buffer, and the digestion was
allowed to proceed at 30 °C for 3 h. This mixture was again loaded onto Ni?*-NTA column
and purification protocol described previously was followed. In this case, the cyclized
SpyMSP protein was eluted with loading buffer (Buffer 2) after the His-tag was cleaved.
The protein eluate was dialyzed against 50-fold nanodisc assembly buffer (20 mM Tris
HCI, pH 7.4, 50 mM NaCl and 0.5 mM EDTA) in regenerated cellulose dialysis tubing
(3500 Da, Fisher Brand) at 4 °C for 4 h. This buffer was exchanged two times for 4 h, and
dialysis was carried out for additional 16 h. Protein was concentrated using Amicon ultra
3,000 MWCO centrifugal concentrators (Millipore Sigma), and was further purified by
size-exclusion chromatography on an AKTA pure system (GE Healthcare) using a
Superdex 75 Increase 10/300 GL column equilibrated with SEC buffer (50 mM Tris HCI,
pH 7.4, 150 mM NaCl) at a flow rate of 0.5 mL/min. The concentration of purified SpyMSP
(MW: 36031 Da, after loss of a water molecule) was determined using a nanodrop

instrument by absorbance at 280 nm (g = 36900 cm'M-").

79



The SpyMSP D340A protein was similarly overexpressed and purified. The
concentration of purified SpyMSP D340A (MW: 36005 Da) was determined using a
nanodrop instrument by absorbance at 280 nm (¢ = 36900 cm'M"). The purity of these

proteins, evaluated by analytical HPLC and SDS-PAGE, exceeded 95%.

2.7.4. Reconstitution of empty nanodiscs
2.7.4.1. Nanodiscs made with POPC lipids

Nanodiscs were assembled following a published protocol.?® An appropriate
amount of POPC lipids dissolved in chloroform was dried under nitrogen followed by
overnight removal of residual chloroform in a vacuum desiccator. Lipids were
resuspended in nanodisc assembly buffer that was supplemented with sodium cholate to
provide a molar ratio of lipid:sodium cholate of 1:2. The lipid and cholate mixture was
sonicated with a microtip probe (Fisher Scientific Sonic Dismembrator Model 500) for 5
min on ice at 10% amplitude (10 sec on and 30 sec off) until the lipid was clearly dispersed
in the solution. The MSPs were resuspended in the lipid-cholate mixture (final [cholate] =
30 mM) and incubated at 4 °C (for POPC) for 1 h. The molar ratio of POPC:protein was
130:1 for SpyDiscs and D340A SpyDiscs, whereas it was 65:1 for MSPSS_M6 and
MSP1D1 nanodiscs. This ratio of 130:1 was chosen based on the previously published®
ratio of POPC:MSP1E3 protein used for MSP1E3 nanodiscs, given that the diameter of
both these nanodiscs are similar. After incubating the nanodisc constituents for 1 h, the
contents were dialyzed in regenerated cellulose dialysis tubing (12 — 14 kDa MWCO,
Fisherbrand) or a Slide-A-Lyzer device (MWCO of 10 kDa) against 1000-fold of nanodisc

assembly buffer (20 mM Tris HCI, pH 7.4, 50 mM NaCl and 0.5 mM EDTA) for 4 h at 4
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°C. This buffer was exchanged two times for 4 h, and dialysis was carried out for an
additional 16 h. The sample was purified by size-exclusion chromatography on an AKTA
pure system using a Superdex 200 increase 10/300 GL column (10 mm X 300 mm)
equilibrated with SEC buffer (50 mM Tris HCI, pH 7.4, 150 mM NacCl) at a flow rate of 0.5
mL/min. The fractions that corresponded to the size of the nanodiscs, based on external
size standards, were collected, and the purity of these nanodiscs was assessed by SDS-
PAGE. The concentration of purified nanodiscs was determined with a nanodrop
instrument by the absorbance at 280 nm using the molar extinction coefficient of
MSPSS_M6 (¢ = 24075 cm™'M"), SpyMSP (¢ = 36390 cm™'M") and SpyMSP D340A (¢ =

36390 cm™'M-"). MSP1D1 nanodiscs were used as a control.

2.7.4.2. Nanodiscs made with DMPC lipids

Nanodiscs were assembled following a published protocol.?® An appropriate
amount of DMPC lipids dissolved in chloroform was dried under nitrogen followed by
overnight removal of residual chloroform in a vacuum desiccator. Lipids were
resuspended in nanodisc assembly buffer that was supplemented with sodium cholate to
provide a molar ratio of lipid:sodium cholate of 1:2. The lipid and cholate mixture was
sonicated with a microtip probe (Fisher Scientific Sonic Dismembrator Model 500) for 5
min on ice at 10% amplitude (10 sec on and 30 sec off) until the lipid was clearly dispersed
in the solution. The MSPs were resuspended in the lipid-cholate mixture (final [cholate] =
30 mM) and incubated at 25 °C (for DMPC) for 1 h. The molar ratio of DMPC:protein was
150:1 for SpyDiscs and D340A SpyDiscs, whereas it was 80:1 for MSP1D1 nanodiscs.

This ratio of 150:1 was chosen based on the previously published?® ratio of
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DMPC:MSP1E3 protein used for MSP1E3 nanodiscs, given that the diameter of both
these nanodiscs are similar. After incubating the nanodisc constituents for 1 h, the
contents were dialyzed in regenerated cellulose dialysis tubing (12 — 14 kDa MWCO,
Fisherbrand) or a Slide-A-Lyzer device (MWCO of 10 kDa) against 1000-fold of nanodisc
assembly buffer (20 mM Tris HCI, pH 7.4, 50 mM NaCl and 0.5 mM EDTA) for 4 h at 25
°C. This buffer was exchanged two times for 4 h, and dialysis was carried out for an
additional 16 h. The sample was purified by size-exclusion chromatography on an AKTA
pure system using a Superdex 200 increase 10/300 GL column (10 mm X 300 mm)
equilibrated with SEC buffer (50 mM Tris HCI, pH 7.4, 150 mM NacCl) at a flow rate of 0.5
mL/min. The fractions that corresponded to the size of the nanodiscs, based on external
size standards, were collected, and the purity of these nanodiscs was assessed by SDS-
PAGE. The concentration of purified nanodiscs was determined with a nanodrop
instrument by the absorbance at 280 nm using the molar extinction coefficient of SpyMSP
(e = 36390 cm'M") and SpyMSP D340A (¢ = 36390 cm™'M-"). MSP1D1 nanodiscs were

used as a control.

2.7.5. Reconstitution of membrane-disruptive peptides with POPC nanodiscs
These nanodiscs were assembled similarly to empty nanodiscs with an additional
step in the incubation process. An appropriate amount of POPC lipids dissolved in
chloroform was dried under nitrogen followed by overnight removal of residual chloroform
in a vacuum desiccator. Lipids were resuspended in nanodisc assembly buffer that was
supplemented with sodium cholate to provide a molar ratio of lipid:sodium cholate of 1:2.

The lipid and cholate mixture was sonicated for 5 min on ice. The MSPs and membrane-
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active peptide (alamethicin, melittin, or Chol-EDP — 10 mM DMSO stock, final DMSO
concentration: 0.8%) was resuspended in the lipid-cholate mixture (final [cholate] = 30
mM) and incubated at 4 °C (for POPC) for 1 h. The POPC:protein molar ratio was 130:1
for SpyDiscs and D340A SpyDiscs, whereas it was 65:1 for MSP1D1 nanodiscs. The
molar ratio of protein:-membrane-active peptide was 1:2. After incubating the nanodisc
constituents for 1 h, the contents were in regenerated cellulose dialysis tubing (12 — 14
kDa MWCO, Fisherbrand) or a Slide-A-Lyzer device (MWCO of 10 kDa) against 1000-
fold nanodisc forming buffer (20 mM Tris HCI, pH 7.4, 50 mM NaCl and 0.5 mM EDTA)
for 4 h at 4 °C (for POPC). This buffer was exchanged two times for 4 h, and dialysis was
carried out for additional 16 h. The sample was purified by size-exclusion chromatography
Superdex 200 10/300 column equilibrated with SEC buffer (50 mM Tris HCI, pH 7.4, 150
mM NaCl). The fractions that corresponded to the size of the nanodiscs, based on
external size standards, were collected, and the purity of these nanodiscs was assessed

by SDS-PAGE.

2.7.6. Negative-stain transmission electron microscopy (TEM)

Samples of nanodiscs (5 pL, 50 ug/mL) in SEC buffer were adsorbed on carbon-
coated copper grids (300 mesh, 3 min). These copper grids were subjected to negative
glow-discharge using a sputter coater (EMS150RS, Electron Microscopy Sciences, USA)
for 30 sec prior to sample application to make the surface hydrophilic. Excess sample
solution on the copper grids was wicked away with filter paper. The grids with nanodiscs
were negatively stained with 2% (w/v) uranyl acetate solution (5 min), the excess stain

was wicked away with filter paper, and these grids were used for imaging. The negatively
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stained grids with nanodiscs were imaged using a 200 kV FEIl Technai F20 XT field
emission transmission electron microscope at an electron acceleration voltage of 120 kV.
TEM images were captured using a normative and standardized electron dose on a
eucentric specimen stage and a constant defocus value from the carbon-coated surfaces.
Images were randomly acquired in a size of 1024x1024 pixel resolution at 10 different
locations within the grid. Images were selected based on visual assessment of particle
dispersion, quality of stain, quality of background, and low astigmatism. Diameters of
nanodiscs and pores obtained from TEM images (mean + SD) were measured by
reference to the scale bar using ImageJ software.® The number of experiments (N)
correspond to independent measurements from at least three different sample

preparations.

2.7.7. Dynamic light scattering (DLS)

The size of nanodiscs was additionally analyzed by DLS. The experiments were
performed using the dynamic light scattering mode on a ZetaPALS zetasizer (Brookhaven
Instruments Corporation, Holtzville, NY), using quartz cuvettes that were cleaned to
remove any dust and air-dried. Nanodisc samples were diluted to 0.2 mg/mL in SEC buffer
and passed through a 0.22 um filter before analysis. The hydrodynamic diameters of each
sample were determined by generating an autocorrelation decay function, with each
being a 5-scan average (each ~30 s long) at 22 °C. The intensity distributions were fit

using the lognormal and cumulant analysis algorithm of the instrument software.
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2.7.8. Circular dichroism (CD)

The CD spectra were collected using a Jasco J-815 spectropolarimeter (Jasco Inc,
Easton, MD). The instrument was allowed to equilibrate at 22 °C for 15 min prior to data
acquisition. Spectra was recorded from 200—-280 nm to monitor secondary structure. CD
absorbance was measured using a rectangular quartz cuvette with a 0.1 cm path length.
Data were collected with protein samples at 0.2 mg/mL in Phosphate Buffered Saline (1X
PBS, pH 7.4, Corning Life Sciences). The instrument was set to record data from 10-90
°C with increments of 2.5 °C and a 1 nm step size. Triplicate scans were collected from
200-280 nm in continuous scanning mode for each temperature, with a scan speed of
100 nm/min and a 1 nm bandwidth. The scans were collected at a rate of 1 °C/min and
samples were allowed to equilibrate for an additional 3 min after the instrument reached
a new temperature increment prior to the collection of data. The buffer signal was
subtracted, corrected for protein concentration and the CD signal in molar ellipticity was
reported. Tm was obtained from curve fitting with the Boltzmann sigmoid equation

(GraphPad Prism 8).

2.7.9. Mass spectrometry

Mass spectra were obtained at the Mass Spectrometry Laboratory at the University
of Kansas. Whole protein mass determinations were derived from data obtained by
LC/MS, desalting samples, followed by ionization by electrospray with mass analysis in a
QTof instrument. Protein (10-100 ng) in water was trapped on a C4 column at low organic
content and then eluted with a gradient to 70% organic solvent. The solvent used was

MeOH:CH3CN:isopropanol in equal ratios, and the aqueous solution included 0.08%
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formic acid. The ‘zero charge’ spectra were generated from electrospray generated
charge state ladders using the MaxEntl tool in Waters masslynx 4.1. A Waters QTof
premier or Synapt G2 mass analyzer was used with data acquired up to 3000 u. C4
reverse-phase Zorbax columns with 1 mm ID and manually packed guard columns were

used for purification.

2.7.10. High performance liquid chromatography (HPLC)

HPLC data was acquired on Agilent 1220 Infinity LC equipped with Agilent PLRP-
S reverse phase column (8 um particle size, 4.6 mm x 250 mm) and diode array detector.
Elution was achieved with a gradient of water and acetonitrile (90:10 to 0:100 containing

0.1% TFA) over 25 min.

86



2.8. References
1. Edidin, M., Lipids on the frontier: a century of cell-membrane bilayers. Nat. Rev. Mol.

Cell Biol. 2003, 4, 414.

N

. Danielli, J. F.; Davson, H., A contribution to the theory of permeability of thin films. J.

Cell. Physiol. 1935, 5, 495-508.

w

. Mueller, P.; Rudin, D. O.; Tien, H. T.; Wescott, W. C., Reconstitution of cell membrane
structure in vitro and its transformation into an excitable system. Nature. 1962,
194, 979-980.

4. Knoll, W.; Naumann, R.; Friedrich, M.; Robertson, J. W.; Losche, M.; Heinrich, F.;

McGillivray, D. J.; Schuster, B.; Gufler, P. C.; Pum, D.; Sleytr, U. B., Solid supported

lipid membranes: new concepts for the biomimetic functionalization of solid

surfaces. Biointerphases. 2008, 3, FA125.

(&)}

. Miyamoto, V. K.; Stoeckenius, W., Preparation and characteristics of lipid vesicles. J.
Membr. Biol. 1971, 4, 252-269.

6. Maherani, B.; Arab-Tehrany, E.; R Mozafari, M.; Gaiani, C.; Linder, M., Liposomes: a
review of manufacturing techniques and targeting strategies. Curr. Nanosci. 2011,
7,436-452.

7. Helenius, A.; Simons, K., Solubilization of membranes by detergents. Biochim.

Biophys. Acta Biomembr. 1975, 415, 29-79.

0]

. Sanders, C. R.; Landis, G. C., Reconstitution of membrane proteins into lipid-rich

bilayered mixed micelles for NMR studies. Biochemistry. 1995, 34, 4030-4040.

87



9. Tribet, C.; Audebert, R.; Popot, J.-L., Amphipols: polymers that keep membrane
proteins soluble in aqueous solutions. Proc. Natl. Acad. Sci. U. S. A. 1996, 93,
15047-15050.

10. Peetla, C.; Stine, A.; Labhasetwar, V., Biophysical interactions with model lipid
membranes: applications in drug discovery and drug delivery. Mol. Pharm. 2009,
6, 1264-1276.

11. Garcia-Saez, A., The secrets of the Bcl-2 family. Cell Death Differ. 2012, 19, 1733.

12. Walensky, L. D.; Gavathiotis, E., BAX unleashed: the biochemical transformation of
an inactive cytosolic monomer into a toxic mitochondrial pore. Trends Biochem.
Sci. 2011, 36, 642-652.

13. Westphal, D.; Kluck, R.; Dewson, G., Building blocks of the apoptotic pore: how Bax
and Bak are activated and oligomerize during apoptosis. Cell Death Differ. 2014,
21, 196.

14. Kondos, S.; Hatfaludi, T.; Voskoboinik, I.; Trapani, J. A.; Law, R. H.; Whisstock, J. C.;
Dunstone, M. A., The structure and function of mammalian membrane-attack
complex/perforin-like proteins. Tissue Antigens. 2010, 76, 341-351.

15. Voskoboinik, |.; Whisstock, J. C.; Trapani, J. A., Perforin and granzymes: function,
dysfunction and human pathology. Nat. Rev. Immunol. 2015, 15, 388.

16. Hotze, E. M.; Tweten, R. K., Membrane assembly of the cholesterol-dependent
cytolysin pore complex. Biochimica Et Biophysica Acta (BBA)-Biomembranes.
2012, 1818, 1028-1038.

17. Ladokhin, A. S., pH-triggered conformational switching along the membrane insertion

pathway of the diphtheria toxin T-domain. Toxins. 2013, 5, 1362-1380.

88



18.

19.

20.

21.

22.

23.

24.

25.

Young, R., Phage lysis: do we have the hole story yet? Curr. Opin. Microbiol. 2013,
16, 790-797.

Walther, T. H.; Gottselig, C.; Grage, S. L.; Wolf, M.; Vargiu, A. V.; Klein, M. J.; Vollmer,
S.; Prock, S.; Hartmann, M.; Afonin, S., Folding and self-assembly of the TatA
translocation pore based on a charge zipper mechanism. Cell. 2013, 152, 316-
326.

Bayburt, T. H.; Grinkova, Y. V.; Sligar, S. G., Self-assembly of discoidal phospholipid
bilayer nanoparticles with membrane scaffold proteins. Nano Lett. 2002, 2, 853-
856.

Bayburt, T. H.; Sligar, S. G., Membrane protein assembly into Nanodiscs. FEBS Lett.
2010, 584, 1721-1727.

McLean, M. A.; Gregory, M. C.; Sligar, S. G., Nanodiscs: a controlled bilayer surface
for the study of membrane proteins. Annu. Rev. Biophys. 2018, 47, 107-124.

Denisov, I. G.; Grinkova, Y. V.; Lazarides, A. A.; Sligar, S. G., Directed self-assembly
of monodisperse phospholipid bilayer Nanodiscs with controlled size. J. Am.
Chem. Soc. 2004, 126, 3477-3487.

Ritchie, T. K.; Grinkova, Y. V.; Bayburt, T. H.; Denisov, I. G.; Zolnerciks, J. K.; Atkins,
W. M.; Sligar, S. G., Chapter 11 - Reconstitution of membrane proteins in
phospholipid bilayer nanodiscs. Methods Enzymol. 2009, 464, 211-231.

Hagn, F.; Wagner, G., Structure refinement and membrane positioning of selectively

labeled OmpX in phospholipid nanodiscs. J. Biomol. NMR. 2015, 61, 249-260.

&9



26

27

28

29

30

31

32

33

. Yao, Y.; Nisan, D.; Fujimoto, L. M.; Antignani, A.; Barnes, A.; Tjandra, N.; Youle, R. J.;

Marassi, F. M., Characterization of the membrane-inserted C-terminus

cytoprotective BCL-XL. Protein Expr. Purif. 2016, 122, 56-63.

of

. Kijac, A. Z.; Li, Y.; Sligar, S. G.; Rienstra, C. M., Magic-angle spinning solid-state NMR

spectroscopy of nanodisc-embedded human CYP3A4. Biochemistry. 2007, 46,

13696-13703.

. Gao, Y.; Cao, E.; Julius, D.; Cheng, Y., TRPV1 structures in nanodiscs reveal

mechanisms of ligand and lipid action. Nature. 2016, 534, 347.

. Zhang, M.; Huang, R.; Ackermann, R.; Im, S. C.; Waskell, L.; Schwendeman, A

Ramamoorthy, A., Reconstitution of the Cytb(5)-CytP450 Complex in Nanodiscs

for Structural Studies using NMR Spectroscopy. Angew. Chem. Int. Ed. 2016, 55,

4497-4499.

. Denisoyv, I. G.; Sligar, S. G., Nanodiscs in Membrane Biochemistry and Biophysics.

Chem. Rev. 2017, 117, 4669-4713.

. Nasr, M. L.; Baptista, D.; Strauss, M.; Sun, Z. J.; Grigoriu, S.; Huser, S.; Pluckthun,

A.; Hagn, F.; Walz, T.; Hogle, J. M.; Wagner, G., Covalently circularized nanodiscs

for studying membrane proteins and viral entry. Nat. Methods. 2017, 14, 49-52.

. Knewtson, K. E.; Perera, C.; Hymel, D.; Gao, Z.; Lee, M. M.; Peterson, B. R.,

Antibody—Drug Conjugate that Exhibits Synergistic Cytotoxicity with an

Endosome-Disruptive Peptide. ACS Omega. 2019, 4, 12955-12968.

. Meyer, C.; Reusser, F., A polypeptide antibacterial agent isolated fromTrichoderma

viride. Experientia. 1967, 23, 85-86.

90



34. Mathew, M.; Balaram, P., A helix dipole model for alamethicin and related
transmembrane channels. FEBS Lett. 1983, 157, 1-5.

35. Pieta, P.; Mirza, J.; Lipkowski, J., Direct visualization of the alamethicin pore formed
in a planar phospholipid matrix. Proc. Natl. Acad. Sci. U.S.A. 2012, 109, 21223-
21227.

36. Abbasi, F.; Leitch, J. J.; Su, Z. F.; Szymanski, G.; Lipkowski, J., Direct visualization of
alamethicin ion pores formed in a floating phospholipid membrane supported on a
gold electrode surface. Electrochimica Acta. 2018, 267, 195-205.

37. Tieleman, D. P.,; Berendsen, H. J. C.; Sansom, M. S. P., An alamethicin channel in a
lipid bilayer: Molecular dynamics simulations. Biophys. J. 1999, 76, 1757-1769.

38. Fox, R. O.; Richards, F. M., A Voltage-Gated lon Channel Model Inferred from the
Crystal-Structure of Alamethicin at 1.5-a Resolution. Nature. 1982, 300, 325-330.

39. Javadpour, M. M.; Juban, M. M.; Lo, W.-C. J.; Bishop, S. M.; Alberty, J. B.; Cowell, S.
M.; Becker, C. L.; McLaughlin, M. L., De novo antimicrobial peptides with low
mammalian cell toxicity. J. Med. Chem. 1996, 39, 3107-3113.

40. Dawson, C.; Drake, A.; Helliwell, J.; Hider, R., The interaction of bee melittin with lipid
bilayer membranes. Biochimica et Biophysica Acta (BBA)-Biomembranes. 1978,
510, 75-86.

4

-

. Terwilliger, T. C.; Weissman, L.; Eisenberg, D., The structure of melittin in the form |
crystals and its implication for melittin's lytic and surface activities. Biophys. J.

1982, 37, 353-361.

91



42.

43.

44,

45.

46.

47.

48.

49.

Ladokhin, A. S.; Selsted, M. E.; White, S. H., Sizing membrane pores in lipid vesicles
by leakage of co-encapsulated markers: Pore formation by melittin. Biophys. J..
1997, 72, 1762-1766.

Leveritt 1ll, J. M.; Pino-Angeles, A.; Lazaridis, T., The structure of a melittin-stabilized
pore. Biophys. J. 2015, 108, 2424-2426.

Yang, L.; Harroun, T. A.; Weiss, T. M.; Ding, L.; Huang, H. W., Barrel-stave model or
toroidal model? A case study on melittin pores. Biophys. J. 2001, 81, 1475-1485.

Wu, Z.; Wagner, M. A.; Zheng, L.; Parks, J. S.; Shy, J. M., 3rd; Smith, J. D.; Gogonea,
V.; Hazen, S. L., The refined structure of nascent HDL reveals a key functional
domain for particle maturation and dysfunction. Nat. Struct. Mol. Biol. 2007, 14,
861-868.

Kang, H. J.; Coulibaly, F.; Clow, F.; Proft, T.; Baker, E. N., Stabilizing isopeptide bonds
revealed in gram-positive bacterial pilus structure. Science. 2007, 318, 1625-1628.

Zakeri, B.; Fierer, J. O.; Celik, E.; Chittock, E. C.; Schwarz-Linek, U.; Moy, V. T
Howarth, M., Peptide tag forming a rapid covalent bond to a protein, through
engineering a bacterial adhesin. Proc. Natl. Acad. Sci. U. S. A. 2012, 109, E690-
E697.

Wikoff, W. R.; Liljas, L.; Duda, R. L.; Tsuruta, H.; Hendrix, R. W.; Johnson, J. E.,
Topologically linked protein rings in the bacteriophage HK97 capsid. Science.
2000, 289, 2129-2133.

Oke, M.; Carter, L. G.; Johnson, K. A.; Liu, H.; McMahon, S. A.; Yan, X.; Kerou, M.;
Weikart, N. D.; Kadi, N.; Sheikh, M. A., The Scottish structural proteomics facility:

targets, methods and outputs. J. Struct. Funct. Genomics. 2010, 11, 167-180.

92



50

51

52

53

54

95

56

57

. Hagan, R. M.; Bjornsson, R.; McMahon, S. A.; Schomburg, B.; Braithwaite, V.; Buhl,

M.; Naismith, J. H.; Schwarz-Linek, U., NMR spectroscopic and theoretical

analysis of a spontaneously formed Lys—Asp isopeptide bond. Angew. Chem. Int.

Ed. 2010, 49, 8421-8425.

. Kang, H. J.; Baker, E. N., Intramolecular isopeptide bonds: protein crosslinks built for

stress? Trends Biochem. Sci. 2011, 36, 229-237.

. Schoene, C.; Fierer, J. O.; Bennett, S. P.; Howarth, M., SpyTag/SpyCatcher cyclization

confers resilience to boiling on a mesophilic enzyme. Angew. Chem. Int. Ed. Engl.

2014, 53, 6101-6104.

. Si, M.; Xu, Q.; Jiang, L.; Huang, H., SpyTag/SpyCatcher Cyclization Enhances the

Thermostability of Firefly Luciferase. PLoS One. 2016, 71, e0162318.

. Sun, X. B.; Cao, J. W.; Wang, J. K;; Lin, H. Z.; Gao, D. Y,; Qian, G. Y.; Park, Y. D;

Chen, Z. F.; Wang, Q., SpyTag/SpyCatcher molecular cyclization confers protein

stability and resilience to aggregation. New Biotechnol. 2019, 49, 28-36.

.Wang, Y.; Tian, J.; Xiao, Y.; Wang, Y.; Sun, H.; Chang, Y.; Luo, H., SpyTag/SpyCatcher

cyclization enhances the thermostability and organic solvent tolerance of L-

phenylalanine aldolase. Biotechnol. Lett. 2019, 41, 987-994.

. Wang, J.; Wang, Y.; Wang, X.; Zhang, D.; Wu, S.; Zhang, G., Enhanced thermal

stability of lichenase from Bacillus subtilis 168 by SpyTag/SpyCatcher-mediated

spontaneous cyclization. Biotechnol. Biofuels. 2016, 9, 79.

. Li, L.; Fierer, J. O.; Rapoport, T. A.; Howarth, M., Structural analysis and optimization

of the covalent association between SpyCatcher and a peptide Tag. J. Mol. Biol.

2014, 426, 309-317.

93



58. Marcink, T. C.; Simoncic, J. A.; An, B.; Knapinska, A. M.; Fulcher, Y. G.; Akkaladevi,
N.; Fields, G. B.; Van Doren, S. R., MT1-MMP Binds Membranes by Opposite Tips
of Its beta Propeller to Position It for Pericellular Proteolysis. Structure. 2019, 27,
281-292 e286.

59. Schneider, C. A.; Rasband, W. S.; Eliceiri, K. W., NIH Image to ImagedJ: 25 years of
image analysis. Nat. Methods. 2012, 9, 671-675.

60. K., G.; White, M. A.; Stoilova-McPhie, S., Reversible stacking of lipid nanodiscs for
structural studies of clotting factors. Nanotecnol. Rev. 2017, 6, 139-148.

61. Mihajlovic, M.; Lazaridis, T., Antimicrobial peptides in toroidal and cylindrical pores.
Biochim. Biophys. Acta. 2010, 1798, 1485-1493.

62. Shoulders, C. C.; Kornblihtt, A. R.; Munro, B. S.; Baralle, F. E., Gene structure of

human apolipoprotein A1. Nucleic Acids Res. 1983, 11, 2827-2837.

94



Chapter 3

Synthesis of fluorophores that target the endoplasmic reticulum of living

mammalian cells

3.1. Introduction

The endoplasmic reticulum (ER) has a remarkably complex structure that generally
contributes at least half of all membranes of animal cells. The ER is a fine interconnected
network of tubules and sac-like structures throughout the cytoplasm and close to the
nuclear membrane. The peripheral ER includes smooth tubules and rough sheets.?
Processes essential for cellular maintenance and survival occur on and in this organelle.
The external surface of the ER captures ribosomes involved in translation of membrane
bound and secreted proteins, whereas the single internal space, termed the lumen, stores
intracellular calcium,® carbohydrate metabolism,* regulates synthesis, folding,® and
posttranslational processing of proteins in the secretory pathway,® and is a major site of
cellular lipid biosynthesis.”8

Stressful conditions such as hypoxia, oxidants or reductants, glucose deprivation,
altered calcium regulation, viral infection, and expression of aberrant proteins can cause
unfolded proteins to accumulate in the ER.® These stressors include changes in redox
status due to hypoxia, oxidants or reductants, glucose deprivation, altered calcium
regulation, viral infection, and expression of aberrant proteins. This triggers an unfolded
protein response (UPR) in the ER that initiates complex signaling pathways. These

pathways either promote adaptive responses such as upregulation of protective proteins,

95



or cellular death through apoptosis or even necrosis when stress is excessive.'
Numerous pathologies are associated with ER stress including neurodegenerative
disease, stroke, heart disease, diabetes, and cancer.'™'* Consequently, agents that
modulate ER stress are of substantial therapeutic interest. Some small molecules
accumulate selectively in the ER. These compounds are generally amphipathic and
moderately lipophilic.®

Structures of highly fluorescent'® molecular probes that allow selective imaging of
ER by microscopy are shown in Figure 3.1. These compounds include ER Tracker Blue-
White DPX,'" ER Tracker Green, ER Tracker Red, BODIPY Nile Red,'® ER Thermo
Yellow,' and fluorinated hydrophobic rhodols.®® Some of these compounds are
thought'62122 to selectively accumulate in the ER because of the cholesterol-poor lipid
composition of ER membranes.?? The selectivity of these compounds for the ER has been
proposed’®?' to involve association with lipids comprising the ER membranes.?3 Despite
the ER membrane having a surface area that is proposed to be as much as 30-fold greater
than the plasma membrane, only 0.5-1% of the total cellular cholesterol is contained in
the ER verses the 30-40% of the total cellular cholesterol contained in the plasma
membrane.?*#?> The cholesterol content of other organelles (Golgi, mitochondria,
lysosomes, etc) is intermediate between these two extremes.?® Other fluorescent ER
probes, such as ER Tracker Green and ER Tracker Red (Figure 3.1), link the BODIPY
fluorophore to glibenclamide. This compound binds to sulphonylurea receptors of ATP-
sensitive potassium channels that are abundant on the cytosolic face of ER membranes.?
However, binding to these channels can alter ER function by perturbing calcium

homeostasis,?” and probes of the ER that do not bind potassium channels may be
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advantageous for imaging and delivery applications. Other drawbacks of many
commercially available probes of the ER relate to their structural complexity and

associated high cost, typically in the range of thousands of dollars per milligram.

ER tracker bue-white DPX (1) ER tracker green (2‘ R= R1 - Me)
ER tracker red (3, R=H; R" = Eﬂ )
S

BODIPY-nile red (4)

ER thermo yellow (5)

(0] (0] H\/\O/
F l X l F O\I\;joji)/n\/\/\/
S
() ”

Hexyl resorufamine (HRA, 7)

Fluorinated hydrophobic rhodol (6)

Figure 3.1. Structures of fluorescent molecular probes that selectively accumulate in the
ER of mammalian cells. Hexyl resorufamine (HRA) is a novel fluorescent chemotype.

The design of hexyl resorufamine (HRA) was inspired by structurally related
fluorinated hydrophobic rhodols such as 6 that selectively accumulate in endoplasmic
reticulum,?® as shown by Dr. Matt Meinig and Dr. Ligiang Fu, a previous graduate student
and postdoctoral fellow in the Peterson group. Here, we investigated the utility of
resorufamines as a counterstain for cells expressing enhanced green fluorescent protein

(EGFP). We investigated the cytotoxicity of resorufamines towards HelLa cells, and their
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specificity for the ER in living and fixed HelLa cells.?® In these studies, some of the cell-
based assays were conducted by Dr. Zhe Gao, a previous graduate student in the
Peterson group. Dr. Digamber Rane, a post-doc in the Peterson group, helped optimize

the synthesis of these molecular probes.

3.2. Synthesis of hydrophobic resorufamines

To develop new molecular probes of the ER, we investigated the use of resorufin
(8, Scheme 1) as a starting material. This compound has several attractive features as a
building block: it is relatively inexpensive (~$60/g), red fluorescent (Ex. = 572 nm; Em. =
585 nm), has a high extinction coefficient (56,000 M-' cm'), and quantum yield (0.74)
when deprotonated (pKa 5.8).2° Moreover, O-alkyl derivatives of resorufin,33! and the
resorufin N-oxide termed resazurin (Alamar blue),3? have been employed in a variety of
bioassays.3® However, to our knowledge, only one analogue has been described in a peer
reviewed journal that replaces the phenol of resorufin with a nitrogen atom (in the form of
the azide).34

This probe can be prepared in only two steps from the commercially available
fluorophore resorufin. We previously used Buchwald-Hartwig amination chemistry to
convert the fluorophore Pennsylvania Green3>-37 to N-alkyl rhodols such as 6, and we
envisioned using a similar approach to access N-alkyl resorufamines for studies of the

subcellular distribution of these structurally related compounds.

98



NaH DMF

Resorufm (8) 9 ( 60%

Pd,(dba);, BINAP, Cs,CO45
1,4-dioxane, 100 °C
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Scheme 3.1. The structure of resorufin and synthesis of resorufamine derivatives.

As shown in Scheme 3.1, resorufin (8) was converted to the triflate (9)% to provide
a reactive building block. This triflate was used to prepare resorufamines by reaction with
alkylamines under palladium-catalyzed conditions. Because ER Tracker Blue-White DPX
is a highly hydrophobic (cLogD (pH 7.4) = 4.0) membrane associated probe, similar in
hydrophobicity to 6 (cLogD (pH 7.4) = 3.9), we reasoned that novel probes that bind ER
membranes should be of comparable hydrophobicity. Additionally, we hypothesized that
the inclusion of straight chain alkanes might favor interactions with phospholipids that are
prevalent in ER membranes. Correspondingly, a hydrophobic hexyl substituent was
installed to provide the similarly hydrophobic hexyl resorufamine (HRA, cLogD (pH 7.4) =
3.8). As a control, by installing the same 2- methoxyethyl substituent found in 6, we also
prepared the structurally related 2-methoxyethyl resorufamine (10), but this compound

was predicted to be substantially more polar (cLogD (10, pH 7.4) = 1.5).
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3.3. Photophysical properties of hydrophobic resorufamines

To examine the photophysical properties of hydrophobic resorufamines, we
obtained absorbance and fluorescence emission spectra in PBS, ethanol, and octanol.
Spectroscopic studies of HRA and 10 revealed high fluorescence in organic solvents such
as ethanol and octanol (Figure 3.2). However, their fluorescence was substantially
weaker in aqueous buffers, particularly with HRA, which showed a very broad absorbance
spectrum in phosphate buffered saline (PBS), suggesting aggregation of this more
hydrophobic fluorophore in aqueous solution (Figure 2, panel A). We measured the
quantum yield of HRA in PBS and ethanol, relative®® to rhodamine 6G, and the extinction
coefficient in EtOH and PBS (Figure 3.3). Measurement of extinction coefficients, and
quantum yields relative?® to rhodamine 6G, revealed that both HRA (Abs. Amax = 565 nm;
EX. Amax = 614 nm, €. 34,300 M' cm™', @ = 0.70, in ethanol) and 10 (Abs. Amax = 565 nm;
EX. Amax = 605 nm, €. 31,600 M' cm™, ® = 0.63, in ethanol) exhibit excellent spectral
properties for fluorescence microscopy, and since their emission is red-shifted compared
to resorufin, they should be highly orthogonal to many blue and green fluorophores

commonly used to study cellular biology.
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(A) Spectral properties of HRA in EtOH:
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Figure 3.2. Photophysical properties and spectra of the resorufamines HRA (panel A)
and 10 (panel B) in aqueous phosphate-buffered saline (PBS, pH 7.4), ethanol (EtOH),
and octanol (Oct.). Absorbance (Abs.) spectra were acquired at 10 mM (1% DMSO).
Fluorescence emission (Em.) spectra were acquired at 10 nM (Ex. 510 nm, 0.1% DMSO),
with intensities normalized to the maximal fluorescence observed in ethanol.
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Figure 3.3. Data and linear regression used to determine quantum yields (Panel A) and
molar extinction coefficients (Panel B) of 9 and HRA (10) in ethanol (1% DMSO).
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3.4. Confocal laser scanning microscopy of living HelLa cells treated with
resorufamines

To examine effects on living cells, the human cervical carcinoma cell line HelLa
was treated with HRA and 10 for 30 min, followed by imaging by confocal laser scanning
microscopy. As shown in Figure 3.4, these experiments revealed accumulation of both of
these compounds in tubular subcellular structures. However, probe 10 required at least
a 10-fold higher concentration than HRA to generate comparable cellular fluorescence,
and consistent with its greater fluorescence in PBS, the background signal in media was
much higher for 10 than HRA. In contrast, even at concentrations as low as 100 nM, HRA
exhibited substantially higher fluorescence in these compartments, and its low
background fluorescence in aqueous media obviated the need to wash cells prior to
imaging. The tubular structures labeled by these compounds were identified as the ER
by colocalization with the spectrally orthogonal organelle marker ER Tracker DPX Blue-
White DPX.'” These studies demonstrated that HRA has particular promise as a novel
molecular probe of the ER, since it specifically accumulates in this organelle in living cells

with high potency comparable to ER Tracker Blue-White DPX.
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(A) Treatment with HRA (100 nM) and ER Tracker Blue
White DPX (100 nM)

Ex. 405 nm Ex. 532 nm
Em. 425 — 500 nm Em. 545 - 700 nm

(B) Treatment with 10 (1 uM) and ER Tracker Blue
White DPX (100 nM)

Ex. 405 nm Ex. 532 nm
Em. 425 — 500 nm Em. 545 -700 nm

Figure 3.4. Confocal laser scanning and differential interference contrast (DIC)
micrographs of living HelLa cells treated with ER-tracker Blue-White DPX (100 nM, 0.5 h)
and HRA (Panel A, 100 nM, 0.5 h) or 10 (Panel B, 1 mM, 0.5 h). The fluorescence
emission of ER tracker Blue-White DPX can be observed in the upper left panels and the
fluorescence emission of the spectrally orthogonal resorufamines can be observed in the
upper right panels. Colocalization of the fluorophores is shown in yellow in the lower left
panels. Scale bar = 25 mm.
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3.5. Confocal laser scanning microscopy of fixed HeLa Cells treated with
resorufamines

To examine effects on fixed cells, the human cervical carcinoma cell line HeLa was
treated with paraformaldehyde followed by incubation with Triton X-100 in PBS. As shown
in Figure 3.5, it was observed that in these fixed cells, HRA was superior to ER tracker
Blue-White DPX as a fluorescent probe. It can be noticed that the intensity of green
fluorescence given by ER tracker blue-white is comparatively lesser than HRA. This
compatibility of HRA with cellular fixation protocols suggests another potential advantage

of this novel fluorescent probe as a tool for studies of the ER.

Ex. 405 nm Ex. 532 nm
Em. 425 - 500 nm Em. 545 - 700 nm

Figure 3.5. Confocal laser scanning and differential interference contrast (DIC)
micrographs of fixed HelLa cells treated with ER-tracker Blue-White DPX (100 nM, 0.5 h)
and HRA (100 nM, 0.5 h). The fluorescence emission of ERtracker Blue-White DPX can
be observed in the upper left panels and the fluorescence emission of the spectrally
orthogonal resorufamines can be observed in the upper right panels. Colocalization of the
fluorophores is shown in yellow in the lower left panels. Scale bar = 25 mm.
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3.6. Cellular toxicity of HeLa cells treated with resorufamines

We examined the cytotoxicities of HRA and 10 towards Hela cells treated with
these compounds for 48 h (Figure 3.6). As a toxic positive control, the tubulin-binding
plant natural product colchicine*® was used, with cellular viability measured by flow
cytometry. As expected, colchicine was highly toxic (IC50 = 6 nM) under these conditions.
Interestingly probe 10 (ICso = 1 mM) was at least 10-fold more toxic than HRA (ICso > 10
mM), illustrating another potential advantage of HRA over 10 as a molecular probe of the
ER. Even after continuous treatment for 48 h at concentrations (100 nM) that can be used

to image the ER by confocal microscopy, HRA was non-toxic.

=©- Colchicine (toxic control)
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Figure 3.6. Cytotoxicity of compounds towards HelLa cells, after 48 h in culture, as
analyzed by flow cytometry.

3.7. Transient transfection of HeLa cells
To further explore HRA as a probe of the ER, we investigated its utility as a
counterstain for cells expressing enhanced green fluorescent protein (EGFP). To express

EGFP in HelLa cells, we transiently transfected this cell line with a previously reported*!
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plasmid construct termed Str-KDEL_SBP-EGFP-GPI that can be used to synchronize

secretory protein traffic in populations of cells (Figure 3.7).

KDEL |_|
Endoplasmic Str
Reticulum
k EGFP )
Release 1

Retention*
Figure 3.7. Cartoon representation Hela cells transiently transfected with Str-
KDEL_SBP-EGFP-GPI. Treatment with biotin releases SBP-EGFP-GPI from the ER to
plasma membrane.

Plasma
Membrane

\_

This construct encodes two different proteins bearing signal peptides that direct
them into the ER: one is the protein streptavidin (Str) fused to the ER retention signal
sequence KDEL; the second is a streptavidin binding peptide (SBP) fused to EGFP linked
to a C-terminal peptide that will be modified with a GPl membrane anchor. If expressed
alone, the signal sequence of the SBP-EGFP-GPI protein will cause its translocation into

the ER for eventual secretion to the plasma membrane, where the attached GPI lipids will
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result in localization of EGFP on the cell surface. However, coexpression with the Str-
KDEL protein in the ER results in binding of Str to SBP, which traps the EGFP fusion
protein in this organelle. Release of the EGFP fusion protein from the ER-localized Str
protein can be accomplished by addition of the small molecule biotin to the cell culture
media as a competitor. As shown in Figure 3.8, we found that transient transfection of
HelLa cells with Str-KDEL_SBP-EGFP-GPI resulted in green fluorescence predominantly
localized to the ER as imaged by colocalization with HRA. Moreover, addition of biotin to
these transfected cells for 1 h triggered secretion of EGFP from the ER to the cellular
plasma membrane, which could be observed as a substantial change in protein
subcellular localization (Figure 3.8, compare panels A and B). These experiments
confirmed that HRA is spectrally orthogonal to EGFP for studies by confocal microscopy,
and it can be used as an ER counterstain in these types of experiments. Consequently,
HRA may be useful for image-based screens for molecules that affect protein transport

to and from the ER.
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(A) HelLa cells transfected with Str-KDEL / SBP-EGFP-
GPI and treated (1 h) with HRA (100 nM)

Ex. 488 nm Ex. 532 nm
Em. 500 — 600 nm Em. 545 —-700 nm

Overlay

(B) Hela cells transfected with Str-KDEL / SBP-EGFP-
GPI and treated (1 h) with HRA (100 nM) / Biotin (40 uM)

Ex. 488 nm oo Ex. 532 nm
Em. 500 - 600'nm' f Em. 545 — 700 nm

A 3

Figure 3.8. Panels A-B. Confocal laser scanning and differential interference contrast
(DIC) micrographs of living HeLa cells.
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Cells were transiently transfected with a plasmid encoding both the Str-KDEL and
SBP-EGFP-GPI proteins and treated with HRA (100 nM, 1 h) as a red fluorescent ER
marker. In Panel B, the small molecule biotin (40 uM) was additionally added for 1 h to
release SBP-EGFP-GPI from the ER into the secretory pathway. The fluorescence
emission of EGFP can be observed in the upper left panel and the fluorescence emission
of the spectrally orthogonal HRA can be observed in the upper right panel. Colocalization

of fluorophores is shown in yellow in the lower left panel. Scale bar = 25 mm.

3.8. Conclusions and future directions

We synthesized and investigated N-alkyl resorufamines as a novel fluorescent
chemotype. These compounds were designed based on structural similarity to fluorinated
hydrophobic rhodol fluorophores?° that are known to accumulate in the ER of mammalian
cells, Two resorufamines bearing hexyl (HRA) and 2- methoxyethyl (10) substituents
could be readily prepared in only two steps from the commercially available fluorophore
resorufin, making them highly cost-effective molecular probes. The fluorescence
emission of these compounds is red-shifted compared to resorufin, making them
spectrally orthogonal to many blue and green fluorophores, but they retain high quantum
yields. Although both HRA and 10 accumulate in the ER of HelLa cells, HRA proved to be
a superior molecular probe, with low background cellular fluorescence, high potency, and
low toxicity. These advantages of HRA are correlated with its higher hydrophobicity, as
evidenced by its calculated (ChemAxon software) octanol-water distribution coefficient

(cLogD, pH 7.4) of 3.8. This high hydrophobicity is very similar to ER-associated

rhodol 6 (cLogD (pH 7.4). 3.9) and ER Tracker Blue-White DPX (cLogD (pH 7.4) = 4.0).
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In contrast the calculated distribution coefficient of resorufamine 10 (cLogD (pH 7.4)) is
1.5, indicating substantially greater polarity, which limits its association with membranes
and increases its background fluorescence in aqueous media. These differences in
polarity are also evident in major changes in the absorbance spectra of HRA in organic
solvents compared with PBS, where a substantial broadening, likely due to aggregation,
is observed. Taken together, the cellular and physicochemical properties of HRA are
consistent with its association with the unique membranes of the ER. Consequently, its
mechanism of subcellular localization is likely to be similar to that of other hydrophobic
probes such as ER Tracker Blue-White DPX. However, when compared with ER Tracker
Blue-White DPX, HRA exhibited better cellular staining of cells that were fixed with
paraformaldehyde and Triton X-100, suggesting it may have a broader range of potential
applications. Based on its favorable photophysical properties, low cost of production, high
potency, and low toxicity, HRA has potential as an important new red fluorescent

molecular probe of the ER.

3.9. Experimental

3.9.1. General

"H NMR and *C NMR spectra were acquired on Bruker DRX-400 or Avance AVIII
500 MHz instruments. 'F NMR was acquired on a Bruker Avance VIII HD 400 MHz
instrument. Chemical shifts (&) are reported in parts per million (ppm) and are referenced
to the central solvent peaks of DMSO-d6 (& 2.50 (1H), 39.52 (13C)) or methanol-d4 (&

3.31 (1H), 49.0 (13C)). Coupling constants are in Hertz (Hz). Absorbance spectra were
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obtained on an Aligent 8452A diode array spectrometer. Fluorescence spectra were
acquired with a Perkin-Elmer LS55 Fluorescence Spectrometer. High Resolution mass
spectra were obtained at the Mass Spectrometry Laboratory at the University of Kansas
on a Micromass LCT Premier time of flight mass spectrometer. All reactions were
performed under an inert atmosphere (argon or nitrogen) in flame-dried or oven-dried
glassware, or in a glass microwave vial (Biotage, LLC). All anhydrous solvents were either
purchased from Sigma Aldrich or dried over a Glass Contour solvent system (Pure
Process Technology, LLC). Thin-layer chromatography (TLC) was performed using
commercial aluminum backed silica plates (TLC Silica gel 60 F254, Analytical
Chromatography). Visualization was accomplished by UV irradiation. Flash
chromatography was carried out on normal phase using silica gel (230—400 mesh) or by
reverse phase on a Combiflash purification system (HP C18 gold column, 50 g). All
reagents were purchased from TCI, Sigma Aldrich or Alfa Aesar. Molar extinction
coefficients (¢) were calculated from Beer's Law plots of absorbance Amax versus
concentration. Linear least squares fitting of the data (including a zero intercept) was used
to determine the slope (corresponding to €). Values (M~' cm™") were calculated as follows:
Absorbance = ¢ [concentration (M)] L, where L = 1 cm. Relative quantum yields (®) were
determined by the method of Williams,® where the fluorophores were excited at 510 nm,
and the integrated fluorescence emission (530 nm to 800 nm) was quantified
(concentrations of 1 nM to 10 nM). Rhodamine 6G (® = 0.95 in ethanol) provided the
standard.*?43 The integrated fluorescence emission at a given concentration was plotted
against the maximum absorbance of the sample at that concentration determined by

extrapolation based on absorbance measurements at higher concentrations. Linear least
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squares fitting of the data (including a zero intercept) was used to calculate the slope,
which is proportional to the quantum yield. Quantum yields were calculated as follows: ®y
= Ps(Gradx/Gradst)(n%/n%t), where O represents the quantum yield of the standard, ®x«
represents the quantum yield of the unknown, Grad is the slope of the best linear fit, and

n is the refractive index of the solvent used.

3.9.2. Cell culture
The HelLa (CCL-2) cell line was obtained from ATCC. Dulbecco’s Modified Eagle
Medium (DMEM, Sigma D5796) was supplemented with FBS (10%, Sigma F0926),

penicillin (100 units/L), and streptomycin (100 pg/L, Sigma P4333).

3.9.3. Plasmids

The plasmid Str-KDEL_SBP-EGFP-GPI*' (pIRESneo3 backbone) was a gift from
Franck Perez (Addgene Plasmid #65294). To form a DNA complex, this plasmid DNA (3
Mg) was incubated (30 min, room temperature) with the DNA transfection reagent X-
tremeGENE HP (9 uL, Roche) in serum free DMEM medium (300 pL). HelLa cells in
DMEM were seeded onto an 8-well cover glass slide (Ibidi pSlide, 300 uL, 10,000
cells/well). After incubation at 37 °C for 16 h, the DNA complex (30 uL) was added to
each well. After further incubation at 37 °C for 48 h, the cells were washed, further treated

with probes, and analyzed by confocal microscopy.
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3.9.4. Cellular toxicity

HelLa cells were seeded on a 48-well plate in complete DMEM at 20000 cells/300
pL/well 16 h prior to treatments. All compounds were serial diluted in DMSO and added
to media to achieve a 1:1000 dilution factor (0.1% DMSO in each well). The original media
was removed from all wells by aspiration and replaced with treatment media (330 pL) at
the concentrations indicated. Plates were incubated for 48 h at 37 °C and cells were
analyzed in triplicate. Following this incubation period the media was aspirated, and wells
were washed with PBS (phosphate-buffered saline, pH 7.4). Wells were further treated
with trypsin EDTA solution (50 uL) at 37 °C for 5 min followed by complete DMEM (100
uL). The total cell count for each well was determined by flow cytometry (Accuri C6) using
light scattering to identify populations of live cells. Counts of viable cells for each treatment
were used to generate dose-response curves that were fitted by non-linear regression
(log inhibitor vs. response variable slope 4-parameter model (bottom constraint < 10%,

GraphPad Prism 6) to determine IC50 values.

3.9.5. Confocal microscopy of HelLa cells

Cells were added to an 8-well cover glass slide (Ibidi p-Slide, 300 uL, 20,000
cells/well) and allowed to proliferate for 24 h prior to addition of compounds. Compounds
in DMSO stock solutions were serially diluted 1000-fold with complete media (final
concentration of 0.1% DMSO) prior to addition to cells. Cells were treated with
compounds at 37 °C. Living cells were imaged, without any additional washing steps,
using a Leica SPE2 confocal laser-scanning microscope fitted with a 63X objective. ER-

Tracker Blue-White DPX (100 nM) was excited with a 405 nm laser and emitted photons
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were collected from 425 nm to 500 nm. Resorufamines were excited with a 532 nm laser
and emitted photons were collected from 545 nm to 700 nm. EGFP was excited with a

488 nm laser and emitted photons were collected from 500-600 nm.

3.9.6. Synthetic procedures and compound characterization

3-Oxo0-3H-phenoxazin-7-yl trifluoromethanesulfonate, resorufin triflate, 9

Resorufin (8, 500 mg, 2.34 mmol) was dissolved in anhydrous DMF (12 mL) in a
flask wrapped in aluminum foil to protect from light. This flask was cooled to 4 °C in an
ice bath and treated with sodium hydride (118 mg, 2.81 mmol), added in a single portion.
This mixture was stirred at 4 °C for 30 min. N-Phenyl-bis(trifluoromethanesulfonimide)
(1.0 g, 2.81 mmol) was added, and the reaction mixture was stirred at 4 °C for 10 min.
The reaction mixture was warmed to 22 °C (room temperature) and stirred at room
temperature for 24 h. The reaction was monitored by TLC (eluents: ethyl acetate and
hexanes). The reaction was quenched with aqueous HCI (1N, 20 mL) and extracted with
ethyl acetate (150 mL). The organic layer was further washed with saturated aqueous
NaCl (2 x 50 mL), dried over anhydrous MgSQOs, and concentrated to dryness. The crude
reaction mixture was purified by silica gel chromatography (eluent: ethyl acetate/hexanes)
to yield 9 as a yellow solid (488 mg, 60%). "H NMR (400 MHz, DMSO-ds): & 8.00 (m, 1H),
7.84 (m, 1H), 7.60-7.53 (m, 2H), 6.87 (m, 1H); '*C NMR (101 MHz, DMSO-ds): 6 185.8,
149.9, 149.8,149.2, 144 .2, 135.2 (2 carbons) 132.9, 131.6, 118.6,118.2 (q, J = 321.4 Hz,
CF3), 110.3, 106.4; "®F NMR (376 MHz, DMSO-ds) 6 -72.5; HRMS (ESI) m/z calcd for

C13H7F3NOsS [M + H] *: 345.9997, found: 345.9996.
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Procedure for Buchwald-Hartwig amination

Resorufin triflate (9, 1.0 equiv), Pdz(dba)s (0.1 equiv), BINAP (0.12 equiv), cesium
carbonate (2.5 equiv), and amine (1.2 equiv) were weighed in a flame-dried Ar-flushed
microwave vial (5 mL) in a glove box. The vial was sealed and anhydrous 1,4-dioxane
(0.05 mM) was added. The sealed vial was placed in an oil bath preheated to 100 °C and
stirred for 2.5 h. Completion of reaction was confirmed by TLC. The vial was cooled to
room temperature and quenched by addition of trifluoroacetic acid (5 equiv). The crude
reaction mixture was subjected to reverse phase purification (gradient of
acetonitrile/water both containing 0.1% TFA) to yield resorufamines as reddish-brown

solids.

7-(Hexylamino)-3H-phenoxazin-3-one, HRA, 7

Following the procedure for Buchwald-Hartwig amination, triflate 9 (34.5 mg,
0.1 mmol), Pdz(dba)s (9.15 mg, 0.01 mmol), BINAP (7.47 mg, 0.012 mmol), cesium
carbonate (81.45 mg, 0.25 mmol), and hexylamine (20 yL, 0.15 mmol) were weighed in
a 5 mL microwave vial. 1,4-Dioxane (2 mL) was added and the reaction mixture was
heated at 100 °C for 2.5h to yield 7 (28 mg, 94%). '"H NMR (400 MHz, methanol-
ds): 6792 (d,J=9.1Hz, 1H), 7.79 (d,J=9.5Hz, 1H), 7.43-7.29 (m, 1H), 7.15
(dd, J=9.1, 2.5 Hz, 1H), 7.04-6.90 (m, 2H), 3.62 (t, J = 7.2 Hz, 2H), 1.79 (p, J = 7.3 Hz,
2H), 1.59-1.23 (m, 6H), 1.02-0.84 (m, 3H); *C NMR (126 MHz, methanol-d.): 6 170.4,
162.5, 152.5, 149.2, 141.4, 136.5, 135.0, 133.3, 125.5, 120.6, 103.1, 96.1, 46.0, 32.6,
29.6, 27.7, 23.6, 14.3. HRMS (ESI) m/z calcd for C1gH21N202[M + H]*: 297.1603, found:

297.1604.
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7-((2-Methoxyethyl)amino)-3H-phenoxazin-3-one, 10

Following the procedure for Buchwald-Hartwig amination, triflate 9 (34.5 mg,
0.1 mmol), Pdz(dba)z (9.15 mg, 0.01 mmol), BINAP (7.47 mg, 0.012 mmol), cesium
carbonate (81.45 mg, 0.25 mmol), and 2-methoxyethylamine (13 pL, 0.15 mmol) were
weighed in a 5 mL microwave vial. 1,4-Dioxane (2 mL) was added and the reaction
mixture was heated at 100 °C for 2.5 h to yield 10 (24 mg, 88%). '"H NMR (400 MHz,
methanol-ds): 6 7.87 (d, J=9.1 Hz, 1H), 7.76 (d, J =9.5 Hz, 1H), 7.38-7.29 (m, 1H),
7.15-7.09 (m, 1H), 6.98 (d, J = 2.4 Hz, 1H), 6.88 (q, J = 2.3, 1.9 Hz, 1H), 3.80-3.61 (m,
4H), 3.41 (s, 3H); *C NMR (126 MHz, methanol-ds) 6170.3, 163.1, 152.4, 149.2, 141.4,
136.6, 135.0, 133.3, 125.5, 120.6, 103.1, 96.8, 71.0, 59.2, 45.9. HRMS (ESI) m/z calcd

for C1sH1sN203 [M + H]": 271.1083, found: 271.1083.
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Chapter 4

Fluorescence polarization assays of inhibitors of the protein-protein interaction

between BfrB and Bfd

4.1. Introduction

Rapid bacterial evolution and the misuse of antibiotics has led to extensive
antibiotic resistance. Infections by multi-drug resistant bacteria are a major health concern
and these pathogens have become increasing difficult to treat.'? Pseudomonas
aeruginosa is an example of an antibiotic-resistant bacterium that the World Health
Organization (WHO) has included in a critical priority list for new antibiotics.® This
opportunistic Gram-negative bacterium is a leading cause of nosocomial infections,
defined as those acquired under medical care, and accounts for 10% of all hospital-
acquired infections.* This bacterium colonizes urinary catheters and endotracheal tubes,®
accelerates lung function decay in cystic fibrosis patients® as it easily adapts to its
surroundings, including surfaces within hospitals and clinics, making it particularly
dangerous in these settings.” P. aeruginosa primarily affects patients with compromised
immune systems, such as those with neutropenia, AIDS, severe burns, and cystic
fibrosis.® Cystic fibrosis (CF) is congenital, inherited disease characterized by mutations
in the gene encoding cystic fibrosis transmembrane conductance regulator (CFTR), a
cAMP-regulated chloride channel.” Approximately 80% of adult patients with cystic
fibrosis are chronically infected with P. aeruginosa, and these lung infections are typically

associated with morbidity.>1° Although recent advances have improved the treatment of
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lung infections in CF,%' biofilms and drug resistance continue to hinder treatment
strategies. Hence, there is a need for good research in the early stages of drug
development, which would lead to a stronger pipeline of antibiotics.

With respect to P. aeruginosa, a better understanding of iron uptake by this
bacterium could be critical for the discovery of new treatments as it is highly dependent
on iron-dependent processes for infectivity and biofilm formation.'?'® Strategies that
interfere with bacterial iron acquisition and homeostasis have potential for the discovery
of new antibiotics.''” Iron is an essential cofactor in DNA synthesis, respiration, and
nitrogen fixation, as it is able to participate in one-electron transfer reactions that catalyze
enzymatic processes.'®'® Proper regulation of iron homeostasis is critical in nature, since
Fe?* can react with O2 and H20: to form insoluble Fe®*, reactive hydroxyl radicals, and
superoxide via the Haber-Weiss reaction.?® To avoid the formation of these reactive
oxygen species, cells tightly regulate iron acquisition and storage through the use of iron
storage proteins and siderophores.?’ The processes of bacterial iron homeostasis involve
the acquisition of iron from a host, storage of the obtained iron as the host denies this
essential nutrient to invading pathogens, and optimum utilization of the stored iron. These
processes are highly regulated for metabolic processes while preventing iron-induced
toxicity.?223

Iron is stored in bacteria in bacterial ferritin (Ftn) and bacterioferritin (Bfr),2426 which
are particularly crucial for survival of bacteria under iron depletion conditions.
Bacterioferritins are unique to bacteria and their major functions are to oxidize reactive
Fe?* to Fe®*, store the mineral, and release it when needed.?” Bfr and bacterial Ftn are

assembled into a spherical structure consisting of 24 identical subunits with an outer
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diameter of ~ 120 A and an inner diameter of ~ 80 A, and an interior cavity that can store
up to ~ 3000 iron ions in Fe3* form.?82° Two subunits are paired to form a dimer with
heme, and therefore 12 heme molecules are present in each 24-mer protein.’° Bfrs
contain a ferroxidase center that converts Fe?* to Fe3®*. This oxidation step is followed by
translocation to the interior cavity, where it is mineralized for storage. Utilizing electrons
originating from NADPH, the iron atoms are then reduced and released to the cytosol, a
process facilitated by a ferrodoxin reductase and bacterioferritin-associated ferrodoxin
(Bfd) (Figure 4.1).31:32

The bacterial Ftins and Bfrs have < 20% sequence similarity although they share
an identical subunit fold and quaternary structures resulting in a variety of subunit packing
24-mer dynamics and function.?%3334 In P. aeruginosa (Pa), bacterioferritin (BfrB) is the
main iron storage protein (Figure 4.1),%* and this stored iron in BfrB is mobilized by specific
interactions with Pa-Bfd. Pa-Bfd binds to Pa-BfrB (Kas = 3 pM) and facilitates iron
mobilization by heme-mediated electron transfer.®> Rivera and coworkers found that this
protein-protein interaction consists of a highly complementary interface with a network of
hotspots defined by leucines, glutamic acids, and a tyrosine that are conserved across a

number of pathogenic species.3¢:3"
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Figure 4.1. Structure and function of BfrB and Bfd.3” (A) BfrB is a nearly spherical
molecule assembled from 24 identical subunits and 12 hemes. This 24-mer assembly has
a hollow cavity approximately 80 A in diameter where iron is stored in the form of a Fe3+
mineral. (B) Each heme molecule (red) is buried at the interface of a subunit dimer (green
and gray), with the heme propionates protruding into the interior cavity. Each molecule of
Bfd (cyan) binds BfrB at the subunit dimer interface to facilitate electron flow from the
[2Fe-2S] cluster (orange and yellow spheres) in Bfd to the Fe3+ mineral in the interior
cavity of BfrB through a heme, thus promoting the mobilization of Fe2+.

4.2. Development of small molecule inhibitors of BfrB:Bfd interactions

The low permeability of the outer membrane of P. aeruginosa, as well as
secondary adaptive resistance mechanisms such as increased efflux and enzymatic
antibiotic modifications, enable it to be resistant to a wide range of antibiotics from (-
lactams to fluoroquinolones.®® Drug resistance is increasing,* and therefore new
strategies must be developed to fight this bacterium. As described earlier, iron is an
essential nutrient, but can be toxic if improperly regulated. This vulnerability could
possibly be exploited through inhibition of the bacterial BfrB:Bfd interaction. Crystal
structure of BfrB-Bfd complex showed 12 Bfd molecules that bind at the dimer interface
above a heme molecule (Figure 4.1),%° and that the Ky value of BfrB-Bfd binding was ~ 3

uM.*0 Since BfrB is unique to bacteria and archaea,*' disruption of this protein-protein
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interaction could present a novel, specific way to treat patients infected with P.
aeruginosa.

To investigate this antibacterial approach, Dr. Huili Yao and Dr. Mario Rivera of
the Louisiana State University Dept. of Chemistry came up with a new approach to perturb
iron homeostasis in P. aeruginosa by designing small molecules that could potentially
block the iron storage protein bacterioferritin B (BfrB) and its partner, the bacterioferritin
associated ferredoxin (Bfd).3” They conducted an iterative fragment-based drug discovery
(FBDD) screen. In FBDD, a relatively small library of low molecular weight compounds
that are generally polar and soluble is often screened by NMR against a protein target.
When possible, this method provides an attractive alternative to more traditional high-
throughput screening of large libraries of drug-like molecules. The fragments used in
FBDD typically bind proteins with low affinity (mM) and are later combined with other
fragments to generate leads for a drug discovery campaign.*? Saturation transfer
difference nuclear magnetic resonance spectroscopy (STD-NMR) was employed by the
Rivera group to screen the fragment library that binds BfrB at the Bfd-binding site. STD-
NMR is an attractive method for FDBB because it focuses on the signal of the ligand, so
processing of additional NMR information of the receptor is unnecessary and very low
concentrations of protein are required.** With the use of competitive displacement
strategy, it was found that 18 fragments bind to BfrB, whereas 6 molecules bind at the
Bfd-binding site. These fragments were then tested for binding to BfrB by two orthogonal
assays, SPR and X-ray crystallography, and one fragment (11) (Figure 4.2) was selected

to develop secondary hits for further studies of Bfrb-Bfd protein-protein interactions.
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Figure 4.2. Structure of fragment 1 (initial hit) that binds BfrB at the Bfd-binding site as
identified by the Rivera group via a FBDD screen.

After the initial hit was identified, more than 100 second-generation compounds
were designed to take advantage of additional interactions at the Bfd:BfrB binding
interface. Docking to BfrB using Autodock vina** were performed on each of the
derivatives, and those that showed promising docking scores were synthesized and
investigated for binding and inhibition of iron release. Although all of the compounds for
each of the initial hits were synthesized and tested in crystal soaking experiments by
Rivera group, only 6 analogs from fragment 12 gave structures of analog-bound BfrB and
these were selected for further studies (Figure 4.3).

This chapter describes a development of an assay using fluorescence polarization
to quantify the binding affinities of small molecule inhibitors of the BfrB-Bfd protein-protein
interaction.®” | describe the spectral properties of the compounds tested, development of
the fluorescence polarization assay and discuss potential future directions for this project.
This FP assay was initially developed by Dr. Molly Lee, a previous graduate student in

the Peterson lab.
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Figure 4.3. Structures of analogues of 4-aminoisoindoline fragment selected for binding
affinity studies.

4.3. Development of a fluorescence polarization assay of inhibitors of BfrB:Bfd
interactions

Spectroscopic studies revealed that the 12-heme molecules of the holo-BfrB
protein fluoresce, and this intrinsic fluorescence was found to interfere with the signal
from the fluorescent ligand. To overcome this complication, we used Apo-BfrB for
fluorescence polarization assays. To confirm that studies using Apo-BfrB were valid, Dr.
Huili Yao and Dr. Mario Rivera measured the binding affinity of Bfd to Apo-BfrB and holo-
BfrB and found identical K4 values of 3 uM. Since the BfrB-Bfd interface is at the surface
of the protein, the absence of heme, which is buried within the 24-mer protein, should not

have a large effect on these binding interactions. Hence, Apo-BfrB is identical to that of
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BfrB at the subunit level including the Bfd-binding sites and was used in the experiments
because of its robustness and reproducibility.

Before starting the binding experiments with selected analogues and Apo-BfrB,
photophysical properties of all the molecules were obtained. Although a high
concentration of ligand was needed due to low brightness, initial experiments with
compound 13 showed a 3-fold increase in fluorescence polarization when glycerol was
added to buffer, indicating that as the mobility of the compound was restricted (due to the
increase in viscosity of the solvent), the polarization of the compound was altered.*%4¢ To
investigate the affinity of analogs 12-18 binding to BfrB and to generate an equilibrium
binding curve, Apo-BfrB was titrated into a fixed concentration of each fluorescent ligand
for 1 h, followed by excitation at the respective excitation wavelength and analysis of
fluorescence polarization at their emission wavelength. Curve fitting was used to calculate

a direct binding Kq value (Figure 4.4).

== 12 (K, =300 + 50 pM)
V— 13 (K =11%1pM)
coveseed) 1. 14 (K,=15+2puM)
—=pr= 15(K;=3+1puM)
O = 16 (K,=4 12 M)
) ¥ = 17 (Ky=5 £ 2 pM)
co@s 18 (K =621uM)

Fraction bound (fa, corrected)

75 100
[ApoBfrb] (uM)

Figure 4.4. Quantification of the affinity (K4) of Apo-BfrB for 12-18 by fluorescence
polarization, corrected to account for changes in fluorescence intensity upon binding.
Values were obtained in KPi buffer (100 mM) containing TCEP (1 mM, pH 7.6, 0.5%
DMSO). [12] = 50 uM. [14, 15] = 2 uM. [13, 16, 17, 18] = 5 uM. Dissociation constants
(Kq) were calculated using a one-site binding model in GraphPad Prism.
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4.4. Conclusions and future directions

Investigations by the Rivera group have previously shown that interference with
iron storage process from bacterioferritin perturbs bacterial iron homeostasis.?? Based on
these results, FBDD screen using STD-NMR was employed to design and synthesize
small molecule inhibitors of BfrB-Bfd protein-protein interaction. To test the binding affinity
of these compounds, we collaborated with the Rivera laboratory to develop a new
fluorescence polarization assay. These binding studies along with other observations
offer a promising target for antimicrobial inhibition of Pseudomonas aeruginosa and could
help to overcome challenges arising from multidrug resistance observed with this
superbug. Better inhibitors, as well as assays to screen these inhibitors more readily,

need to be developed for this goal to be realized.

4.5. Experimental

4.5.1. General

Apo-BfrB was expressed and purified as described previously.?%3% Absorbance
spectra and measurements of molar extinction coefficients (¢) were generated using
semimicro (1.4 mL) UV quartz cuvettes (Sigma-Aldrich, Z27667-7) on an Agilent 8452A
diode array spectrometer. All optical spectroscopy and protein binding assays were
conducted in 100 mM KP; (pH 7.6) with TCEP (1 mM), unless otherwise noted. All
fluorescence emission spectra were acquired using a SUPRASIL ultra-micro quartz
cuvette (PerkinElmer, B0631079) on a Perkin-Elmer LS55 Fluorescence Spectrometer

(10 nm excitation slit width).
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4.5.2. Determination of K4 values by fluorescence polarization (FP)

To calculate dissociation constants (Kq), fluorescence polarization (FP) values
were measured in triplicate. Different concentrations of Apo-BfrB were incubated with
fixed concentrations of ligands (100 mM KPi buffer containing 1 mM TCEP, pH 7.6) were
incubated with increasing concentrations of Apo-BfrB (based on a protein dimer) at room
temperature (22 °C) with shaking for 1 h, followed by excitation of the small molecules
near the absorbance Amax (12, 380 nm; 13, 14, 400 nm; 15, 17, 18, 410 nm; 16, 415 nm)
with analysis of fluorescence polarization near the emission Amax (12, 565 nm; 13, 17, 540
nm; 14, 525 nm; 15, 16, 18, 550 nm). The ligand was maintained in buffer for a maximum
of 5 min prior to incubation with the protein to minimize any potential for degradation.
Fixed ligand concentrations were chosen to be near or below predicted Ky values to
assure equilibrium binding measurements. Measurements of fluorescence intensity (l)
and fluorescence polarization (P) at the respective emission and absorption wavelengths
were recorded for each sample to allow correction for fluorescence enhancement or
quenching during binding.

The change in polarization for each sample was calculated by subtracting the
average (n=3) polarization of the free ligand (Pr). This change was plotted against the
concentration of Apo-BfrB, and the maximum polarization of the fully bound complex was
estimated (Bmax) based on a one-site specific binding model (GraphPad Prism 6.0). This
polarization of the complex (P») was used in the following equation to calculate the
apparent fraction bound (Fa):

PP
P, — P;

F, =
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Background-subtracted fluorescence (/) signals were calculated as follows:
[ = I3g0 — IBfrb

where Igrs is the background fluorescence intensity of the protein alone at each
concentration measured, excited under the same conditions as the protein with the small
molecule. In order to correct for fluorescence enhancement or quenching, a fluorescence
enhancement factor (Q) was calculated using the following equation, where / and Ip are
the fluorescence intensity (Aex= 380 nm, Aem= 565 nm) of the sample and free ligand,
respectively:

_ 1_10
= IO

Q

To incorporate fluorescence enhancement/quenching into the measurements, the
corrected fraction bound (fa) was calculated using the following equation:

Fa

fa:1+Q(1—Fa)

To calculate the dissociation constant (Kg), the corrected fraction bound was
plotted against the concentration of Apo-BfrB (dimer concentration), and a one site-

specific binding equation of GraphPad Prism 6.0 was used for curve fitting.
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APPENDIX A

Mass spectra of membrane scaffold proteins
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Figure 5.1. Mass spectrum of the traditional membrane scaffold protein MSP1D1.
MSP1D1 was found to have a mass of 22044 Da. Expected mass: 22044 Da.
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Figure 5.2. Mass spectrum of disulfide linked MSPSS_M6. MSPSS_M6 was found to
have a mass of 23889 Da. Expected mass: 23891 Da. A dimer of mass 47779 can also

be observed.
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Figure 5.3. Mass spectrum of the covalently cross-linked mxy MSPSS_M6.
mxy_MSPSS_M6 was found to have a mass of 23994 Da. Expected mass after the
addition of meta-xylene to MSPSS_M6: 23993 Da. Higher oligomers are absent in this

case.

143



SP-gc-C 5+20 H20 3ul on on C4 .32 microtech MeOH/ CH3CN/iPa 1:1:1
G2019061331 88 (6.429) Tr (951:1872,0.13,Mid); Cm (79:128-33:75x1.300) 1: TOF MS ES+
3 8.92e5

100~ 60(‘3’\0475
I
i
A
|
[ |
|
‘ |
R \
| \
‘ \’\36084.75
: N
| \WJ \\i(:,1/2\3_38
36289.63
i 36208.75 P
S
0“‘ T L L L L L L L L L L L L L L EL L L L
G2019061331 88 (6.429) M1 [Ev-276680,It34] (Gs,0.750,952:1873,1.00,L33,R33); Cm (79:128-33:75x1.300) 1: TOF MS ES+
36033.00 7.01e7
100+
* |
|3605‘8400 36086.00
I
‘ || 3e107.00
3600400 | /| [l 1 36290.00
O T e e A S e A e e T Mass
35800 35900 36000 36100 36200 36300 36400

Figure 5.4. Mass spectrum of SpyMSP protein. SpyMSP was found to have a mass of
36031 Da. Expected mass: 36031 Da, after loss of a water molecule.

144



SP-gc-B 5+20 H20 3ul on on C4 .32 microtech MeOH/ CH3CN/iPa 1:1:1

G2019061327 83 (6.055) Tr (738:1348,0.13,Mid); Sb (15,10.00 ); Cm (80:108-37:52x1.300) 1: TOF MS ES+
100~ 36004.38 5.91e5
I
I
[
I
il
“ | 3603063
[ A
o [l
N J | 36060.13
| W
ﬂ/’/ \Kﬂw
d \
m"AN M‘M"
1 35750.13 ™ “\w,m,.\.3624§450\,§§,26h‘3;;,‘38 36351.38
0 M/MW»\,\W»W»M‘VWMN“ R Sl ) Mﬂwmww’w’wmx’mw»ﬁwb« S
T T T T T T T T T T T T T

G2019061327 83 (6.055) M1 [Ev-241606,1t34] (Sp,0.700,690:1359,0.70,L33,R33); Sb (10,25.00 ); Cm (79:110-43:47x1.300)
36007.60
100

%

36034.20
\
36062.20
35972.60 36090.20
| 35800 35900 36000 36100 36200 36300 36400 36500

1.15e7

mass

Figure 5.5. Mass spectrum of SpyMSP D340A. SpyMSP D340A was found to have a

mass of 36004 Da. Expected mass: 36005 Da.
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APPENDIX B

Nmr spectra
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Figure 5.6. '"H NMR (400 MHz, DMSO-ds) spectrum of resorufin triflate (9).
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Figure 5.7. 3C NMR (101 MHz, DMSO-ds) spectrum of resorufin triflate (9).
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Figure 5.8. 'F NMR (376 MHz, DMSO-ds) spectrum of resorufin triflate (9).
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Figure 5.9. '"H NMR (400 MHz, CDs0OD) spectrum of 10.
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Figure 5.10. *C NMR (126 MHz, CD30D) spectrum of 10.
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Figure 5.11. '"H NMR (400 MHz, CD3sOD) spectrum of HRA.
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Figure 5.12. *C NMR (126 MHz, CD30D) spectrum of HRA.
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APPENDIX C

Gene sequence and translation of Spy_MSP

CCATGGGTTACTACCATCACCATCACCATCACGATTACGACATCCCAACGACCGAAAACCTG 60

1

M G Y Y H H H H H H D Y DI P T T E N L

20

61 TATTTTCAGGGCTCTGGTGATAGTGCTACCCATATTAAATTCTCAAAACGTGATGAGGAC 120

21

121
41

181
61

241
81

301
101

361
121

421
141

481
161

541
181

601
201

661
221

721
241

781
261

841
281

901
301

Y F 0 G S G b s A T HTIKF S K R D E D

GGCAAAGAGTTAGCTGGTGCAACTATGGAGTTGCGTGATTCATCTGGTAAAACTATTAGT
G K £ L. A GATMETLIRUD S S G K T I S

ACATGGATTTCAGATGGACAAGTGAAAGATTTCTACCTGTATCCAGGAAAATATACATTT
T w I S b G 0 VvV K b F Y L Y P G K Y T F

GTCGAAACCGCAGCACCAGACGGTTATGAGGTAGCAACTGCTATTACCTTTACAGTTAAT
vV E T A A P D G Y E V A T A I T F T V N

GAGCAAGGTCAGGTTACTGTAAATGGCAAAGCAACTAAAGGTGACGCTCATATCGGCTCT
E QO G o v T V NG K AT K G DA AUH I G S

GGTGGTTCTGGTCAATTGAATCTGAAGTTGCTTGATAACTGGGATAGCGTTACGTCTACC
G G s G gL NL K L L O N WD S V T S T

TTCAGTAAACTTCGCGAACAACTGGGCCCCGTGACGCAGGAATTCTGGGACAACCTGGAA
F S K L. R E 0L G P V T Q E F WD N L E

AAAGAAACCGAGGGACTGCGTCAGGAAATGTCCAAAGATTTAGAAGAGGTGAAGGCCAAG
K E T E G L R 0 EM S K DL E E V K A K

GTTCAGCCATATCTCGATGACTTTCAGAAAAAATGGCAGGAAGAGATGGAATTATATCGT
vV.o P ¥ L D DVF O K K W O E EME L Y R

CAAAAGGTGGAACCGCTGCGTGCGGAACTGCAAGAGGGGGCACGCCAAAAACTCCATGAG
Q K v E P L R A EL Q E G A R Q K L H E

CTCCAAGAGAAGCTCAGCCCATTAGGCGAAGAAATGCGCGATCGCGCCCGTGCACATGTT
L.  E XK L s P L G EEMU RUDI R AIRAIHV

GATGCACTCCGGACTCATTTGGCGCCGTATTCGGATGAACTTCGCCAGCGTTTGGCCGCA
b AL R THULAU®P Y S D EUL R QO R L A A

CGTCTCGAGGCGCTGAAAGAAAACGGGGGTGCCCGCTTGGCTGAGTACCACGCGAAAGCG
R L E A L K ENGS G AIRTULA AE Y HA K A

ACAGAACACCTGAGCACCTTGAGCGAAAAAGCGAAACCGGCGCTGGAAGATCTACGCCAG
T E H L S T L S E K A K P A L E D L R Q

GGCTTATTGCCTGTTCTTGAGAGCTTTAAAGTCAGTTTTCTGTCAGCTCTGGAAGAATAT
G L L p V L E S F KV S F L S A L E E Y
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961 ACTAAAAAGCTGAATACCCAGGGCTCTGGTGGTTCTGGTGCGCATATTGTGATGGTGGAT 1020
32), T K K L N T 0 G S G G s G A H I VvV M V D 340

1021 GCGTATAAACCGACCAAATAAGCTT 1045
341 A Y K P T K * 346

Figure 5.13. SpyMSP (1-346) gene sequence and translation. This gene was expressed
from pET28a after cloning into the Ncol and Hindlll sites (underlined). For the D340A
mutant, the GAT codon for Asp340 was changed to GCG.
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APPENDIX D

List of cell lines used

CellLine Media Growth Cultivation Organism Source Notes
temperature
HelLa DMEM  Adherent 37 °C Human ATCC ATCC
+10% (cervical #CCL-2
FBS i
+Pen/ tissue)
Strep
DHb5alph  Luria- n/a 37 °C Bacteria  Peterson Cloning
a E.coli  Bertani Lab
Broth
BL21 Terrific n/a 37 °C Bacteria  Peterson Protein
(DE3) Broth (15-30 °C Lab Expression
E.coli
after IPTG
induction)
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APPENDIX E

List of plasmids used

Name Gene Product Gene Vector Type Source
Species
pMSP1D1 Membrane Synthetic  pET28a Bacterial Addgene
Scaffold Protein gene Expression #20061
Vector
pMSPSS M6 Cys-MSP-Cys Synthetic  pET28a Bacterial Subcloning
gene Expression
Vector
pSpyMSP SpyCatcher- Synthetic  pET28a Bacterial GenScript
MSP-SpyTag gene Expression
Vector
pSpyMSP SpyCatcher- Synthetic  pET28a Bacterial Subcloning
D340A MSP-D340A- gene Expression
SpyTag Vector
pStr- Streptavidin-  Synthetic pIRESneo3 Bacterial Addgene
KDEL_SBP- KDEL and SBP- gene Expression #65294
EGFP-GPI EGFP-GPI Vector
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