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Abstract
Investigating Protein and Peptide Mediated Membrane Bending Mechanisms

By Hew Ming Helen Siaw

The ability to control and shape lipid bilayer is key to the survival of organisms, and they have
evolved mechanisms to use membrane proteins as a driving force to bend membranes. In cells,
membrane proteins such as the SNARE complex generates membrane curvature in synaptic vesicles
such that neurotransmitter signals can be relayed. In influenza A, the pH-driven structural
rearrangement of hemagglutinin is vital to fusing the viral and the host membranes and releasing
ribonucleoprotein complexes into the host cell cytoplasm. The ability to remodel lipid bilayer is also
essential to immune defense across living organisms. Particulatly, host-defense peptides kill pathogens
or viruses by folding into secondary structures on lipid membranes and ultimately disrupting
pathogenic membranes or viral envelopes. This dissertation aims to study how protein and peptide
conformational changes remodel lipid membranes. We explore this question from three angles: 1) the
protein crowding mechanism, 2) influenza A membrane fusion, and 3) disruption of the membrane
by a host-defense peptide. Together, these studies provide a better understanding of membrane

bending mechanisms and the interactions between lipid and stimuli-responsive peptides.
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Chapter 1:
Introduction to Protein and Peptide Mediated Membrane Bending

H.M.H. Siaw

1.1 The importance of generating curvature in lipid membranes

The ability to control and modulate the shape of membranes is vital to eukaryotic life. For
example, cytoskeletal proteins push on the cell membranes to generate protrusions and mobilize
cells'; synaptic vesicles fuse with the plasma membrane to release the neurotransmitters at neuronal
synapses with the help of fusion proteins such as SNARE complex.” Processes to change the
membrane shape, such as bending, fusing, or protruding, require energy input to overcome energetic
barriers in deforming lipid bilayers: resistance to membrane bending and resistance to membrane
stretching.” This energy is provided by modifying lipid compositions or from membrane proteins
that make up about 50% of the membrane surface’. Membrane proteins provide energy to generate
curvature via various mechanisms from protein binding and oligomerization to mechanochemical
input from ATP and GTPases.' Once the energetic batrier is overcome, membranes can curve

positively or negatively, forming curved structures for biological processes.” (Fig. 1)

Positive Curvature Zero Curvature Negative Curvature

Exterior Compartment

Interior Compartment

Figure 1.1 (A) Positive and negative membrane curvature.



The application of modulating membrane shape and geometry goes beyond cellular
processes. Antimicrobial peptides (AMP) and host-defense peptides (HDP), an innate defense
mechanism present in every multicellular organism, possess the ability to interact with lipid
membranes and exert antimicrobial activities. These peptides induce membrane curvature,
destabilize the membranes of pathogens and viruses, and halt their growth. *'” Extensive research
has been dedicated to discovering HDP from natural sources such as amphibians and designing

AMP for their therapeutic potential. "'

1.2 Mechanisms to generate curvature by membrane proteins

Cells have evolved multiple solutions to the problem of overcoming membrane bending
energetic barriers. One of them is utilizing and taking advantage of the membrane-associated
proteins. The mechanisms contributing to membrane bending include protein scaffolding, insertion

of the hydrophobic region or amphipathic helices, protein oligomerization, and protein crowding.

A B

Figure 1.2 Mechanisms of protein-mediated membrane bending. (A) Protein shape. (B) Insertion of

hydrophobic motif or amphipathic helices. (C) Oligomerization. (D) Protein crowding,.



Protein shape
Large and intrinsically curved proteins bind to membranes and cause membrane bending.

For instance, the BAR domain is crescent-shaped dimers and generates membrane curvature once

bound to the membrane.”"” (Fig. 2A)

Insertion of hydrophobic protein motifs or amphipathic helices

When hydrophobic protein motif or amphipathic helices inserts between lipid headgroups
on one leaflet of the lipid bilayer, it acts as a wedge and induces membrane curvature. Amphipathic
helices are present on many proteins involved in membrane remodeling, such as epsin, amphiphysin,
and annexin B12. Hydrophobic protein motifs include hydrophobic loops of the C2 domain of

synpatotagmin-1 and Doc2b." " (Fig. 2B)

Protein oligomerization

Oligomerization of several monomers into larger structures with distinct shapes can scaffold
and bend membranes. Proteins from the dynamin GTPase superfamily induce membrane curvature
by self-polymerizing into spirals. Coat proteins such as clathrin, COPI, COPII self-assemble into
cage-like structures and induce membrane curvature essential for the process of vesicle budding."”

(Fig. 2C)

Protein crowding

Other membrane bending mechanisms require direct interaction and interfacing between
specific proteins and the lipid membrane. In contrast, the protein crowding mechanism, which was
put forth in recent years, requires no specific protein scaffolds or direct protein-lipid interaction to

bend membranes. It simply states that a high surface concentration of membrane-bound protein



produces a steric pressure to bend the membrane. In particular, collisions among crowded proteins
generate substantial pressure on one side of the membrane, which. If this pressure is unbalanced on
the opposite membrane surface, membrane curvature can increase.” ®'* (Fig.2D) Numerous
experimental evidence has shown supportive evidence to this mechanism. For instance, when a high
concentration of his-tagged GFP or intrinsically disordered proteins, which are known to be non-
curvature generating, were bound to the Ni-NTA head group of phase-separated model liposomes,
membrane tubules were observed. "'""* Under the conditions of a crowded protein environment,

membrane fission has also been observed. !’

1.3 Example of protein-mediated membrane bending: Influenza A viral invasion

The process of generating membrane curvature and bending membranes play essential roles
in viral infection. For viruses to enter cells and release viral RNA to the cytoplasm and subsequent
viral propagation, they have to cross the lipid membranes by generating curvatures and fusing the
viral and the host cell membrane.”* Influenza A is one of the most common infectious diseases
that causes seasonal epidemics.”” Therefore, understanding the molecular details of its infection

process and its viral coat proteins is essential for designing new therapeutics and vaccines.

Influenza A Viral Entry Process

The influenza virus initiates its infection process with its viral coat proteins, Hemagglutinin
(HA). The HA protein contains 2 subunits: HA1 and HA2. The HA1 subunit binds to sialic acid
receptors on the host cell and triggers endocytosis.” The virus then trafficks to the late endosome.
The acidic pH triggers a conformational change in HA, exposing the fusion peptide in the HA
protein for insertion into the endosomal membrane. *** The HA protein then collapses into a trimer

of hairpins and promotes the formation of a fusion pore between the endosomal membrane and the



viral membrane, which releases the viral ribonucleoproteins (RNP) into the cytosol.” Additional

adaptor proteins further process the viral RNP and ultimately transports it into the cellular nucleus.

% (Fig. 3)

Figure 1.3 (A) Steps involved in influenza invasion and associated membrane bending events. (B)
Pre-fusion (left) and post-fusion (right) structures of HA2. The B-loop (blue) and the fusion peptide

(red) are highlighted for clarity. (PDB: 1THMQ and 1QU1)

Hemagglutinin conformational change and membrane fusion

The HA protein is a homotrimer synthesized as an inactive precursor HAO. The HA protein
covers 13.5% to 19.2% of the virus’s surface area, depending on the strains and subtypes.”
Enzymatic cleavage of the HAO results in two distinct subunits, HA1 and HA2, where the HA1
forms the globular head and the HA2 as the stalk and the core of the protein. The receptor-binding
domain of HA1 is bound to the sialic acid receptors on the host cell. The HAZ2 is a triple-stranded
alpha-helical coiled-coil with an N-terminal hydrophobic fusion peptide (FP), and a C-terminal

transmembrane domain anchors the protein to the viral membrane. At neutral pH, the FP is buried



within the hydrophobic core of the HA2 protein. *' The protein also contains a region known as the

B-loop densely populated with glutamic acid residues, and it exists as a disordered state at neutral

pH.

When the virus reaches the maturing endosome, the drop of pH to a value between 5 and 6
activates a series of conformational rearrangements in the protein.” * First, the fusion peptide is
released from the hydrophobic core of HA2 due to protonation of residue Asp 112. Second,
protonation of residues at the HA1-HAT1 interface and electrostatic repulsion between the HA1
subunits drive the HA1 dissociate. Third, the HA2 domain undergoes conformational
rearrangement and achieve an intermediate structure that allows for the insertion of fusion peptide
into membranes. Fourth, the C-terminal domain of the HA2 protein folds back to form an
antiparallel coiled-coil, six-helix bundle scaffold, and zipping of linker leashes, bring the fusion
peptide and the transmembrane domain together, promoting fusion between the viral and the host
membrane. Last, the fusion between the viral and the host membrane leads to fusion pore

formation. *"*’ (Fig. 4)

However, the steps the HA2 protein takes to transition from the pre-fusion structure to the
post-fusion structure, specifically its intermediate states, remains unknown. Two hypotheses have
been proposed to explore the intermediate steps that prompt the FP insertion into the target

membrane.

The first hypothesis is known as the “spring-loaded” mechanism and has shaped our
understanding of how type 1 fusion protein functions as a whole. This hypothesis suggests that the
HA trimer maintains a high-energy, metastable configuration at neutral pH. There is a downhill
drive towards the formation of an extended coiled-coil intermediate.””". Upon acidification, the

unstructured B loop folds into a coiled-coil, which relocates the FP ~100 A towards the host



membrane for insertion. This mechanism also suggests that the interactions between HA1 and HA2
at neutral pH are key to maintaining the protein’s metastability. However, the associated

intermediate states and structures have not been experimentally characterized due to experimental

limitations. *>*"** (Fig. 4)
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Figure 1.4 A schematic illustrating the two hypotheses: path A is the spring-loaded mechanism and

path B is the mechanism suggesting the formation of a broken-symmetry intermediate.

In the second hypothesis, instead of forming a coiled-coil intermediate, partial formation of
the coiled-coil results in a frayed structure with flexible C-termini containing the fusion peptides.
This pathway suggests forming a broken-symmetry intermediate, which might allow the fusion
peptides to insert into both the viral and host membranes.””* Subsequent coiled-coil formation and
zippering provide a greater free-energy release to drive dehydration and bending of the two

membranes to bring them into apposition.”" (Fig. 4) This mechanism is supported by molecular



dynamic simulations™>*

and experimental studies due to methodological advancement. An HDX-
MS study by Benhaim et al. observed a structurally flexible fusion domain forming before the
formation of the post-fusion state. ** In a single molecule FRET study where the HA2 was labeled
with a FRET fluorescence pair, Das et al. reported the HA samples multiple intermediate

conformations and maintains a highly flexible intermediate state between acid-induced HA

activation and membrane fusion.”

Because of the different schools of thought and conflicting evidence, it is essential to discern
the mechanism that causes the HA2 conformational change and describe any relevant structural

intermediates that ultimately lead to membrane fusion.

1.5 Example of peptide-mediated membrane bending: host-defense peptides

Host-defense peptides (HDP, also known as antimicrobial peptides) are short, cationic
peptides produced by various organisms such as animals, insects, and plants.” These peptides have
diverse amino acid sequences, show inhibitory activity against micro-organisms, pathogens, and
viruses.” by disrupting their membranes and causing cell lysis. Several mechanisms have been
proposed to explore the peptide membrane interactions and explain the HDPs membrane
disruption activity. It has been proposed that the cationic HDPs interact with the lipid membrane by
binding to anionic lipid headgroups on the bacterial or viral membrane. This electrostatic interaction
event then triggers the folding of the disordered or linear HDP into a variety of secondary
structures, including alpha-helices, beta-sheets, turns, extended structures. Subsequent interaction of
the HDP’s hydrophobic region and the lipid membrane’s hydrophobic core led to the insertion into
the target membrane and pore formation.”” Other models have also been proposed to explain

HDP’s Iytic activity, peptide concentration threshold, non-lytic membrane depolarization, charged



lipid clustering, electroporation, barrel stave, carpet model, toroidal pore, membrane thinning or

thickening. ***’

Recently, an HDP with anti-viral activity against influenza A has been isolated from frogs.
The HDP, called urumin, has been shown to target H1 influenza A and bind to the HA2 stalk
region but not the HA1 domain. Electron microscopy further showed that the peptide disrupts the
PR8 influenza virion, implying a possible peptide-mediated membrane disruption due to peptide-
membrane interactions.*’ Because of the anti-viral and anti-bacterial activity of HDPs, this class of

peptides has been investigated for their therapeutic applications against diseases in clinical trials.*

1.6 Aims and scope of dissertation

This dissertation investigates the role of protein and peptide conformational changes in
driving membrane bending from a general mechanistic perspective and in the context of influenza
A. We used various biophysical techniques to study protein-mediated membrane remodeling in
synthetic membranes, characterize the structure and properties of influenza hemagglutinin HA2 and
its B-loop, and investigated the interactions between the anti-viral urumin peptide and synthetic

membrane with lipid composition resembling the PR8 viral envelope.

In summary, Chapter 2 investigated the coupled effect of transient protein conformational
changes and protein crowding in driving membrane curvature. We studied the process by triggering
the unfolding of human serum album on synthetic liposomes under different protein density
conditions. Chapter 3 characterized the recombinantly expressed HA2 subunit with spectroscopic
and biochemical methods. We demonstrated that the E. Co/. expressed HA2 (HA2* and HA2**)
was not metastable at pH 7 and were able to undergo structural transitions upon acidification. With

stopped-flow fluorescence spectroscopy, we showed sub-millisecond folding dynamics associated



with the HA2 when acidified. Chapter 4 aimed to characterize the HA2 B-loop and used it as a
model system to resolve the HA2 mediated membrane fusion kinetics. We synthesized the B-loop as
a peptide (L40C) and characterized its biophysical properties. Using steady-state FRET and stopped-
flow FRET, we demonstrated the peptide’s ability to crosslink liposomes as it underwent the pH-
driven loop-to-helix transition and coiled-coil formation. Chapter 5 studied the interactions between
the HDP, urumin, with a lipid membrane. Using model membranes, we showed that the cationic
peptide folded into secondary structures upon interactions with anionic lipid head groups. The
peptide also did not exhibit leakage activity, suggesting that the urumin potentially disrupt lipid

membranes via a non-pore forming mechanism seen in other HDPs.”

10
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Chapter 2:

Peripheral Protein Unfolding Drives Membrane Bending

Reproduced with permission form
Siaw, H.M.H., Raghunath, G., and Dyer R.B. Peripheral Protein Unfolding Drives Membrane
Bending. Langmuir 2018, 34 (28), 8400-8407

Copyright 2020 American Chemical Society

2.1 Abstract

Dynamic modulation of lipid membrane curvature can be achieved by a number of peripheral protein
binding mechanisms such as hydrophobic insertion of amphipathic helices and membrane scatfolding.
Recently, an alternative mechanism was proposed in which crowding of peripherally bound proteins
induces membrane curvature through steric pressure generated by lateral collisions. This effect was
enhanced using intrinsically disordered proteins that possess high hydrodynamic radii, prompting us
to explore whether membrane bending can be triggered by the folding-unfolding transition of surface-
bound proteins. We utilized histidine-tagged human serum albumin bound to Ni-NTA-DGS
containing liposomes as our model system to test this hypothesis. We found that reduction of the
disulfide bonds in the protein resulted in unfolding of HSA, which subsequently led to membrane
tubule formation. The frequency of tubule formation was found to be significantly higher when the
proteins were unfolded while being localized to a phase-separated domain as opposed to randomly
distributed in fluid phase liposomes, indicating that the steric pressure generated from protein
unfolding can drive membrane deformation. Our results are critical for the design of peripheral
membrane protein-immobilization strategies and open new avenues for exploring mechanisms of

membrane bending driven by conformational changes of peripheral membrane proteins.
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2.2 Introduction

Generation of membrane curvature is essential to cell function. Important cellular processes
such as cell signaling, vesicle trafficking, membrane fusion, endocytosis and many others,”? depend
on protein structural dynamics at the membrane interface and coupled membrane responses. The
interplay between membrane geometry and protein structural dynamics is complex. Dynamin, for
example, assembles into helical polymers at necks of budding vesicles and directly participates in
membrane-remodeling events through a GTP hydrolysis-dependent conformational change.’
Alternatively, the membrane interface may induce the folding of intrinsically disordered proteins.” For
example, o-synuclein folds into o-helical structure from initially disordered random coil upon
membrane binding.” This transition has a strong influence on membrane structure, resulting in
membrane thinning” and induction of membrane curvature.” For these reasons, the effect of
membrane bound proteins on shaping membranes has been of immense interest and the subject of
intense study. Several classic protein-mediated membrane bending mechanisms have been proposed
in the literature.”*” The hydrophobic insertion mechanism postulates that insertion of amphipathic
helices bends the membrane by generating defects between phosphate head groups, whereas
scaffolding proteins are thought to generate membrane curvature by molding it into the shape of the
protein.”

A new membrane bending mechanism has been proposed recently in which crowding of
peripherally bound proteins locally confined on the membrane surface induces curvature independent
of protein scaffolding or membrane insertion.””’” Stachowiak ez a/. reported that confining His-tagged
GFP on membrane domains generates enough steric pressure from lateral protein collisions to drive
membrane bending.”” Chen ef a/. used pipette aspiration to quantitatively study the ability of protein
crowding to generate membrane curvature under controlled membrane tension. '’ Similar behavior

was observed when intrinsically disordered proteins were confined to the liquid disordered domain of
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phase separated liposomes.” A recent report suggests lateral pressure from protein crowding can
stretch and bend the membrane, and leads to membrane fission.”” Additionally, theoretical analysis
has shown that crowded membrane- bound proteins generate substantial pressure at membrane
surfaces.” These observations suggest crowding of proteins locally confined on membrane surface,
such as a region of membrane phase separation, may function as a general mechanism of membrane
bending regardless of the specific protein structures involved. While the efficacy of protein crowding
in bending membranes still remains a subject of debate,’” the coupled effects of protein crowding and
protein conformational changes on membrane geometry have not been investigated despite the
dynamic nature of protein structures. Consequently, the goal of the present study was to investigate
whether a transient change in protein conformation can induce membrane curvature.

Our approach was simple in concept: tightly bind a protein to the membrane surface with
protein binding lipid (Ni-NTA-DGS), then unfold it and probe the effect on membrane curvature.
But this was difficult in practice, since most protein unfolding methods directly perturb the membrane,
including temperature,” denaturants such as guanidine hydrochloride™ and acid-induced unfolding.”
We chose His-tagged human serum albumin® as a model for this study because the helical structure
of HSA is stabilized by 17 disulfide bridges.”” Reduction of these disulfide bonds by 1,4-dithiothreitol
(DTT)” triggers unfolding of the protein and increases the Stokes radius by 1.2 fold,” * but DTT by

itself does not perturb the membrane structure. We have used DTT triggered unfolding of HSA to

induce membrane bending, tubulation and budding in model membrane systems.

2.3 Experimental Procedures
Large unilamellar liposomes and giant unilamellar vesicles preparation
Non-phase-separated liposomes (NPSL) contain POPC plus 10-30 mol% Ni-NTA-DGS.

Composition for phase-separated liposomes (PSL) was chosen according to published composition”



and contains 12.5 mol% fluid phase lipid (DPhPC plus 10-30 mol% Ni-NTA-DGS), 40 mol% DPPC,
47.5 mol% cholesterol. The overall concentration of Ni-NTA-DGS is smaller in PSL than in NPSL.
For instance, the overall Ni-NTA-DGS concentration in 20 mol% Ni-NTA lipid doped 1 mM PSL,
where the Ni-NTA modified lipid partitions preferentially into the liquid-disordered domain, is 0.025
mM. 1 mM 20 mol% Ni-NTA lipid dopes PSL contains 0.2 mM overall Ni-NTA-DGS. Large
unilamellar vesicles (LUV, referred to as liposomes) were prepared by extrusion. Lipid mixtures in
chloroform solutions were dried on the inner wall of a small flask using compressed air and then
lyophilized overnight under vacuum at -42 °C. Lipid cakes were rehydrated to a final concentration of
2 mM with MOPS buffer (20 mM MOPS, 100 mM NaCl, pH 7.2) for 1 hour at room temperature for
NPSL or at 60 °C for PSL and vortexed occasionally. The resulting solutions were extruded through
a 100 nm pore size single polycarbonate membrane (Whatman/GE Healthcare) 20 times to produce
a clear solution of liposomes.

Giant unilamellar vesicles (referred to as GUV) were prepared according to a published
protocol. * A thin film of lipid was first deposited onto an ITO coated slide and dried under vacuum
for 2 hours. The lipid film was then rehydrated with 350 mM sucrose solution (~350 mOsm) to 1 mM
final lipid concentration. Electroformation was performed at room temperature for non-phase-
separated GUV (NPS GUYV) and at 60 °C for phase-separated GUV (PS GUV). PS GUV were slow
cooled overnight and NPS GUV were cooled to room temperature before experiments. Small
quantities of fluorescent lipid probes (0.05 mol% Texas Red DHPE) were used to label liquid-

disordered phase in PS GUV (DPhPC) and NPS GUV (POPC).

Tryptophan Finorescence Measurement of HSA with and without DTT
20 pM human serum albumin solution was prepared with Tris HCI buffer. To unfold the

protein, it was incubated with 200 mM DTT for 2 hours at room temperature. Concentration was
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verified with absorbance at 280 nm using a Nanodrop 2000 spectrophotometer (ThermoFisher
Scientific, Waltham, MA). Fluorescence measurements were taken on a FluoroMax
spectrophotometer (Horiba Scientific, Edison, New Jersey) with a 1 cm fluorescence cuvette. Data
was collected using 2 nm excitation and emission slit widths, exciting tryptophan at 295 nm with an

integration time of 1 s over a total range of 285-550 nm.

Circular Dichroism

Secondary structure of 20 pM human serum albumin after incubating with 200 mM DTT for
2 hours was confirmed with CD spectroscopy. CD spectra were measured on a JASCO J-810
spectrophotometer (Jasco, Inc., Easton, MD). Samples were transferred to a quartz cuvette with a 1
mm path length. The scanning range of the instrument was set between 190-260 nm at a rate of 100
nm/min with a 2 s response time and 2 nm spectral bandwidth. Helical contents in folded and

unfolded HSA were calculated using mean residue ellipticity at 222 nm,

MRE = 2 e, (Equation 1)

ncl
where 0 is observed ellipticity (mdeg), ¢ is protein concentration, | is cuvette pathlength, M is

molecular weight of protein, n is the number of peptide bonds. Percent helicity is calculated as follow””:

-MRE222nm-3000
33000-3000

%Helicity = ( Y X L00. . (Equation 2)

whete MREz2qm is mean residue ellipticity at 222 nm, 4000 is mean residue ellipticity of B- character

and random coil at 222 nm, and 33000 is mean residue ellipticity of pure helical character at 209 nm.

20



Equilibrinm Attenuated Total Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) of HSA in solution

ATR-FTIR measurements were performed with a Varian 660 FTIR spectrophotometer
(Agilent, Santa Clara, CA) coupled to a liquid nitrogen cooled mercury cadmium telluride (MCT)
detector. The internal reflection element was an 80 x 10 x 4 mm trapezoidal germanium ATR plate
with an aperture angle of 45°. Ge plate was rinsed with detergent and ethanol before ATR cell
assembly. Water spectrum was taken and used as background for subsequent measurements. Then,
solutions of 100 uM HSA in water and 100 uM HSA with 1 mM DTT in water after 2 hours incubation
were added to ATR cell respectively. Each spectrum was obtained with an average of 400 scans at 2

cm’! resolution.

ATR-FTIR of HSA on Supported 1.ipid Bilayer

The germanium ATR reflective element was first rinsed with detergent and ethanol, then
subjected to plasma cleaning for 15 minutes. The crystal was then treated with 1M H2SO4 for 15
minutes. A background of germanium ATR element and water was collected and before introducing
the lipids. To form supported lipid bilayer, 2 mM PSL doped with 30 mol% Ni-NTA-DGS in fluid
phase lipid was prepared at 60 °C, then added to the crystal while PSL was still at 60 °C, and allowed
to incubate for 30 minutes. Water was flushed through the cell to rinse away any excess vesicles and
the supported lipid bilayer spectrum was obtained.””” The supported lipid bilayer spectrum was saved
and used as background spectrum for subsequent measurements. 1 pM His-tagged human serum
albumin was added to the bilayer, allowed to bind to Ni-NTA for 15 minutes, and then the sample
spectrum was taken. Afterwards, 1 M EDTA was added to the crystal in order to unbind His-tagged
human serum albumin from the bilayer. Then, the bilayer was flushed with water in order to remove
proteins, and 1 M NiCl, was added to the bilayer (final concentration 100mM) in order to recharge

Ni-NTA-DGS. After flushing away NiCl, with copious amount of water, a spectrum was taken to
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ensure removal of previously bound proteins from the bilayer. Then, 1 uM His-tagged human serum

albumin and 10 mM DTT, pre-incubated together for 2 hours at room temperature, was added to the

ATR cell. Each spectrum was obtained with an average of 400 scans at 2 cm™ resolution.

Quantification of bound HSA concentration on liposomes

Fluorescence measurements were taken on a FluoroMax spectrophotometer (Horiba Scientific,
Edison, New Jersey) with a 1 cm fluorescence cuvette. Data were collected using 2 nm excitation and
emission slit widths, exciting the fluorophore at 488 nm with an integration time of 1 s over a total
range of 285-550 nm. A calibration curve was first generated by measuring fluorescence intensities of
0.05, 0.1, 0.3, 0.5, 0.7, 0.9, and 1 uM of Alexa488 labelled His-tagged HSA at 525 nm (Fig. S9). Then,
1 mM of PSL and NPSL with 20 mol% Ni-NTA- DGS in liquid-disordered phase were incubated
with 1 uM Alexa488 labelled His-tagged HSA respectively. The mixture was allowed to incubate for
30 minutes, then filtered with an Amicon centrifugal filter unit with molecular cut-off weight of 100
kDa at 14,000 g for 10 min to remove any unbound protein. Following centrifugation, the amount of
Alexa488 labelled His-tagged HSA in the flow through and in collected liposomes were quantified by

measuring fluorescence intensities at 525 nm.

Giant Unilamellar 1V esicles Tubulation Assay

PS GUV and NPS GUV (~1 mM) were incubated with 1 uM Alexa488 labelled His-tagged
HSA with or without 4 mM DTT for 2 hours. The GUV solutions were then diluted twice in 20 mM
MOPS, 100 mM NaCl buffer (osmolarity adjusted with glucose to ~320 mOsm) prior to imaging at
room temperature. Vesicles were observed using a confocal laser scanning microscope, a 60x oil-

immersion objection, and PMT detector on a Nikon Confocal C2+ microscope (Melville, NY).
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Vesicles were excited with a laser at 488 nm and/or at 561 nm. Confocal images and movies were

analyzed with IMAGE J software (National Institutes of Health, Bethesda, MD).

Modelling of Steric Pressure Generated by Protein Unfolding on Giant Unilamellar 1iposonmes

We used a previously established thermodynamic model of membrane steric pressure’” to
compare our experimental results with the predicted effect of steric pressure on membrane bending.
To compute the steric pressure generated by the bound protein layer before and after unfolding, we
used the Carnahan-Starling equation of state for hard disks.””” The intrinsic assumption of this model
is that the proteins are considered as spherical, non-attracting disks with uniform dimensions. Stokes
radii values used for the calculation (native HSA t ~ 3.52 nm and reduced unfolded HSA r ~ 4.22 nm)
were based on results obtained from size exclusion chromatography.” Considering the membrane-
protein interface as a two-dimensional interface, the Carnahan-Starling equation can be described as

follows.

4 1-0.44 .
p= é [1 + 27 (1_71)277] K e (Equation 3)

The pressure is denoted by , described in terms of free energy per unit area. The protein height
is denoted by o, and fraction of membrane area covered by the protein is denoted by . k, and T
denote the Boltzmann constant and temperature respectively.

In our experiments, we modified the Ni-NTA loading density to modulate dissociation
constants of the protein binding to the membrane surface. While the exact HSA binding constants
were not determined directly, a reasonable assumption is that the values will fall within 1 nM to 5
uM from previously published results.”””* The binding constants will affect the fraction of protein
bound to the surface, in turn, affecting the fraction coverage. The fraction of proteins bound to the

surface was estimated as follows.
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_ [HSA]
"~ [HSA]+Kg4

......................................................................................... (Equation 4)
Here, 0 denotes the fraction of proteins bound to the sutface. [HSA] denotes the

concentration of the protein solution and Ky denotes the dissociation constant of 6x His-HSA

binding to the Ni-NTA-DGS liposome surface. The number of liposomes in solution and overall

available membrane surface area were determined by assuming the head group area of ~0.71 nm” for

phosphatidylcholine lipids. ”’

2.4 Results and Discussion
Reductive Unfolding of HS A

We optimized conditions for reductive unfolding of HSA using multiple spectroscopic probes,
including tryptophan fluorescence, circular dichroism (CD)spectroscopy, ATR-FTIR (Fig. 1) and
dynamic light scattering (DLS) (Fig. S1A-B). Addition of DTT to a solution of HSA caused the
tryptophan fluorescence to blue shift (Fig. 1A), consistent with previous work that demonstrated this
unusual signature of HSA unfolding.”” * Time-dependent tryptophan fluorescence measurements
were performed to determine the incubation time necessary for protein unfolding (Fig. S1D). The
CD spectrum also indicates some loss of the helix bands at 208 and 222 nm in the presence of DTT
(Fig. 1B), clear evidence of HSA unfolding while retaining ~60% helical character. The infrared amide
I band, arising from C=O0 stretching vibrations of polypeptide backbone carbonyls, is an indicator of
secondary and tertiary structural changes due to its sensitivity to hydrogen bonding and to vibrational

coupling. The second derivative of the amide I band is particulatly sensitive to protein aggregation,
showing sharp minima at 1620 and 1680 cm™ due to formation of P-aggregates.” The second

derivative spectrum of HSA (Fig. 1C) highlights subcomponents of the broad amide I absorbance,

with minima at 1630 and 1650 cm™ assigned to solvated and buried helices respectively.”” The
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minimum at 1650 cm™ dominates the second derivative spectrum as expected for the predominantly
a-helical HSA, while 2 minimum at 1630 cm™ indicates some solvated helix structure. Importantly,
the well-established signatures of antiparallel B-sheet structures characteristic of protein aggregation

are not observed for the reduced, unfolded protein, indicating that it is not aggregated.
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Figure 2.1 Characterization of HSA wunfolding at room temperature. (A) Tryptophan
fluorescence blue shifts upon reduction by DTT, characteristic of HSA unfolding. (B) Far-UV CD

spectrum of folded HSA shows minima at 208 and 222 nm, characteristic of a-helical proteins; the
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helix peaks decrease on addition of DTT, indicating substantial unfolding of HSA. (C) Second

derivative ATR-FTIR spectrum shows a decrease of the helix bands and no aggregation of unfolded

HSA.

Effect of HS' A Unfolding on Large Unilamellar 1iposomes

Phase-separated liposomes (PSL) with coexisting liquid-disordered (DPhPC) and liquid-
ordered (DPPC) phases were used to investigate the effect of protein unfolding on membrane bending,
and compared to liquid disordered (POPC) non-phase-separated liposomes (NPSL) as a control. Non-
phase-separated liposomes (NPSL) are composed of POPC (+20 mol% Ni-NTA-DGS), whereas
phase-separated liposomes are composed of 12.5 mol% fluid phase lipid (DPhPC + 20 mol% Ni-
NTA-DGS), 40 mol% DPPC, and 47.5 mol% cholesterol. Thus, Ni-NTA-DGS occupies 2.5 mol%
of the total lipid composition in PSL and makes up 20 mol% of the total lipid composition in NPSL.
The composition chosen for phase separated liposomes corresponds to a region in the
DPhPC/DPPC/cholesterol phase diagram where the separation of liquid-ordered and liquid
disordered phases is distinct and persists up to high temperature (up to 45 °C) (Fig. 2A).”>”” DPhPC
and POPC have similar bending rigidities (~10?"]) as reported previously.” ”” HSA was first bound
to the liposome surface via interaction of its His-tag with Ni-NTA functionalized DGS lipid head
groups (Ka~nM)* present at 20 mol% in the liquid-disordered phase of lipid membrane, then
unfolded by DTT.

Ni-NTA-DGS lipid partitions preferentially into the liquid disordered phase of PSL, due to its
unsaturated hydrocarbon tail, thus resulting in an increase in local protein concentration of the bound
His-tagged HSA only in the liquid-disordered phase. In contrast, the control 2 mM NPSL consisted
of a single phase, liquid-disordered lipid (POPC), which led to random distribution of Ni-NTA-DGS,

and hence the His-tagged HSA over the full surface area of the vesicle. Because of the difference in
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distribution of His-tagged HSA, we expect a higher local protein density in PSL over NPSL (Fig. 2B)
by maintaining the same doping level of Ni-NTA-DGS lipid in the liquid-disordered phase.

Dynamic light scattering was used 1) to determine the autocorrelation function decay times of
free liposomes and HSA bound liposomes, 2) to compare the change in decay time of folded HSA
relative to reductively unfolded HSA bound to liposomes, and 3) to compare effects of HSA binding
and HSA unfolding on PSL versus NPSL (Fig. 2C, D). The DLS autocorrelation decay time is related
to the liposome diffusion time and thus serves as a qualitative measure of liposome tubulation.

PSL showed a small increase in decay time upon binding of HSA at a 20 mol% Ni-NTA-DGS
doping level in liquid-disordered phase (Fig. 2C, blue trace). Upon unfolding of HSA on PSL, a
significantly larger increase in decay time was observed (Fig. 2C, red trace). In contrast, NPSL
showed very little change in decay time upon protein binding and protein unfolding (Fig. 2D). We
interpret the substantial increase in decay time for PSL upon protein unfolding to an increase in the
diffusion time as a result of membrane bending and tubulation. We expect the formation of tubules
to cause more solvent drag and consequently to slow down diffusion of the liposomes through
solution. A similar effect is not observed in NPSL, therefore we conclude that tubulation does not
occur in this case. We attribute the lack of tubulation to the lower local density of bound protein that
results from dispersing the His-tagged HSA uniformly over the entire liposome surface. A slight
increase in decay time was observed for NPSL with bound, unfolded HSA (Fig. 2D, red trace), not
surprising since the hydrodynamic radius of free, unbound HSA increases substantially upon

unfolding (Fig. S1A, B).
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Figure 2.2 Effect of protein unfolding on lipid membranes. (A) Ternary phase diagram of DPhPC,
DPPC, cholesterol at 25 °C.”” 7 Blue star indicates selected lipid composition. (B) Depiction of
distribution of liquid-disordered phase, Ni-NTA-DGS, and bound proteins in PSL (left) and NPSL
(right). In PSL, liquid-disordered (L.d, red) and liquid-ordered (Lo, black) phases coexist, with I.d
occupying one side of the liposome. Thus, His-tagged HSA bound to Ni-NTA-DGS is concentrated
on one side of the liposome. In NPSL, His-tagged HSA bound to Ni-NTA-DGS is distributed
throughout the entire surface of the liposome. Normalized DLS autocorrelation functions of (C) 2
mM PSL and (D) 2 mM NPSL with 20 mol% Ni-NTA-DGS in liquid-disordered domain, incubated

with HSA (blue traces) or HSA with DTT (red traces).
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concentrations (1 uM total [HSA]) for 1 mM PSL and NPSL liposomes with (C) equal doping levels
(20 mol%) of Ni-NTA-DGS in liquid disordered domain and (D) equal total Ni-NTA-DGS

concentrations (0.025 mM).

To investigate how coupling protein unfolding to protein crowding affects membrane
curvature, we varied the percentage of Ni-NTA-DGS (10 - 30 mol% in liquid-disordered phase) to
change the number of binding sites available to His-tagged HSA. Similar to the previous experiments,
we first bound HSA to the membrane, then unfolded the protein with DTT. Figure 3A shows the
effects of varying doping level of Ni-NTA-DGS in liquid-disordered phase of PSL in the presence of
native HSA and reductively unfolded HSA (Fig. S3 shows the corresponding G(t) curves. Table
S2 shows decay time values). Decay times shown were obtained by fitting autocorrelation functions
to a single exponential. Insignificant differences in autocorrelation decay times with native and
unfolded HSA were observed for 10 mol% Ni-NTA-DGS doped PSL. These results suggest that the
crowding effect generated by concentrating either native or unfolded HSA on liquid-disordered phase
is small at lower doping level. In contrast, at higher doping level (30 mol% Ni-NTA-DGS), the
crowding effect appears to saturate, such that there is a smaller difference in autocorrelation decay
times between folded and unfolded HSA on PSL compared to a doping level of 20 mol% Ni-NTA-
DGS. Thus, the effect of crowding appears to be resolved best at the intermediate Ni-NTA-DGS
doping level.

Using transmission electron microscopy, we observed that unfolding HSA on lipid membrane
is capable of generating highly curved membrane structures in PSL with 20 mol% Ni-NTA-DGS in
liquid-disordered phase, whereas folded HSA causes limited deformation (Fig. S5B). In PSL and
NPSL with 10 mol% Ni-NTA lipid in liquid-disordered phase, folded and unfolded HSA did not alter

liposome geometry (Fig. S5A), which agreed with dynamic light scattering measurements.
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Assessing whether HS A Bound to the 1ipid Bilayer Aggregates when Unfolded

To investigate whether aggregation of unfolded HSA contributes to the observed membrane
bending, we performed ATR-FTIR spectroscopy on supported lipid bilayer to probe the protein
structure. 1 uM his-tagged HSA was first bound to supported lipid bilayer (lipid composition remains
the same as PSL), then unfolded by incubating with 10 mM DTT. As a control, we performed the

same experiment without any DTT. Figure 3B shows second derivative ATR-FTIR spectra of 1 pM

his-tagged HSA and 1 uM reductively unfolded his-tagged HSA bound to 30 mol% Ni-NTA-DGS
containing phase-separated supported lipid bilayer. In both cases, the characteristic features of
aggregated protein at 1620 cm™ and 1680 cm™ are clearly missing. Unfolding of His-tagged HSA in
phase separated lipid systems did not generate aggregates even at the highest Ni-NTA-DGS doping
level. C-H stretching bands at 2850 cm™ and 2920 cm™ are indicators of bilayer stability. showed
binding of HSA and unfolding of HSA had no effect on the lipid bilayer (Fig. S4B). *’ Signature of
C-H stretching region remained unchanged after the addition of 100 mM NiCl; (final concentration),

therefore the supported lipid bilayer was not affected by the NiCl, treatment (Fig. S4C).

Quantification of Bound HSA on Liposomes

The concentrations of protein bound to PSL and NPSL under our experimental conditions
were quantified and compared using fluorescence spectroscopy. We attached Alexa488 dye to His-
tageced HSA and measured the fluorescence intensity of Alexa 488 fluorophore at 525 nm. A
calibration curve was generated to convert measured fluorescence intensity to protein concentration
(Fig. S9). Figure 3C shows concentrations of His-tagged HSA bound to 1 mM PSL and 1 mM NPSL
with 20 mol% Ni-NTA-DGS in liquid-disordered phase as quantified by the Alexa 488 fluorescence.

It is important to note that the liposome composition was designed to yield 20 mol% Ni-NTA-DGS
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in the liquid-disordered phase for both PSL and NPSL, therefore the total Ni-NTA-DGS
concentration in PSL is smaller because the fraction of liquid disordered phase is smaller in this case.
Therefore, 1 mM PSL contains 12.5 mol% DPhPC as liquid-disordered phase, and thus contains 0.025
mM Ni-NTA-DGS (20 mol% of the liquid-disordered phase). In contrast, 1 mM NPSL contains 0.2
mM Ni-NTA-DGS. Since PSL has 8-fold fewer Ni-NTA-DGS than NPSL, PSL should have 8-fold
fewer binding sites and the amount of bound protein should be 8-fold less. However, we observed
that PSL and NPSL with same doping level of Ni-NTA-DGS (20 mol%) have similar amount of
protein bound (~1 % difference), despite the difference in absolute number of binding sites (Fig. 3C).
These results demonstrate that the density of HSA bound to the liquid-disordered phase is
substantially higher for PSL. compared to NPSL.

We repeated the same experiment maintaining the total concentration of Ni-NTA-DGS at
0.025 mM for both PSL and NPSL (Fig. 3D). In this case, PSL contains 2.5 mol% Ni-NTA-DGS in
liquid-disordered domain and NPSL contains 20 mol% Ni-NTA-DGS. The measurement clearly
demonstrates that when PSL and NPSL have identical overall concentrations of Ni-NTA-DGS hence
with same number of binding sites, more proteins are bound to PSL (~1.5 fold more) (Fig. 3D).
The difference in bound-protein density between PSL and NPSL has been demonstrated
quantitatively in previous publications. '*’? Also, previous studies have shown a positive correlation
between binding strength of His-tagged HSA and an increase in Ni-NTA-DGS density in the
membrane.” Since the mechanism of interaction between His-tag and Ni-NTA is universal,
irrespective of the protein that carries the his-tag, we attribute the difference in bound-protein
concentration to multi-valency of the His-tag interaction with the Ni-NTA, which enhances its

binding affinity
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Effect of HS' A Unfolding on Giant Unilamellar 1iposonmzes
We studied the membrane bending processes due to HSA unfolding with single-vesicle
imaging using confocal fluorescence microscopy. First, we exposed electroformed phase-separated

giant unilamellar vesicles (PS GUV) and their non-phase-separated counterparts (NPS GUV; same

composition as large unilamellar liposomes) to folded HSA, then induced protein unfolding with DTT.

We monitored protein binding and giant liposomes geometry changes by confocal fluorescence
imaging.

First, the Alexa488 fluorophore attached to His-tagged HSA via a thiol-maleimide linkage acts
as a reporter to monitor protein binding to the membrane. Second, in order to distinguish the liquid-
disordered from liquid-ordered phases, the liquid-disordered phases of PS GUV and NPS GUV were
doped with Texas Red DHPE, which is known to partition into the liquid-disordered phase.” The
overlapping signal on images and intensity profile from Alexa488 and Texas Red indicated binding of
his-tagged HSA to the liquid disordered phase of GUV (Fig. 4A and 4B). These results also provide
additional evidence for partitioning of the Ni-NTA-DGS lipid into the liquid-disordered phase in PS
GUV and NPS GUV.

Upon incubation of the protein bound GUV with DTT, highly flexible tubules with
diffraction-limited diameters and dynamically fluctuating conformations were observed (Fig. 4D,
Movie S1). This observation indicates an increase in spontaneous curvature of the membrane caused
by enhanced lateral pressure generated from collisions between unfolded membrane bound proteins.””
% We varied the percentage of Ni-N'TA-DGS lipid in the fluid domain of GUV to change the density
of His-tagged protein bound to the membrane surface. The number of GUV that formed tubules was
found to depend on the doping level of Ni-NTA-DGS in the liquid disordered domain. The
percentage of GUV forming tubules in the presence of folded and unfolded HSA was plotted relative

to the percentage of Ni-NTA-DGS content in liquid-disordered domain of lipid vesicles in Figure
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4C. The resulting increase in tubule formation follows the trend predicted by the Carnahan-Starling
equation’” as shown in the overlaid curves in Fig. 4C. These data demonstrate qualitatively that the
unfolding transition of HSA together with protein density on the liquid-disordered domain of lipid
membrane affect the frequency of tubule formation. Observation of vesicles budding at PS GUV

containing 30 mol% Ni-NTA-DGS (Fig. 4D) further highlights the coupled impact on membrane

geometry.
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Symbols: qualitative measurement of percentage of GUVs forming tubules determined from confocal
fluorescence images as a function of increasing percentage of Ni-NTA-DGS in liquid-disordered
phase in PS GUV. N = 3 independent experiments, >100 GUVs per experiment. S.D. calculated from
3 independent trials. (D) Representative confocal fluorescence images of PS GUVs containing 10, 20,

30 mol% Ni-NTA-DGS in liquid- disordered domain after incubation with HSA (upper images) or
HSA with DTT (lower images). Scale bar, 50 pm long. Green color represents Alexa 488 labelled His-

tagged HSA, while red color represents Texas Red doped liquid-disordered domain of GUV. Yellow

color indicated overlap between the two. White arrows indicate tubules from GUV.

2.5 Conclusions

In summary, by reductively unfolding membrane bound HSA with DTT, we investigated the effect
of an induced protein conformational change (unfolding) on membrane curvature. We found that the
process of unfolding of a model membrane bound protein can drive membrane bending. This study
improves our understanding of the contribution of protein crowding and the role of protein
conformational change on membrane curvature generation. Our results are important for developing
peripheral membrane protein-immobilization strategies and they open new avenues for exploring the
role of conformational changes in membrane bending driven by peripheral membrane-protein

interaction.
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2.7 Supplemental Information
2.7.1 Supplemental Methods

Human Serum Albumin Unfolding Characterization: Tryptophan Fluorescence Emission

Time dependent tryptophan fluorescence measurements were performed by incubating 20 uM human

serum albumin with 200 mM DTT for 10 mins, 30 mins, 1 hour, and 2 hours.

Human Serum Albumin Unfolding Characterization: ANS Fluorescence Emission

20 pM human serum albumin (final concentration) was incubated with various concentrations of DTT
(10 mM, 20 mM, 30 mM, 40 mM, 50 mM, 60 mM, 70 mM, 80 mM, 90 mM, 100 mM) and 50 uM

ANS (final concentration) for 2 hours. Fluorescence spectra were collected by excitation at 372 nm

with an integration time of 1 s over total range of 285-550 nm.

Effect of HS' A unfolding on liposomes: Dynamic light scattering measurement (DLS)

1 uM His-tagged human serum albumin was added to 2 mM PSL or NPSL with 10 mol% or 20 mol%

or 30 mol% Ni-NTA-DGS and incubated with or without 10 mM DTT for 2 hours. 80 ul. of each

sample was transferred to a 1 cm quartz cuvette and data were collected with a NanoPlus-Zeta/Nano
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Particle Analyzer (Particulate Systems, Norcross, GA). 3x30 measurement runs were performed, with

standard setting (Refractive index = 1.331, viscosity= 0.88, temperature = 25 °C)

Autocorrelation functions of each data set were fitted to single exponential equation to obtain decay

time (7).

, where t is overall time course of decay in ps, and 7 is the decay time.

Effect of HS' A unfolding on liposomes: Electron microscopy imaging

Carbon 200 mesh, copper grids were glow discharged at 10 mA for 45 s with a sputter coater prior to
application of any materials. PSL. and NPSL incubated with His-tagged HSA and His-tagged HSA
with DTT were diluted with buffer to 0.1 mM prior applying to grids for 1 min. Excess samples were
removed from grids by buffer rinse and filter paper blotting. As a control, PSL, NPSL with or without
DTT were also applied to grids for 1 min. Afterwards, grids were stained with 1% uranyl acetate for
1 min, then air dried at room temperature. Images were taken with a Hitachi HT-7700 transmission

electron microscope at 80 kV accelerating voltage.

Protein Labelling: Ellman’s Test

To quantify the number of free sulthydryl group on His-tagged HSA for the conjugation to Alexa488
fluorescence dye with a maleimide linkage, 4mg of DTNB was dissolved in sample buffer (0.1 M
Sodium phosphate, 1 mM EDTA, pH 8.0). A set of sulthydryl standards (cysteine hydrochloride
monohydrate) with concentrations of 1.5 mM, 1.25 mM, 1.0 mM, 0.75 mM, 0.5 mM, and 0.25 mM

were prepared with sample buffer. A 0.5 mM HSA solution was pre-incubated with 1 mM TCEP for
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15 mins. Then 250puL sample/standard, 2.5 mL sample buffer, 50 pL. DTNB reagent were mixed in

test tubes, incubated for 15 mins and the absorbance was measured at A4z om with a Lambda35 UV /Vis
spectrophotometer (Perkin Elmer, Waltham, MA). The concentration of sulthydryl group was
determined using a standard curve derived from the CysHCI standards, and with the molar extinction

coefficient of DTNB at A2 am (14,150 M'cm)’. We determined that this human serum albumin

preparation (Sigma; lot number SLBL5290V) contained 0.51 mol —SH/mol protein.

His-tagged HS A labelling

His-tagged HSA was dissolved in 100 mM PBS (BupH Phosphate Buffered Saline Packs,
ThermoFisher Scientific, Waltham, MA). The labelling reactions were performed with the thiol-
reaction using maleimide functionalized dye (Alexa488 C5 Maleimide). Protein was first incubated
with 10-fold molar excess of TCEP at room temperature for 1 hour, then incubated with 10 fold
molar excess dye at 4 °C, stirred overnight in the dark. Upon completion of the reaction, excess
glutathione was added to the solution, then stirred for 30 mins at room temperature. Excess dye

molecules were removed using a ZebraSpin Desalting Column with a 7K MW cutoff (ThermoFisher

Scientific, Waltham, MA).

Native Page to compare molecular weight of HSA vs. HSA reduced by D'T'T:

HSA was dissolved in buffer to a concentration of 1.5 mg/ml. To prepare the unfolded sample, the
1.5 mg/ml. solution of HSA was incubated with 200 mM DTT for 2 hours at room temperature.
Samples were diluted 1:3 in native page buffer and run on a precast gel for 2 hours at 100 V, 160 mA
on ice with Tris-Glycine native running buffer. Afterwards, the gel was stained with Coomassie Blue
staining solution (0.1% Coomassie Blue R230, 50% MeOH, 7% acetic acid) for 15 mins, then

destained with destaining solution (5% MeOH, 7% acetic acid) overnight at room temperature.
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Equilibrinm ATR-FTIR of phase separated supported lipid bilayer (containing 30 mol% of Ni-NT:A-DGS) with

100mM or 1M NiCl:

Cleaning of germanium crystal and preparation of phase separated supported lipid bilayer were
performed according to protocol in the method section. A buffer spectrum was collected before
introducing the lipids and was used a background spectrum for subsequent measurement. Supported
lipid bilayer was incubated on the crystal surface for 30 minutes. Buffer was flushed through the cell
to rinse away any excess vesicles. The supported lipid bilayer spectrum was taken. Afterwards, NiCl,
(100mM or 1M as final concentration) was added and incubated with the bilayer for 15 minutes, then

obtained a spectrum. Each spectrum was obtained with an average of 256 scans at 2 cm™' resolution.
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2.7.2 Supplemental Figures

1. Characterization of the DTT induced unfolding of HSA. In Figure S1, we showed that there was

a change in the hydrodynamic radius of HSA once incubated with DTT for 2 hours. From the

autocorrelation function of unfolded HSA, it is shown that particles diffuse much slower than

folded HSA.
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Figure S2.1 Characterization of HSA unfolding under reducing conditions. A. Dynamic light

scattering autocorrelation function of unfolded HSA shows slower decay than folded HSA. B.

Calculated DLS intensity profile of unfolded HSA versus folded HSA, showcasing the difference in

hydrodynamic radii. C. Equilibrium ATR-FTIR absorbance spectrum in the Amide I’ region. Spectra

are normalized at 1550 cm™ for comparison. D. Time dependent tryptophan fluorescence

measurement of HSA in the presence of DTT. The graph shows blue shift in emission maxima in

time dependent fashion.
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Figure S2.2 Native page of HSA and HSA unfolded with DTT. The lane containing HSA shows
a band at 58 kD as expected for the native protein. In contrast, the lane containing unfolded HSA

shows a band that is out of range of the protein standards, clearly indicating unfolding of the protein.
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Figure S2.3 Normalized autocorrelation functions and hydrodynamic radii of PSL and NPSL
containing 10 mol%, 20 mol%, and 30 mol% Ni-NTA-DGS in the presence of folded HSA and
unfolded HSA. A. PSL with 10 mol% Ni-NTA shows overlapping traces for folded and unfolded
HSA samples. B. PSL with 30 mol% Ni-NTA shows a slower decay in unfolded HSA than folded
HSA. C. NPSL with 10 mol% Ni-NTA shows a slight difference in decay between folded and unfolded

HSA D. NPSL with 30 mol% Ni-NTA shows a slower decay in unfolded HSA than folded HSA. E.
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Percent change in decay time of NPSL doped with 10 mol% , 20 mol% , and 30 mol% Ni-NTA-DGS
in the presence of folded and unfolded HSA. Decay times were obtained by fitting autocorrelation

traces to single exponential.
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Figure S2.4 Equilibrium ATR-FTIR performed on supported lipid bilayer containing 30
mol% Ni-NTA-DGS in liquid-disordered phase. A. Equilibrium ATR-FTIR absorbance
spectrum in the Amide I’ region of folded (blue trace) and unfolded HSA (red trace). B. Absorbance
spectrum of C-H stretching region of lipid with bound, folded HSA (blue trace) and HSA unfolded

with DTT (red trace). C. Absorbance spectrum of C-H stretching region of lipid with 100 mM NiCl,

(green trace) and 1 M NiCl, (blue trace).
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Liposome +10mM DTT +1uM HSA +1uM HSA, 10mM DTT

NPSL 30mol% Ni-NTA O

PSL 30mol% Ni-NTA

Figure S2.5 TEM images of PSL and NPSL with 10 mol%, 20 mol%, and 30 mol% of Ni-
NTA-DGS in the presence of DTT, folded HSA, and unfolded HSA. A. TEM images of
NPSL and PSL with 10 mol% Ni-NTA DGS show no difference in morphology. B. TEM images of

NPSL and PSL doped with 20 mol% Ni-NTA C. TEM images of NPSL and PSL doped with 30

mol% Ni-NTA.
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Liposome +10mM DTT +1uM HSA +1uM HSA, 10mM DTT

10mol% Ni-NTA

20mol% Ni-NTA

30mol% Ni-NTA

Figure S2.6 Confocal fluorescence images of NPS GUV doped with 10 mol%, 20 mol%, and

30 mol% Ni-NTA-DGS in the presence of DTT, folded HSA, and unfolded HSA. The red
channel monitors the incorporation of Texas Red DHPE into the liquid- disordered phase of the
lipid membrane. The green channel monitors the binding of Alexa 488 labeled His-tagged HSA to
the membrane. Images of GUV with folded HSA and unfolded HSA are overlays of the
corresponding red channel and green channel images. The yellow indicates regions of overlap

between the two channels, interpreted as co-location of the bound protein and liquid disordered

phase. Scale bar 50 um.
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Figure S2.7 Confocal images of PS
GUYV doped with 10 mol%, 20 mol%o, 30
mol% Ni-NTA-DGS in the presence of
DTT, HSA, and unfolded HSA. Green
channel is due to Alexa488 labeled His-
tageed HSA. Red channel marks liquid
disordered phase in GUV labelled with

Texas Red DHPE. Scale bar 50 pm long.
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Figure S2.8 Fluorescence emission spectra of Alexa 488 and Texas Red DHPE in the presence

of DTT. Spectra show no shift in emission maxima of Alexa 488 and Texas Red DHPE after

incubating with various concentration of DTT. We conclude that DTT does not affect Am of either

dye.
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Figure S2.9 Calibration curve for quantification of His-tagged HSA bound on liposomes.
Calibration curve obtained by measuring Alexa 488 fluorescence (Ax=488nm) of labelled His-tagged

HSA without any liposomes at various concentrations (0.05 to TuM).
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Figure S2.10 Confocal images of NPSL and corresponding intensity profile A. Confocal
imaging with bright field. B. Red channel marks liquid disordered phase in GUV labelled with Texas

Red DHPE. C. Green channel marks Alexa488 labeled His-tagged HSA. D. Overlaid image of Texas
Red and Alexa 488 channels indicates binding of HSA to liquid-disordered phase. Scale bar 10 pm.
E. Fluorescence intensity profile of the overlaid image (indicated by an arrow in the merged GUV

image).
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Figure S2.11 Percentage of surface area occupied by the liquid-disordered domain in phase-

separated GUV containing 10 to 30 mol% Ni-NTA-DGS. About 30% of the total vesicle surface

area is occupied by the liquid-disordered domain, as quantified from confocal microscopy images.
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2.7.3 Supplemental Table

Table S2.1. Percent helicity of folded HSA and reductively unfolded HSA calculated

according to equation (2) and MRE at 222 nm.

20 pM HSA 20 pM HSA
+ 200 mM DTT
% Helicity 55.07 £1.66 3293 +£1.87

Table S2.2. Decay Time (Us) obtained from fitting DLS autocorrelation functions to single

exponential decay model. Phase- separated liposomes (+10 mol%, 20 mol%, 30 mol% Ni-NTA-

DGS in fluid domain) with DTT, folded HSA, and unfolded HSA.

160.72 £ 2.52E-05

183.42 £ 2.45E-05

Mol% 2mM PS + 10mM DTT +1puM HSA + 1uM HSA,
Ni-NTA-DGS Liposomes (us) (us) (us) 10 mM DTT (us)
10 mol% 176.60 = 2.17E-05 172.17 =+ 3.06E-05 194.51 £ 1.22E-05 197.24 + 1.80E-05
20 mol% 140.48 = 3.52E-05 139.68 + 2.56E-05 160.13 = 2.00E-05 192.58 + 2.30E-05
30 mol% 160.40 = 2.83E-05

200.97 £ 2.40E-05

57




Table S2.3 Decay Time ([s) obtained from fitting DLS autocorrelation functions to single

exponential decay model. Non- phase- separated liposomes (+10 mol%, 20 mol%, 30 mol% Ni-

NTA-DGS in fluid domain), with DTT, folded HSA, and unfolded HSA.

Mol% 2mM NPS + 10mM DTT + 1puM HSA + 1puM HSA,
Ni-NTA-DGS Liposomes (us) (us) (ps) 10 mM DTT (us)
10 mol%o 147.03+ 2.45E-05 149.21+ 2.32E-05 155.52% 2.01E-05 158.46+ 2.36E-05
20 mol% 131.77£ 2.97E-05 131.52+ 3.25E-05 137.60+ 2.67E-05 139.39+ 2.83E-05
30 mol% 142.14+ 1.76E-05 148.84+ 2.31E-05 151.58% 2.10E-05 161.55x 2.34E-05
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Chapter 3:
Stability of HA2 Pre-Fusion Structure Revealed by Sub-Millisecond Conformational
Changes in the HA2 Domain of H3N2 Hemagglutinin
Siaw, HM.H.*, Eller, M.W.*, Li, Q. and Dyer, R.B.

*Authors Siaw, H.M.H. and Eller, M.W. contributed equally

3.1 Abstract

Influenza A hemagglutinin (HA) is a homo-trimeric protein responsible for mediating viral
entry. The HA1 subunit binds the host cell and triggers viral uptake. The HA2 subunit drives fusion
between the viral and the host membrane via a pH-dependent conformation change in the late
endosome's acidic environment. Although HA has been studied extensively, its conformational
change mechanism and sequences that ultimately lead to membrane fusion remain elusive. In this
study, we characterize a recombinantly expressed, truncated version of the HA2 subunit (HA2*) and
demonstrate the ability to study HA's pH-driven conformational change dynamics. Our results show
that the HA2* folds into a trimeric, predominantly coiled-coil structure. The HA2* also undergoes
pH-driven conformation changes implying that the protein is not in a metastable state at neutral pH
and would serve as an excellent model to study the pH-dependent HA dynamics. Stopped-tflow

fluorescence measurements reveal its folding kinetics over the sub-millisecond regime.

3.2 Introduction

Influenza hemagglutinin (HA) is a trimeric membrane glycoprotein with two distinct
subunits: HA1 and HA2. The HA1 contains a receptor-binding domain responsible for attaching the
virus to the host cell's sialic acid receptor and triggers endocytosis.' The HA2 protein consists of

four parts: the endo-domain, the highly conserved stalk region, the fusion peptide (FP), and the
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transmembrane domain. At neutral pH, the fusion peptide is buried within the hydrophobic pockets
in the stalk region. In maturing endosomes, the acidic environment triggers large conformational
changes in the HA2 protein. This prompts the insertion of FPs into the target membrane and brings
the viral and host membrane into apposition for fusion.” Despite current knowledge of the pre-
fusion and the post-fusion conformations of the HA2 protein as resolved by X-ray crystallography,”
* the exact mechanism that causes such conformation transition in the HA2 protein remains elusive.

The spring-loaded mechanism is a hypothetical model to explain the HA2 conformation
change.”” This model emphasizes that the HA2 subunit is in a metastable state at neutral pH and
postulates a downhill drive toward forming a coiled-coil intermediate. Specifically, the acidic pH in
the maturing endosome triggers the HA1 subunit to dissociate from the HA2. Then the disordered
B-loop within the HA2 folds into a-helices, resulting in an extended coiled-coil structure and
insertion of FP into the target membrane. The extended coiled-coil structure then collapses on itself,
and the linker leashes zip up, forming the post-fusion structure. While this model provides a
framework, experimental results have been conflicting.

A series of eatly studies suggest that HA2 is metastable and fusion active at neutral pH. In
X-ray crystallography studies, bromelain cleaved HA at neutral pH (BHA) showed pre-fusion
conformation™® while bromelain cleaved HA at pH 5 (TBHA) showed post-fusion conformation.*’
TBHA also exhibited increased thermostability than BHA, suggesting that HA2 is metastable at
neutral pH and adopts a more stable conformation at acidic pH.* Further experiments studying
structures of a soluble domain of the HA2 and a recombinantly expressed, full-length HA2
in E.Coli. at neutral pH showed that these proteins adopt post-fusion conformation, similar to the
ones observed in TBHA at acidic pH.”” From these observations, the authors suggest that the HA2

is fusion active at neutral pH, and acidification is not necessary to prompt the HA2 conformation
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change. However, these studies did not show that there were no changes in HA2. The studies also
did not examine the structural changes in the HA2 subunit with the absence of HAT.

Recent studies suggest that in the absence of the HA1 subunit, HA2 is not fusion active at
neutral pH. One study examined the fusogenic activity of an HA2 construct consisting solely of the
protein's soluble ectodomain (FHA2) and did not contain the HA1 subunit."""" The authors
reported that both lipid mixing and content mixing occurred only at acidic pH but not at neutral pH,
indicating that the FHA2 caused membrane hemifusion and fusion only in acidic pH. These results
clearly showed that HA2 is only fusion active upon acidification.

Understanding the HA structural transition remains key to understanding viral infection.
With conflicting evidence present, it is essential to establish an HA2 model system that allows
investigation into its properties without interference from the HA1 subunit. Other groups have
reported the successful expression of HA2 in E.Cov/., characterized their oligomeric state at neutral
pH, and studied the protein's ability to drive membrane fusion with fusion assay.””"” However, those
studies did not characterize the protein's structural details during acidification, nor show that the
recombinantly expressed protein could indeed undergo the pH-driven conformation change and
transition from pre-fusion to post-fusion conformation.

Here, we designed, expressed, and characterized a truncated version of the HA2 subunit
(HA2¥). We highlighted the optimization of the expression protocol and the importance of
detergent selection in HA2* expression. We then demonstrated that the HA2* folded into a trimeric
coiled-coil structure at neutral pH, consistent with its pre-fusion structure. The HA2* exhibited
conformational change upon acidification. Stopped-flow tryptophan fluorescence revealed sub-
millisecond dynamics of this conformational change, laying the groundwork for using HA2* in
studying HA2 folding dynamics. Our results suggest that HA2 is not metastable at neutral pH, and

the protein undergoes pH-dependent structural transition irrespective of the presence of HA1.
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3.3 Experimental Procedures
HA2* Expression and Purification

The plasmid containing the DNA sequences of H3N2 HA21-185 ectodomain with a 6x his-
tag at the C-terminus (HA2*) was synthesized (Genescript). The plasmid corresponding to HA21—
185 ectodomain with the disulfides at positions 109 and 113 mutated out (HA2**) was prepared at
the Emory Integrated Core Facilities. The pET24a(+) plasmid was transformed into BL21 (DE3)
competent cells on agar plate. After overnight growth, a single colony was transferred into LB broth
with 100 pg/mL ampicillin and shook overnight at 30 °C at 200 rpm. 3.3 mL of this culture was
then added to 1L LB-Kanamycin or LB-ampicillin culture media and incubated at 37 °C at 200 rpm
for 5 hours. To induce protein expression, IPTG (final concentration 0.5 mM) was added, and the
culture was incubated at room temperature “for 6 hours at 200 rpm. The culture was centrifuged
(Beckman Coulter Avanti JXN-206) at 4°C for 10 min 5,000 g, followed by harvesting the cell pellet
and storage at -80 °C. The cell pellet was lysed for 1 hour in protease inhibitor containing lysis
buffer (50 mM NaH2PO4, 300 mM NaCl, 20 mM imidazole, 0.5% N-lauroylsarcosine, 0.5% Triton-
X 100, pH 8) at 4 °C, followed by sonication on ice. The lysate was then centrifuged for 15 minutes
at 20,000 g at 4 °C, and the supernatant was retrieved and passed through a 0.2 um filter before
injecting into a his-trap FF column (GE Healthcare Life Sciences) on the FPLC (AKTA pure, GE
Healthcare Life Sciences). The purified protein was stored at 4 °C in storage buffer (50 mM
NaH2PO4, 300 mM NaCl, 0.5% N-lauroylsarcosine). The protein was used in experiments within 4

days after purification.

SDS PAGE
SDS-PAGE was used to verify the molecular weight of the expressed protein. Briefly, HA2

was first mixed with laemmli buffer in 1:1 ratio, then subject to boiling at 99 °C for 1 minute,
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followed by incubation on ice for 30 minutes. The samples were loaded to 12% Mini-PROTEAN
precast gels (BioRad) and run in an electrophoresis cell with SDS running buffer at 120V for 30

minutes.

Native PAGE
Native PAGE was performed to study the molecular weight of HA2 in a non-denaturing

condition. HA2 was first mixed with native sample buffer (BioRad) in a 1:1 ratio and transferred to

10% Mini-Protean TGX gel (BioRad). The assay was run in Tris/Glycine buffer at 100V for 1 hour.

Size Excelusion Chromatography

SEC was performed with an FPLC (AKTA pure, GE Technologies) equipped with a size
exclusion column (Sephadex 200 Increase 10/300, GE Technologies), 0.5 mL/min flow rate, and
A280 detection. The column was first equilibrated with 50mM sodium phosphate buffer, pH 7,
without the protein. The HA2 protein samples were first exchanged into 10 mM sodium phosphate
buffer, pH 7 via dialysis with a 10kD MWCO dialysis device. The dialysis buffer was replaced each
day for 3-day total dialysis time. The protein concentration was adjusted with a concentrator and
then verified with the A280 absorbance using a Nanodrop 2000 spectrophotometer (ThermoFisher
Scientific). The HA2 was loaded into the column at a concentration of 10 uM. A series of standard
proteins comprising of vitamin B12, myoglobin, and bovine serum albumin (Sigma Aldrich) was

loaded to the column to generate a calibration curve.

ELISA binding Assay
Supported lipid bilayers were prepared in 96 well glass bottom plates (Cellvis) to anchor

HAZ2 for antibody binding assays. 2 umol POPC and 0.5 umol DGS-NTA(Co) were mixed in
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chloroform, evaporated under a stream of nitrogen, and lyophilized. Dried lipid cakes were dissolved
in 1 mL assay buffer (50 mM phosphate, 100 mM NaCl, pH 7.0). Lipid vesicles (~100 nm) were
prepared by sonication of this solution until clear. Well plates were first treated with 5M NaOH
(2hrs) and 1N H2SO4 (30 mins) followed by extensive wash with assay buffer. Co®" doped vesicles
to a final lipid concentration of 1.25 mM. The bilayers were incubated for 1 hr and washed with
assay buffer. Then, HA2* (0.2 pg in 40 ul. assay buffer) was added and incubated for 1 hr. The Co**
headgroups were oxidized to Co’* with 10 mM H,O, for 15 mins, followed by incubation with assay
buffer (for wells testing pH 7 conditions) or 1mM HCI (for wells testing acidic pH conditions).
Before addition of antibodies, 300 uL. blocking solution (5% milk in assay buffer) was added for Thr
and the wells washed 3x with assay buffer. Primary antibody (CR8020) was added as 0.4 pg in 40 pL.
1% milk and incubated for 5 min, after which the wells were washed 0x with assay buffer. Secondary
antibody (HRP goat anti-human) was added as 3 pg in 40 uL. 1% milk and incubated for 5 min
followed by a 6x wash with assay buffer, followed by HRP enzyme substrate. After 5 minutes, the
reaction was stopped by the addition of 50 uLL of 1 N H,SO4. Absorbance at 450 nm of each well

was recorded using a plate reader.

Circular Dichroism

The HA2 protein samples were first exchanged into 10 mM sodium phosphate buffer, pH 7,
via dialysis with a 10kD MWCO dialysis device. Dialysis buffer was replaced each day for 3-day total
dialysis time. The protein concentration was adjusted with a concentrator, and then verified with the
A280 absorbance using a Nanodrop 2000 spectrophotometer (ThermoFisher Scientific).

Secondary structure of HA2(6 uM) in 10mM sodium phosphate buffers of pH 4, 5, 6, 7 were
acquired with a CD instrument equipped with a temperature controller (J-1500 series, JASCO).

Samples were transferred to a 1 mm pathlength quartz cuvette. The scanning range of the

65



instrument was set between 190 and 260 nm at a rate of 200 nm/min with a 2 s response time and a
1 nm spectral bandwidth. Helical contents in HA2 were calculated using mean residue ellipticity at

222 nm:

MRE = 2 e, (Equation 1)

ncl
where 0 is the observed ellipticity (mdeg), c is the protein concentration, | is the cuvette path length,
M is the molecular weight of protein, and n is the number of peptide bonds. Percent helicity is

calculated as follows:

-MRE222nm-3000
33000—-3000

%Helicity = ( Y X L00. . (Equation 2)
, where MRE222nm is mean residue ellipticity at 222 nm, 3000 is the mean residue ellipticity of 3-

character and random coil at 222 nm, and 33000 is the mean residue ellipticity of pure helical

character at 209 nm.

Tryptophan Fluorescence

Equilibrium tryptophan fluorescence of HA2 (6 uM) at pH 7 and pH 4, as well as
temperature-dependent spectra, were taken on a FluoroMax spectrophotometer (Horiba Scientific)
equipped with a temperature controller (Peltier, Perkin Elmer). Samples were transferred into a 1 cm
pathlength fluorescence cuvette. Data were collected using a 2 nm excitation and emission slit

widths, by exciting at 280 nm with an integration time of 10 s over a total range of 285-550 nm.

Stopped-Flow Flunorescence Spectroscopy
Protein stock in storage buffer (200 pL) was diluted to a total volume of 5 mL with
phosphate buffer, then concentrated by sequential rounds of centrifugation in a 0.5 mL centrifugal

concentrator. The final protein concentration was determined using a calculated extinction
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coefficient at 280 nm of 31960 cm™ M and absorbance at 280 nm. Working solutions for
characterization and kinetics measurements were prepared from this concentrated protein

stock. Stopped flow fluorescence studies were conducted using a Biologic SFM2000 two syringe
stopped flow mixer with a microvolume cuvette. Light from a Xe lamp (HPX-2000 Mikropack) was
fiber-optically coupled to the stopped-flow mixer. The emitted light was detected at a 90° angle by
an amplified photomultiplier detector (PMMO02 Thotlabs) with a DC power supply (MDCO01
Tacklife). The detector output was digitized by a PCle-6321 board (National Instruments), and data
was collected in the BIO-KINE software package (Biologic). For tryptophan fluorescence,
excitation light was filtered by a 290 nm bandpass filter and emission by a 340 nm bandpass. Syringe
1 contained 50 pM HA2** in 10 mM phosphate 100 mM NaCl at pH 7.4, whereas syringe 2
contained 19 mM HCI. The flow rate of each syringe was set to 14 mL/min and the temperature
was held at 37 °C by a circulating water bath (RTE7 Thermo). Data collection was started 20 ms
before hard stop valve closure to ensure observation of the complete mixing event. The time
resolution was 10 ps resolution for 2000 points. The background-subtracted stopped-flow traces
were smoothed using a boxcar smoothing algorithm and fit with a double exponential. (Igor Pro 5,

Wavemetrics)

3.4 Results and Discussion
Protein excpression and purification

The HA2* was a construct developed according to the H3N2 hemagglutinin X-31 strain."
(Fig. 1) A separate construct based on the HA2* was designed to optimize the protein yield for
stopped-flow fluorescence experiment. In the second plasmid (HA2*¥), cysteines at positions 109
and 113 were mutated out. Both plasmids were expressed and purified with the same method. We

investigated the effect of types of cell lines, sonication method, types of detergent, and cell lysis
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GLFGAIAGFIENGWEGMIDGWYGF
RHQNSEGTGQAADLKSTQAAIDQI
NGKLNRVIEKTNEKFHQIELEFSEV
EGRIQDLEKYVEDTKIDLWSYNAEL
LVALENQHTIDLTDSEMNKLEFKTR
RQLRENEDMGNGSHKIYHKCDNA
CIESIRNGTYDHDVYRDEALNNRFQ
IKGVELKSGYKDWIVELEHHHHHH

Figure 3.1 (left) Pre-fusion and post-fusion structure of HA2. The B-loop domain and fusion peptide
are colored in blue and red, respectively. (right) The amino acid sequence of HA2*. There are 4 Trp
residues (red) and 2 Cys residues (green). The C-terminus of the protein contains a linker and a 6x

His-tag (orange). HA2** has the same amino acid sequence but with the 2 Cys removed.

time to optimize protein yield. First, the transformation of the plasmid into BL21(DE3) competent
cells produced 15% more protein than Rosetta (DE3) pLysS competent cells. Second, sonication of
cell pellet in buffer with 0.5% SRC resulted in higher protein yield than in buffer without detergent.
Third, purification with the anionic detergent, sarkosyl, resulted in higher protein yield than other
detergents such as C8E5, n-octyl-b-d-thioglucopyranoside, and n-Dodecyl-B-D-Maltoside. Last, lysis
time played a critical role in further optimizing protein yield. Increasing the lysis time from 2 hours
to 2.5 hours resulted in a 25% increase in protein yield. The final optimized protein expression

protocol resulted in 2.5 mg/L of HA2* and HA2**,
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HA2* folded properly and formed trimers

Using HA2* as a model to study the native folding dynamics of HA requires that the
recombinantly expressed protein must be trimeric. We characterized the biochemical properties of
the expressed HA2* with SDS and native PAGE, MALDI-MS, size exclusion chromatography
(SEC), analytical ultracentrifugation (AUC), and enzyme-linked immunosorbent assay.

The SDS PAGE characterized HA2* molecular weight in denaturing conditions. It has been
reported that the molecular weight of monomeric HA2 is 26.7 kD ", while analysis of the HA2*
sequence by ExPaSy predicted molecular weight of 22.67 kD. Therefore, the distinct band observed
at 25 kD on the SDS PAGE gel corresponds to HA2* monomer. (Fig.2A) The native PAGE
described the HA2 molecular weight under non-denaturing conditions. Strong bands were observed
on the gel at 25 kD, 72 kD, 95 kD, and 130 kD, while weaker bands were seen at 43 kD and
between 55 kD and 75 kD. There appeared to be two components that make up the strong band at
25 kD. The band at 75 kD was attributed to trimeric HA2, while bands at 95 kD and 130 kD were
attributed to higher-order oligomeric structures potentially induced by tight binding of detergent.
The double bands observed at 25 kD could result from residual sarkosyl detergent being tightly
bound to the HA2*. (Fig. 2B) Tight binding of detergent to recombinantly expressed HA2 has
been observed in other studies.

In a size exclusion chromatography study, there was a significant contribution of the sarkosyl
detergent (up to 175 kD) to the molecular weight of HA2. "> UV-Vis and fluorescence studies from
our lab have also shown that the detergent binds to the HA2* protein tightly, despite extended
rounds of buffer exchange. (Data unpublished) SEC showed that HA2* primarily existed as a trimer
at pH 7. (Fig. 2C) Here, a calibration curve was first generated with a calibration standard consisted
of bovine serum albumin, myoglobin, and vitamin B12. (Fig. 2D) The HA2* was first dialyzed into

50 mM phosphate buffer at pH 7 for 3 days before injected into the column and ran under
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Figure 3.2 Characterization of HA2* oligomeric state. (A) SDS PAGE. (B) Native PAGE. (C) Size-
exclusion chromatogram at pH 7. The peak at 8.2 mL corresponds to 93.45 kD (D) SEC calibration
curve. (E) Absorbance at 280 nm from AUC showed 2 distinct peaks that correspond to 28.3 kD and

64.5 kD.



the same flow rate as the calibration standard. The chromatogram showed two dominated peaks at
8.2 mL and 21.02 mL. We calculated that the peaks corresponded to molecular weights of 93.4 kD
and 0.833 kD using the calibration curve. The peak at 93.45 kD was assigned to HA2 trimer with ~
75 kD protein and ~ 19 kD residual detergent contribution. In contrast, the peak at 0.833 kD could
be a contribution from free, residual sarkosyl detergent or fragmented HA2* that was not removed
during purification. The results showed that HA2* existed as a mixture of monomer and trimer,
different from results reported previously in the literature. However, those studies showed that HA2
truncations formed trimeric structures by first crosslinked the proteins, followed by a size exclusion
characterization. "> Crosslinking might not necessarily reflect the actual oligomerization state of the
protein in solution. The calibration standard consisted of mostly globular proteins and had different
shapes than the HA2, which is more oblong. SEC might not truly reflect the protein's molecular
weight and oligomeric states since the method separates proteins by Stokes radii. '*** Therefore, we
sought to use AUC as a more accurate method to study the HA2* oligomeric state. '°

The AUC reported HA2* through absorbance detection at 280 nm. HA2*showed strong
absorbance at 2.03S and 3.53S, which corresponds to molecular weights 28.3 kD and 64.5 kD,
respectively. (Fig. 2E and Fig. $3.3) This result confirmed the observation of a monomer/trimer

mixture in native PAGE and SEC.

HA2* changed conformation upon acidification

Establishing HA2* as a model system to study the HA2 pH-dependent protein folding
dynamics also requires the HA2* to exhibit pH-dependent behavior while maintaining proper
protein fold. Here, we characterized the secondary structure of the HA2* with spectroscopic

methods, including circular dichroism (CD), fluorescence, FTIR, and ATR-IR. CD spectroscopy has
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been used extensively to study protein secondary structures, including previously reported HA2

truncations.””"> " The CD spectrum of HA2* at pH 7 showed negative bands at 220 nm and 208
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Figure 3.3 Equilibrium characterization of HA2*. (A) CD spectrum of HA2* titrated against pH
gradient. (B) The ratio of 220/208 from HA2* CD spectrum. (C) Ttp fluorescence of HA2* titrated

against increasing acidic solution. (D) ELISA binding assay of HA2 targeting monoclonal antibody,

CR8020, and HA2* at pH 7 and pH 4.

nm, with line shape characteristic to a-helical secondary structure. (Fig. 3A) As the HA2* solution
was acidified, there was a gradual decrease in signal intensity, which could be attributed to the
exposure of hydrophobic fusion peptides and subsequent protein aggregation. The acidic pH could
also lead to residual anionic sarkosyl aggregation, which has been observed in UV-Vis and
fluorescence. (Unpublished data) The CD signal ratio at 220 nm and 208 nm qualitatively showed

whether the HA2* existed as an isolated helix or a coiled-coil structure. A 220/208 ratio greater than
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1.1 may indicate a coiled-coil state. The ratio of the HA2* construct exhibited changes according to
pH. The ratio increased from 0.9 at pH 7 to 1.8 at pH 4, suggesting the association of isolated
helices into coiled-coil at acidic pH. (Fig. 3B) Fitting the pH-dependent ratio to a sigmoid showed
an inflection point at pH 5.5, consistent with the estimated pH at which the native HA would
undergo a conformational change.' Further analysis showed that the HA2* is 44% helical at pH 7
(equation 2), which lies within the range of helicity reported in other studies (35% to 64%). """
HA2** exhibited the same secondary structure and equivalent transition. (Fig. $3.2B) These results
showed that HA2* and HA2** were able to undergo the expected pH-driven conformational change
while maintaining its fold.

The HA2* has 4 Trp residues, which allow for monitoring the hydration environment
around the residues in response to pH drop. As the HA2* was titrated against increasing acidic
buffer, the tryptophan fluorescence intensity decreased, and the emission wavelength shifted
minimally from 335.2 nm to 334 nm. (Fig. 3C) The results suggested that the hydration
environment around the residues was unaffected by the acidification. Since exposed tryptophan
residues fluoresced at 350 nm and buried tryptophan residues fluoresced at a shorter wavelength, the
tryptophan residues of the HA2* were buried in a hydrophobic environment and were insensitive to
acidification.” HA2** Trp fluorescence exhibited equivalent transition. (Fig. $3.2A) This
observation was consistent with the literature, where the HA2 tryptophan fluorescence intensity
decreased, and a slight blue shift in emission wavelength as the pH dropped.”

ELISA binding assays have been used in the literature to evaluate the proper folding of

2021 and serve as an excellent tool to evaluate the fold of the HA2*. CR8020

various HA constructs
is a broadly neutralizing antibody that binds specifically to an epitope on the stem region of HA2 of

the H3N2 influenza hemagglutinin. It targets and binds the HA2 protein in its pre-fusion

conformation at neutral pH and prevents the HA2 from transitioning into its post-fusion
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conformation upon acidification. The HA2* was first anchored onto the supported lipid bilayer
doped with Co” N'TA modified lipid via the protein's 6x-his tag. Oxidation of Co** to Co’" resulted
in irreversible binding with the 6x-his, thereby allowing the HA2* to bind to the surface tightly.”
The binding of CR8020 to HA2* at neutral pH and acidic pH was followed with a colorimetric assay
that utilizes the binding of a secondary antibody with horseradish peroxidase motif to the CR8020
and the HRP substrate, 3,3',5,5'- Tetramethylbenzidine. The resulting diamine oxidation product
showed a yellow color and could be monitored by UV-Vis absorbance at 450 nm. At pH 7, the
statistically significant higher absorbance in samples with HA2* (+ HA2*) than samples without the
HA2* (- HA2¥) indicated CR2080 bound to HA2* and such binding is beyond any non-specific
interactions. (Fig. 3D) The absorbance values were not statistically different at acidic pH between
samples with and without the HA2*. However, the absorbance values were statistically lower than
the sample that contained HA2* at pH 7. It was clear that the CR8020 did not bind to HA2* at pH
4 but selectively bound to the protein at pH 7, suggesting that the HA2* propetly folded into its pre-
fusion conformation at pH 7. These results showed that at acidic pH, the HA2* underwent a pH-
driven conformational change that abolished the binding of the CR8020. In conclusion, these results
collectively suggested that the HA2* adopted the correct fold and could undergo a conformational
transition similar to the native HA2 protein.
The recombinantly expressed HAZ is not metastable and can be used to study folding dynamics

We investigated the thermostability of the HA2* at pH 7 by subjecting the protein to gradual
heating from 20°C to 80°C and monitoring its tryptophan fluorescence and CD signal intensity.
(Fig.4A and 4C) The HA2* tryptophan fluorescence intensity decreased as temperature increased,
indicating protein unfolding and exposing the tryptophan residues to an increasingly hydrophilic
environment. The thermal melt curve obtained from monitoring Trp emission showed a Ti, at 64.5

°C. The HA2* CD signal intensity also gradually decreased when temperature increased. These data
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qualitatively indicated the HA2* was hyper-stable at pH 7, with the estimated T+, at 78.2 °C, in

agreement with previously reported melting temperature. (Fig.4D) * '*. The difference in melting

temperature obtained from Trp fluorescence and CD could be due to the difference in oligomeric

populations between the samples.
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monitoring CD signal at 220 nm. (E) Stopped-flow Trp fluorescence transients of HA2** showed
biphasic kinetics with a fast phase at 760 us and a slow phase at 36 ms.

Stopped-flow fluorescence spectroscopy allows for monitoring of fast dynamics within the s
decrease in tryptophan fluorescence intensity of HA2** at acidic pH was used as a probe for
measuring fast dynamics associated with the protein conformational changes. Figure 4E is a
representative stopped-flow Trp fluorescence transient. The data was best fit to a double
exponential and revealed two components. The fast component dominated the spectrum with a time
constant of 1 = 760 £ 20 us, while the contribution from the slow phase was an order of magnitude
smaller with a time constant of ©;= 36 = 2 ms. A previous study that used stopped-flow Ttp
fluorescence to study HA dynamics was limited by time resolution and deadtimes. > Here, we
reported a biphasic kinetic behavior with a sub-millisecond time constant faster than any dynamics
previously measured for HA. . These results indicated that the recombinantly expressed HA2* and
HA2** could be used to study fast protein folding dynamics. Applying the HA2* protein on
transient time-resolved methods such as pH-jump laser spectroscopy would allow for the probing of
fast-folding dynamics on the microsecond timescale and reveal intricate steps that lead to HA2

conformational change.

3.5 Conclusion

This study described a detailed characterization of HA2*, the construct corresponds to the
ectodomain of the HA2 protein, with biochemical methods, equilibrium spectroscopy, and stopped-
flow fluorescence spectroscopy. The HA2* was shown to exist as a monomer/trimer equilibrium at
neutral pH. The HA2* also folded properly at neutral pH, with a conformation akin to the pre-
fusion conformation observed in native HA and other HA2 truncations reported in the literature.

This study also showed that the HA2* could undergo a pH-driven conformational change, further
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establishing the feasibility of applying such construct to experiments that probe fast protein folding
dynamics. Lastly, stopped-flow fluorescence served as a proof-of-concept method, showed the
applicability of using the HA2* construct to study fast-folding dynamics, and revealed sub-
millisecond dynamics. The extensive characterizations of the HA2* protein laid down the

fundamental groundwork for applying such a system to study the HA2 conformational change.
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Fig. $3.1 Results from AUC performed on HAZ* including absorbance spectra at 280 nm and interference spectra.

Molecular weights of HA2* were indicated in the absorbance spectra.
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Trp Fluorescence Spectrum and CD Spectrum of HA2**
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Chapter 4:
pH-Dependent Liposome Crosslinking by Hemagglutinin HA2 B-Loop

H.M.H. Siaw and R.B. Dyer

4.1 Abstract

Upon influenza viral entry, an acidic environment in the late endosome triggers large
conformation changes in viral coat protein, hemagglutinin (HA2). The transition from a pre-fusion
to a post-fusion conformation facilitates the viral and the host cell membranes to fuse. It is
postulated that the pH triggered folding of the B-loop domain is an essential step in forming an
extended coiled-coil structure in HA2, prompting the insertion of fusion peptide into the endosomal
membrane and leading to membrane fusion. This study used the B-loop domain in HA2 as a model
system to study HA2 mediated membrane interactions with stopped-flow FRET Peptide
corresponding to the B-loop domain (IL40C) were synthesized and labeled with a donor fluorophore
(sulfo-Cy3), then attached to acceptor-containing liposomes (Cy5 PE). The stopped-flow FRET
resolved long timescale events likely due to liposome crosslinking due to the peptides' loop-to-coil

transitions and the insertion of sulfo-Cy3 into neighboring Cy5 liposomes.

4.2 Introduction

Influenza hemagglutinin (HA) is a homo-trimeric membrane integral protein expressed
throughout the flu virus. It is responsible for guiding the invasion of flu viruses into their host cells.
Each monomer of the HA protein comprises a global domain (HA1) and a conserved stalk region
(HA2). "> The HA2 contains three essential parts: 1) a c-terminal transmembrane region which
anchors the protein to the viral membrane; 2) a 40- amino acid residues B-loop domain densely

populated with charged glutamic acid residues at neutral pH; 3) an N-terminus with a buried
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hydrophobic fusion peptide. These three components play essential roles in facilitating later events
in viral entry. Once the virus is endocytosed into the host cell, it is shuttled to the late endosome.
The acidic environment drives an extensive conformation rearrangement in HA2, which leads to
membrane fusion between the virus and the host cell. Early research provided a glimpse into events
associated with the HA2 structural rearrangement. First, the pre-fusion and post-fusion structure of
HAZ2 has been resolved.”* Second, based on the resolved pre-fusion and post-fusion structures, it
has been hypothesized that the acidic environment protonates the glutamic acid residues on the B-
loop of the HA2. This then triggers the disordered B-loop to fold into alpha-helical moiety to relieve
the charge repulsions. The process drives the HA2 to form a long-lived extended coiled-coil
intermediate that spans across the viral and the host membrane and prompts the insertion of fusion
peptide into the host cell membrane. Subsequent refolding of the C-terminal domain of HA2 then
drives membrane fusion.>’

Recent simulation studies present a different picture to explain the HA2 conformational
change and how that process facilitates membrane fusion by overcoming the fusion barriers.” *'
“Instead of forming an extended coiled-coil intermediate while transitioning from pre- to post-
fusion, the intermediate structure involves partially folded helices and is more disordered. This
flexible, disordered intermediate allows the fusion peptides on the HA trimer to simultaneously
insert into both viral and host membranes.

Despite the two conflicting hypotheses, the B-loop plays a central role in both mechanisms
in which its folding is essential to the HA2 conformational change and the subsequent membrane
fusion. Therefore, we question whether the B-loop could serve as a model system to study HA2
mediated membrane fusion, resolved dynamics associated with the pH-driven B-loop conformation

change, and followed the kinetics of liposome interactions.
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To this end, we synthesized a peptide (L40C) that corresponds to the B-loop on the HA2
protein and characterized its behavior with CD spectroscopy, fluorescence spectroscopy, FTIR, and
size exclusion chromatography. Then, we labeled the peptide with a donor fluorophore sulfo-Cy3
(L40C*), and covalently attached it to liposomes doped with an acceptor fluorophore Cy5. Using
stopped-flow fluorescence spectroscopy and stopped-flow FRET, we followed the kinetics of

L40C* conformational change and the resulting peptide association and liposome crosslinking.

4.3 Experimental Procedures
Peptide synthesis, labeling, and purification
LAOC peptide:

RLIEKTNQQFELIDNEFNEVEKQIGNVINWTRDSITEVWSC was synthesized by
standard Fmoc solid-phase peptide synthesis using acid-amine coupling on a Liberty 1 peptide
synthesizer (CEM, Matthews, NC) using a rink-amide resin. Fmoc protected amino acids were
purchased from AnaSpec, Inc. (Fremont, CA). Purifications of the L40C peptide were completed on
a reverse phase C18 column (Phenomenex, Torrance, CA) with TFA as a counterion using a linear
gradient of water and acetonitrile. The masses of the purified peptides were confirmed by MALDI-
MS using CHCA matrix dissolved in 50:50 mixture of water: acetonitrile. MS confirmed the

presence of the .40C with a mass equal to 5039 amu.

LAOC* peptide:
The purified L40C peptide was labeled with sulfo-Cy3 NHS Ester (Lumiprobe, Cockeysville,
MD). The sulfo-Cy3 NHS Ester was first dissolved in anhydrous DMSO then mixed with the 1.40

peptide in a 1:1 ratio in 10 mM sodium phosphate buffer at pH 7. The mixture was stirred at room
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temperature for 2 hours. The L40C* peptide was purified on a reverse-phase C18 column. MS
confirmed the presence of the .40C with a mass equal to 5637 amu.
Peptide characterization

The lyophilized 1.40 peptide was rehydrated with DI water to reach a final concentration of
100 uM. The peptide concentration was verified with the A280 absorbance using a Nanodrop 2000
spectrophotometer (ThermoFisher Scientific). .40 peptide was added to 10 mM phosphate buffer

pH 7 or pH 4 before any measurements.

Circular Dichroism

The secondary structure of 140 in 10mM sodium phosphate buffers of pH 4 and 7 was
acquired with a CD instrument equipped with a temperature controller (J-1500 series, JASCO).
Samples were transferred to a 1 mm pathlength quartz cuvette. The scanning range of the
instrument was set between 190 and 260 nm at a rate of 200 nm/min with a 2 s response time and a

1 nm spectral bandwidth. Molar Ellipticity were calculated:

MRE = 2 e, (equation 1)

n-cl
, where 0 is the observed ellipticity (mdeg), c is the protein concentration, 1 is the cuvette path

length, M is the molecular weight of protein, and n is the number of peptide bonds.

Tryptophan Flunorescence

Equilibrium tryptophan fluorescence of 1.40 at pH 7 and pH 4 were taken on a FluoroMax
spectrophotometer (Horiba Scientific) equipped with a temperature controller (Peltier, Perkin
Elmer). Samples were transferred into a 1 cm pathlength fluorescence cuvette. Data were collected
using a 2 nm excitation and emission slit widths, by exciting at 280 nm with an integration time of 10

s over a total range of 285-550 nm.
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Equilibrium FTIR

FTIR experiments were carried out on a Varian 660 FTIR spectrophotometer (Agilent, Santa
Clara, CA) coupled to a liquid nitrogen-cooled mercury cadmium (MCT) detector. Samples were
prepared in a split IR cell with a 125 um Teflon spacer between two CaF2 windows in a copper
housing. Spectra were collected for both the D20 reference and the L40C peptide sample at pD 7

and pD 4. Each spectrum was an average of 500 scans at 2 cm-1 resolution.

Size Excclusion Chromatography

SEC was performed with an FPLC (AKTA pure, GE Technologies) equipped with a size
exclusion column (Sephadex 200 Increase 10/300, GE Technologies), 0.5 mL/min flow rate, and
A280 detection. The column was first equilibrated with 10mM sodium phosphate buffer, pH 7 or
pH 4 without the peptide. 1.40 was loaded into the column at a concentration of 100 uM. A series of
standard proteins comprising of vitamin B12, myoglobin, and human serum albumin (Sigma

Aldrich) was loaded to the column to generate a calibration curve.

Preparation of Liposomes

Liposomes contain DOPC (Avanti Polar Lipids, Alabaster, Al), 5 - 20 mol% maleimide
functionalized DSPE (Nanosoftpolymers, Winston-Salem, NC), and 1 mol% of Cy5 PE (Avanti
Polar Lipids, Alabaster, Al). The DOPC, maleimide functionalized DSPE, and Cy5 PE was mixed in
chloroform in a glass vial and dried by N2 gas, after which the sample was placed under vacuum for
at least 5 hours to ensure complete removal of solvent. The dried lipid film was rehydrated with 10
mM sodium phosphate buffer pH 7 for 1 hour, followed by 10 rounds of freeze-thaw cycles starting

at room temperature and quenching to 4 °C on ice. 100 nm unilamellar vesicles were prepared by
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extruding the hydrated solutions 15 times with an extrusion kit (Avanti Polar Lipids, Alabaster, Al)

through 100 nm polycarbonate filters at room temperature.

Conjugation of LA0C* to Liposomes

The lyophilized I.40C* peptide was first rehydrated in water. A concentrated tris(2-
carboxyethyl)phosphine (TCEP) solution (Sigma-Aldrich, St. Louis, MO) was prepared in 10 mM
sodium phosphate buffer pH 7. The peptide and the TCEP solution were first mixed in a 1:10 ratio
in 10 mM sodium phosphate buffer pH 7 and purged under N2 gas. Then, the peptide and the
liposome solutions were mixed, purged with N2 gas, and stir overnight at 4 °C for reaction to
complete. The peptide-liposome conjugates were applied to a 10K centricon centrifugal filter (EMD
Millipore, St. Louis, MO) to remove excess peptide. The peptide liposome conjugates were then
characterized by dynamic light scattering (Particulate Systems, Norcross, GA) to confirm liposome

sizes after peptide conjugation.

pH-dependent steady-state FRET measurements

Steady-state FRET measurements were taken on a FluoroMax spectrophotometer. The
L40C*-liposome conjugates mixed with 100 mM sodium phosphate buffer or 100 mM acetate
buffer from pH 7 to pH 4 were transferred into a 1 cm pathlength fluorescence cuvette. Data were
collected using a 2 nm excitation and emission slit widths, by exciting at 500 nm with an integration

time of 10 s. FRET efficiency was calculated by:

FRET Ef ficiency = ——25—— .o (equation 2)

sulfo—cy3 T Icys
, where ICy5 is the Cy5 emission intensity at 694 nm, and sulfo-Cy3 is the sulfo-Cy3 emission

intensity at 563 nm.
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Stopped-flow FRET measurements

Stopped-flow experiments were performed with a Biologic 2000 stopped-flow mixing

instrument (Biologic, Knoxville, TE) coupled to an HPX-2000 Xe light source and a photomultiplier

tube (PMT) detector (Thor Labs, Newton, NJ).A 520/35 single-band bandpass filter (Semrock,
Rochester, NY) was placed in front of the Xe light source to excite sulfo-Cy3 selectively. For
detecting sulfo-Cy3 and Cy5 emission, a 560/10 bandpass filter (Omega, Austin, TX) and a 650
long-pass filter (Omega, Austin, TX) were placed in front of the PMT detector, respectively. The
sample cell of the stopped-flow instrument was filled with content injected from syringe 1 and
syringe 2, where syringe 1 contains either 10 mM phosphate buffer pH 7 or the L40C*-Liposome
samples, and syringe 2 contains 100 mM sodium acetate buffer pH 4. Stopped-flow traces were
collected for both the buffer background and L.40C*-liposome sample at a 16 mL/min flow rate,
with contents in syringe 1 and syringe 2 mixed in a 1:1 ratio. Stopped-flow traces were fit to single-

exponential function or a double-exponential function: ' *

F(t) = yo + AeChobst) (equation 3)

Tau = p LT OO U SO SR RURPURRTSRRS (equation 4)
obs

F(t) = yo + AjeTFobsa® 4 4 e(hobs2t) (equation5)

, where F(t) is the fluorescence at time t, A is the amplitude, kobs is the observed rate constant, and

tau is the time constant.

4.3 Results and Discussion
Design and equilibrium characterization of LA0C peptide
The L40C peptide corresponds to the 40 amino acid residues in the B-loop region of the

HAZ2 protein, with a cysteine residue added to C-terminus for liposome conjugation. L40C consists
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of a loop region at the N-terminus and five helical turns at the C-terminus. The post-fusion crystal
structure of HA2 showed the loop-to-helix folding on the B-Loop. Therefore, we expected that the
LL40C peptide folds into an alpha helix and form extended coiled-coil at low pH. (Fig.1A) Figure
S4.1A showed the mass spectrum of the L40C peptide after synthesis and purification. Using
circular dichroism (CD), FTIR and tryptophan fluorescence, we showed that the peptide underwent

loop to helix transition upon acidification.

Acidification

Figure 4.1 Crystal structure of HA2 at pH 7 (PDB: 1THMQ). The L40C peptide corresponds to the
B-loop on the HA2 (blue). Upon acidification, the monomeric peptide folded into a trimeric coiled-

coil (PDB: 1QU1). Tryptophan residues (orange) are located at the C-terminus of the peptide.

CD measures the peptide's secondary structure. It showed that at pH 7 the peptide adopted
a mix of a random coil and an alpha-helical conformation. At pH4, the peptide folded and presented
an alpha-helical signal in the CD spectrum, consistent with the previously resolved crystal structure.
(Fig. 2A) The n - © * ratio at 220 nm to © - © * at 208nm has been previously used to characterize

helical oligomers. The ratio qualitatively indicates the presence of helical oligomers at values greater
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than 0.86. " The 220/208 ratio of B-loop at pH 4 is greater than 1, consistent with a coiled-coil

formation upon acidification. The CD signal at 222 nm for L40C showed a cooperative, thermal-

unfolding transition at pH 4 with Tna: = 53.9°C. No transition was seen at pH 7, suggesting that the

peptide exists predominantly as a monomer at pH 7 and as a trimeric, extended coiled-coil at pH 4.

(Fig. 2B)
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Figure 4.2 (A) CD spectra of L40C at pH 7 and pH 4. (B) Temperature melt curve of L.40C at pH 4.

210

220

230 240

Wavelength (nm)

C

30x10°

Intensity

250 260 20 40 60 80 100

Temperature (°C)

25

20

-
[$4)

10

—— 10 mM Sodium Phosphate Buffer, pH 7
—— 10 mM Sodium Acetate Buffer, pH 4

300

320 340 360 380 400 420 440

Wavelength (nm)

(C) Trp fluorescence of L40C at pH 7 and pH 4.

The fluorescence of intrinsic tryptophan (trp) residues at the C-terminus of the peptide (Fig.

2C) reports the hydration environment around the residues. At pH 4, a blue shift in tryptophan
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emission wavelength and an increase in fluorescence intensity of the peptide indicated the
tryptophan residues were buried in a more hydrophobic environment and that the helices were more
tightly packed in an acidic environment. (Fig. 1 and Fig. 2C) The C-terminal cysteine residue did

not alter the structure and the pH-dependent response of the peptide. (Fig. $4.2)
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Figure 4.3 (A) FTIR absorbance spectrum of L40C at pD 7. (B) FTIR secondary derivative spectrum
of L40C at pD 7. (C) FTIR absorbance spectrum of L40C at pD 4. B) FTIR secondary derivative
spectrum of L40C at pD 4. (E) The calibration curve of size exclusion chromatography was obtained
by injecting a mix of human serum albumin (66 kD), myoglobin (17 kD), and vitamin B12 (1.35 kD).

(F) Size exclusion chromatogram of L40C at pH 7 (blue) and pH4 (red).
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Figure 3A shows the FTIR absorbance spectrum of I.40C at pD 7. The spectrum was
processed to obtain a secondary derivative spectrum to resolve features observed in the absorbance
spectrum. (Fig. 3B) At pD 7, a sharp negative feature at 1645 cm™ represents buried helix (backbone
positions in the solvent-protected, hydrophobic interior of the structure), and a negative shoulder at
1630 cm™ represents solvated helix (backbone positions along each helix that are exposed to solvent).
1A characteristic for coiled-coil structures, these features preliminarily indicate the formation of a
helical base on the peptide at neutral pH. The negative peak at 1675 cm™ represents an extended loop
structure, in agreement with the secondary structure reported by CD. At pD 4, the L40C peptide
showed negative features at 1614 cm™ and 1681 cm-', which corresponds to the anti-parallel beta-
sheet,'” whereas the peak at 1645 cm™ represents buried helix. Results from FTIR differed from CD
in which CD resolved strong signal indicating alpha-helical moiety, whereas FTIR presented a mix of
beta-sheet and buried helix. Peptides rich in glutamic acids are favored to form coiled-coil and prone
to aggregation and forming beta-sheet aggregates. '**’ L40C contains 6 glutamic acid residues. It could
be possible that the high concentration of peptides used in the FTIR experiment favored the L40C
coiled-coil to form aggregates, while the low peptide concentration in CD experiments avoided such
a problem.

In addition to spectroscopic characterization, oligomeric states of the peptide at neutral and
acidic pH were studied with size-exclusion chromatography. A calibration curve was first generated
using a mixture of globular proteins, human serum albumin (66 kD) and myoglobin (17 kD), and
vitamin B12 (1.35 kD). (Fig. 3E) At pH 7, the peptide eluted at 9.4 mL and 11.92 mL, whereas at
pH 4 the peptide eluted at 10.9 mL. Fitting these volumes to the calibration curve revealed that the
peptide existed as a mixture of monomer and oligomer at pH 7 and a trimer at pH 4. (Fig. 3F)

These results suggested the monomeric L.40C folded into a trimeric structure at low pH.
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Labeling of L A0C* peptide and liposome conjugation

For I.40C to serve as a proxy to probe membrane fusion, we labeled the N-terminus of the
LL40Cy3 peptide with a sulfo-Cy3 NHS ester to provide a spectroscopic handle. The labeled peptide
will be referred to as L40C*. Sulfo-Cy3 has been shown to have little interaction with the lipid

membrane. *' The labeling of L40C* was confirmed with MALDI and UV-Vis.
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Figure 4.4. (A) Schematic showing the attachment of the L40C* peptide to DOPC liposomes via the
maleimide-modified lipid. (B) UV-Vis of DOPC liposomes conjugated to L40C*, before and after
removing excess peptide with a 10K MWCO centrifugal filter. (C) Dynamic light scattering reported

the size distribution of the DOPC before (black) and after L40C* peptide conjugation (blue) and

removal of any unbound L40C* (green).

93



We synthesized DOPC liposomes doped with maleimide functionalized lipid and then
conjugated the L40C* via the peptide's C-terminal cysteine residue in a 1:1 ratio. (Fig. 4A) Using
dynamic light scattering and measuring the sulfo-Cy3 fluorescence, the sizes of peptide-liposome
conjugates and peptide attachment efficiency was measured. (Fig. S$4.3) The hydrodynamic radii of
DOPC liposomes increased slightly from 92.9 nm to 106.8 nm, which showed that peptide
attachment did not cause catastrophic liposome aggregation. (Fig. 4C) UV-Vis at 280 nm showed
that spinning samples with a 10K MWCO centrifugal filter successfully removed the excess,

unbound peptide. (Fig. 4B)

Membrane fusion activity mediated by 1 A0C*

Using FRET, we investigated the impact of the pH-driven conformational change of 1.40C*
on the lipid membrane. The DOPC maleimide liposomes were doped with Cy5 PE, and then the
LL40C* was attached. Cy5 acts as a FRET acceptor to the sulfo-Cy3 donor fluorophore on the
L40C*. The FRET efficiency was minimal at pH 7 and exhibited a sudden increase at pH 4.5,
indicating proximity and optimal energy transfer between Cy5 and sulfo-Cy3. (Fig. 5A) The FRET
efficiency was fit to a sigmoid with Xuar at pH 4.59. (Fig. 5B) Dynamic light scattering showed a
significant increase in hydrodynamic radii of L40C* liposome conjugates as the acidity of the
solution reached pH 4.5, suggesting liposome aggregation at acidic pH. (Fig. 5C) L40C* alone
showed pH-dependence. The emission intensity of sulfo-Cy3 on the peptide decreased as pH
dropped. (Fig. 5D) This pH-dependence was fit to a sigmoid with Xyarat pH 5.5. (Fig. 5E) * * It
has been reported that the pH range that activates HA is between pH 5.5 to pH 0; therefore, the
decrease in sulfo-Cy3 emission has to be caused by peptide conformation change. Once pH dropped
below pH 5.5, the L40C* folded into alpha-helical coiled-coil, brought the N-terminal sulfo-Cy3 into

proximity, and caused fluorescence self-quenching.
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Liposome leakage assay and fusion assay of L40C* liposome conjugate showed neither
leakage nor fusion as the pH acidified, suggesting that at acidic pH, the extended coiled-coil L40C*
crosslinked neighboring liposomes instead of fusing them. (Fig. S4.4) To verify that FRET and
DLS observations were solely due to liposome aggregation, we first showed that acidification of
L40C showed only slight peptide aggregation. (Fig. S4.5) Second, we measured the fluorescence
lifetime of sulfo-Cy3 at pH 7 and pH 4 after conjugated 1.40C* to a supported lipid bilayer with the
same composition as the liposomes and flushed to remove excess liposomes from the surface. The
idea was that peptide anchored on a supported lipid bilayer would lack liposomes to interact with
after the formation of an extended helix at acidic pH. The increase in distance between the acceptor
and the donor as a result of helix formation would resulting in low FRET. ** Indeed, we observed
that the sulfo-Cy3 has a longer fluorescence lifetime at pH 4 and a shorter fluorescence lifetime at
pH 7, suggesting that quenching of the donor fluorescence and low FRET at acidic pH. (Fig. $4.6)
These results imply that the change in pH triggers a conformation change in the peptide, increasing
the distance between the Cy5 acceptor in the supported lipid bilayer and the sulfo-Cy3 donor on the
peptide.

We measured the fluorescence emission intensity of Cy5 liposomes at pH 7 and pH 4. The
fluorescence intensity of the Cy 5 liposomes exhibited minimal change when titrated from pH 7 to
pH 4. (Fig. S4.7A) Conjugating the dye-free L.40C peptide to the Cy5 liposome resulted in no
change in Cy5 emission intensity as the solution acidified. (Fig. $4.7D) Furthermore, the emission
intensity of pure sulfo-Cy3 dye decreased slightly in the pH 4 solution. (Fig. S4.7B) Attaching the
dye-labeled L40C* to dye-free liposomes resulted in a slight decrease in the sulfo-Cy3 intensity as
the pH drops. (Fig. S4.7C) The decrease in sulfo-Cy3 intensity in free sulfo-Cy3 and L40C*-dye-
free liposome conjugates were much smaller than the decrease in FRET samples. Therefore, the

changes in sulfo-Cy3 fluorescence in the FRET samples were likely due to peptide conformation
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change and subsequent liposome interactions. These results collectively confirmed that the changes
in FRET efficiency and hydrodynamic radii were likely due to liposome crosslinking mediated by the

pH-triggered peptide conformation change.

Stopped-flow FRET

We employed stopped-flow FRET to measure the liposome crosslinking kinetics driven by
L40C* conformational change at acidic pH. The L40C* and Cy5 liposome conjugates in 10 mM
phosphate pH 7 buffer were mixed with 100 mM acetate buffer at pH 4 in a 1:1 ratio. Figure 6A
and figure 6B were representative stopped-flow FRET transients of L40C* conjugated to Cy5
liposomes. The Cy5 channel reflects the fluorescence signal from Cy5 liposomes and the traces
showed an increase in Cy5 fluorescence. (Fig. 6A) The sulfo-Cy3 channel follows the L40C*
fluorescence and the traces showed a decrease in sulfo-Cy3 fluorescence. (Fig. 6A) We varied the
concentration of maleimide lipids in the Cy5 liposome from 10 mol% to 20 mol%. All sulfo-Cy3
and Cyb traces were best fitted to a single exponential to extract time constants. (Equation 3) It is
interesting to note that there seems to be a fast component that existed before 0.1 s across all
stopped-flow traces. The time constants extracted from the sulfo-Cy3 channel span from 0.6 s to
1.27 s, but are not statistically different, whereas the time constants vary between 0.45 s to 0.65 s in
the Cy5 channel. (Fig.6C) Peptide conformation change typically takes place on a much faster
timescale. Atomistic molecular dynamic simulation for the trimeric B-loop region of HA2 of the H3
subtype showed it look over 1.4 ms for the trimeric B-loop to reach a post-fusion like coiled-coil
from the pre-fusion structure. * The folding time for a fast-folding helical bundle protein is about 10
us and for a tethered leucine zipper is about 30 ps. **° 7’ Therefore, the slow events resolved from
stopped-flow FRET of .40C* and Cy5 liposome conjugates and stopped-flow fluorescence of

L40C* are likely due to the formation of large structures such as liposome aggregates, but not
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peptide structural rearrangement. Also, despite various modifications to the stopped-flow mixing
instrument, instrumental limitation prevents access to microsecond timescale events and hinders the
study of the L40C* folding dynamics on liposomes. Figure 6D shows FRET efficiencies extracted
from stopped-flow traces and shows its evolution over time. The magnitudes of the FRET
efficiencies for the peptide liposome conjugates with 10 mol% and 20 mol% maleimide lipid
concentrations agree with the values extracted from steady-state FRET measurement. (Fig. 6E)

We performed stopped-flow fluorescence measurements on L40C* peptide, sulfo-Cy3 dye,
and Cy5 liposomes separately as a control. (Fig. 6E, S4.9A, $4.9B) The stopped-flow transient of
the L40C* exhibited biphasic behavior. By fitting the trace to a double exponential (equation 5), it
revealed a fast component at 4.73 ms and a slow component at 0.595 s. It has been shown that
monomeric peptides representing the B-loop could adopt beta-sheet structures at neutral pH ® %,
and glutamic acid residues in coiled-coil structures could promote aggregation. "’ Indeed, size
exclusion chromatography of the 1.40C peptide showed a small population of oligomers at pH 7
(Fig. 3F), and FTIR at pD 4 showed the formation of the beta-sheet at high peptide concentration.
(Fig. 3D) Therefore, the slow component observed in the L40C* peptide could be a combination
of the coiled-coil structure's aggregation after the pH-driven peptide folding and formation of beta-
sheet structures from monomeric L40C* that adopted beta-sheet conformation at neutral pH. The
fast component observed in L40C* could be due to the association of individual helices to form
coiled-coil structures on the lipid membrane.

The stopped-flow trace of Cy 5 liposomes did not exhibit any changes in signal over time,
which was not surprising given those liposomes were not conjugated to any peptides. (Fig. S4.9B)
Also, the sulfo-Cy3 signal did not change as the solution was acidified, indicating that the signal
observed in the L40C*-Cy5 liposome conjugates must be due to changes in the peptide. (Fig.

S4.9A)
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The stopped-flow studies of the 1.40C*-Cy5 liposome conjugates revealed complex kinetics
and events. In particular, the sulfo-Cy3 signal from the L40C* and Cy5 liposome conjugates
contained contributions from L40C*. The sulfo-Cy3 emission intensity of the L40C* peptide
showed an intrinsic pH-dependent response, including the slight decrease in sulfo-Cy3 fluorescence
when the peptide was attached to pure DOPC liposomes at acidic pH and the biphasic kinetics
behavior observed in stopped-flow fluorescence. (Fig. S4.7C and 6F) Additional studies are needed

to delineate the peptide-membrane interactions.
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Figure 4.7. A model illustrating the pH-driven L40C* conformational change and subsequent

liposome crosslinking.

On the other hand, the Cy5 fluorescence signal avoided problems encountered in the sulfo-
Cy3 channel. The Cy5 fluorescence was not as sensitive as sulfo-Cy3 to liposome environment and
pH and showed little fluctuation in its emission intensity. (Fig. 6E, S4.7A, S.4.7E) When the
unlabeled 1.40C was attached to the Cy5 containing liposomes, the Cy5 fluorescence intensity did
not change upon acidification. (Fig S.4.7D) Therefore, the increase in Cy5 fluorescence in the
stopped-flow FRET traces of .40C* and Cy5 liposome conjugates must be due to its proximity to

the sulfo-Cy3 dye on L40C* and the corresponding energy transfer. Time constants resolved from
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the Cy5 channel showed no relationship to the increasing maleimide lipid concentration, suggesting
liposome crosslinking happened on a similar timescale regardless of peptide concentration.

Based on these results, the L40C* peptide likely led to liposome crosslinking at acidic pH by first
undergoing a loop to helix transition, followed by insertion into the surrounding liposomes
interaction between sulfo-Cy3 and cy5. (Fig 5.7) Additional studies are required to explore the role
of peptide association on membrane surface on liposome crosslinking and provide more details into
the steps leading up to crosslinking.

Although we initially aimed to study L.40C*-mediated membrane fusion and resolve
membrane fusion kinetics relevant to HA2, this study provides insights into understanding how pH-
sensitive-peptide conjugated liposomes could interact under different conditions. Peptide conjugated
liposomes responsive to external stimuli have been designed for drug delivery, particularly in cancer
therapy. *~! For instance, utilizing the acidic microenvironment in cancer cells as a trigger,
liposomes decorated with pH-responsive antimicrobial peptides and integrin av@3-targeted peptides
have been designed to deliver the chemotherapy drug, paclitaxel. . Furthermore, GALA peptide, a
peptide that folds from random coil to alpha-helix upon acidification, has been conjugated to
liposomes for drug delivery. **** This study offers initial mechanistic insights into peptide mediate
liposome interactions as a result of external stimuli. Additional studies would further add details to
understanding pH-sensitive peptide-mediated liposome interactions and better design peptide

conjugated liposomes.

4.4 Conclusion
In summary, we showed that the disordered 1.40C peptide folded into alpha-helical moiety
upon acidification. The peptide existed as a mixture of oligomers and monomers at pH 7 and as a

trimer at pH 4, as shown by size exclusion chromatography. We conjugated L40C* to Cy5
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liposomes to study how liposomes interact following the acid-induced peptide conformational
change. Using DLS, steady-state FRET, and stopped-flow FRET measurements, we showed that the
L40C* conjugated liposomes crosslinked to each other in acidic pH at a similar timescale regardless
of peptide concentration. This study offers initial mechanistic insights into peptide-mediated
liposome interactions in response to pH-driven peptide conformational change. Additional studies
would add value to understanding the molecular details of using peptide-conjugated liposomes for

drug delivery.
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4.6 Supporting Information
4.6.1 Supplemental results

MALDI MS of LA0C and L 40C*
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Figure S4.1. (A) The mass spectrum of L40C revealed a peak at 5039 amu. L40C has a theoretical

mass of 5013 Da. (B) The mass spectrum of L40C* revealed a prominent peak at 5637.26 amu,

52172

assigned to [peptide + dye]” and a weaker peak at 2802.8 amu as [peptide + dye]*".
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Characterization of 140 without C-terminal cysteine
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Figure S4.2. CD spectrum of 1.40 peptide without cysteine at the C-terminus in 10 mM phosphate

buffer at pH 7 (blue) and pH 4 (red). The CD spectrum resembles the one of the L40C, with which

both peptides folded into alpha-helix at pH 4.

Cy3 fluorescence assay
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Figure S4.3. The Cy3 fluorescence assay first obtained a calibration curve by measuring the change
in Cy3 fluorescence intensity as a function of Cy3 concentration. Then, the L40C* liposome

conjugate's emission intensity was fitted to the calibration curve to generate an estimate of peptide

concentration.
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Leakage and fusion assay
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Figure S4.4. (A) Liposome fusion assay was performed according to published protocol. ** 1.40C was
conjugated to liposomes filled with NBD/Rhodamine dyes mixed with liposomes without any dyes
or peptides. At pH 7 and pH 4, rhodamine fluoresced. The addition of Triton-X lysed the liposomes
resulting in a decrease in rhodamine fluorescence. (B) Liposome leakage assay was performed
according to published protocol.”” L40C was conjugated to liposomes filled with a self-quenching
concentration (50 mM) sulforhodamine B. Acidifying the samples to pH 4 did not increase
sulforhodamine B fluorescence. The addition of Triton-X increased sulforhodamine B fluorescence

due to the lysing of liposomes and subsequent dilution of dye.
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Characterization of LA0C by dynamic light scattering
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Figure S4.5. Intensity distribution of L.40C in 10 mM phosphate buffer at pH 7 (blue)and pH 4 (red)
measured by dynamic light scattering. Hydrodynamic radii of the peptide are 27.9 nm at pH 7

(polydispersity index = 0.169) and 32.5 nm at pH 4 (polydispersity index = 0.224).

Fluorescence lifetime of sulfo-Cy3 on LA40C* at pH 7 and pH 4
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Figure $4.6. Fluorescence lifetime decay trace of L40C* attached to the supported lipid bilayer (80
mol% DOPC/ 20 mol% DSPE-maleimide) (A) At pH 7, the fluorescence lifetime of sulfo-Cy3 was

0.599 ns. (B) At pH4, the fluorescence lifetime of sulfo-Cy3 was 0.738 ns.
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Characterization of LA0C* and Cy5 liposome conjugate
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Figure S4.7. (A) Cy5 fluorescence emission of Cy5 liposomes showed an insignificant change as pH
decreased. (B) Sulfo-Cy3 emission intensity showed a slight decrease when the pH decreased. (C)
L40C* was attached to liposomes without Cy5. As the solution was acidified, Sulfo-Cy3 emission
intensity decreased slightly, while there was no increase in fluorescence intensity at the Cy5 emission

wavelength. (D) L40C was attached to Cy5 liposomes. The Cy5 fluorescence intensity did not change

when the solution acidified.
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Steady-state FRET of L A0C* and Cy5 liposomes with 5 mol% and 10 mol% maleimide lipid
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Figure S4.8. Fluorescence spectrum of L40C* conjugated to Cy5 liposomes with varying maleimide

DSPE. (A) 5 mol% maleimide DSPE. (B) 10 mol% maleimide DSPE.

Stopped-flow FRET
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Figure S4.9. (A) Stopped flow trace of sulfo-Cy3 dye and Cy5 liposomes mixed with pH 4 buffer. (B)

Stopped flow trace of Cy5 liposomes mixed with pH 4 buffer.
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Chapter 5:
Characterization of a Host-Defense Peptide, Urumin, and Its Interactions with Lipid

Membranes and the Influenza H3N2 X-31 Hemagglutinin

Siaw, H.M.H. and Dyer, R.B.

5.1 Abstract

The influenza virus is the most common respiratory virus circulating among humans. With the
emergence of adamantanes resistant strains, the burden of viral therapy falls on neuraminidase
inhibitors and reflects the need to develop new therapeutics. Recently, a host defense peptide called
urumin was isolated from skin secretions of the frog Hydrophylax babnvistara. The peptide exhibited
antiviral activity in MDCK cells, suppressed the growth of HINT1 viruses and selectively targeted the
conserved stalk region of the influenza hemagglutinin (HA2 subunit). Electron microscopy further
showed that urumin destroyed the influenza virion upon incubation. As a class of antimicrobial
peptides, host defense peptides have been shown to interact with charged lipids and disrupt
membranes. Specific interactions between antiviral peptide and HA2 have been presented to inhibit
the pH-driven conformational rearrangement necessary for membrane fusion. This study
investigated the interaction between urumin and lipids abundant in the PR8 influenza virion with
model membranes. The peptide interacted specifically with negatively charged PG and PS lipids and
folded from the disordered structure into alpha-helical character. Leakage assay showed that urumin
was unable to significantly induce leakage in model membranes, suggesting that the peptide distupts
the influenza virion via mechanisms other than pore formation. We also showed that urumin was
unable to inhibit the pH-dependent conformational change in HA2 derived from the influenza X-31

strain.
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5.2 Introduction

Influenza is the most common human respiratory virus. It causes 3 - 5 million cases of new
infections worldwide per year. There are two classes of approved drugs for influenza: neuraminidase
inhibitors and M2 proton channel inhibitors (adamantanes). However, due to the emergence of
influenza strains resistant to adamantanes, neuraminidase inhibitors became the preferable
therapeutics class. '* There have been numerous efforts to create influenza antivirals, including small
molecules, monoclonal antibodies, and host defense peptides. ' > Host defense peptides (HDP) are
found in innate defense mechanisms in the living organism. They are secreted in large quantities and
are less susceptible to resistance. HDPs have been shown to exhibit antimicrobial and antiviral
activities against different microbial organisms and viruses. For instance, the human HDP,
cathelicidin LL-37, isolated from leukocytes and epithelial cells, has been shown to inhibit microbial
infections, eliminate microbes, and modulate host response against infection. * Amphibian HDPs
have been shown to not only defend against microbial infections in frogs > but are also active against
human viruses such as HSV-1, HSV-2, and HIV-1 in vitro. ¢!’ Therefore, HDP is a useful resource
for developing antivirals.

In 2017, Holthausen et al. reported the isolation of a host-defense peptide called urumin
from skin secretions of the frog Hydrophylax babuvistara. Urumin is a 27-amino acid peptide with a
net 2+ positive charge. The peptide exhibited a virucidal activity against influenza. "' They showed
that the peptide targeted and significantly inhibited the growth of HIN1 and HIN2 viruses while
demonstrated slight inhibition to the growth of H3N1 and H3N2 viruses. The study further showed
with ELISA, that urumin does not bind to the neuraminidase or hemagglutinin HA1 subunit in the
H1 viruses. Instead, the peptide selectively bound to the conserved stalk region, hemagglutinin HA2
subunit, of the H1 viruses. Furthermore, electron microscopy showed the influenza virion (PR8) was

destroyed when incubated with the peptide.
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Peptidic targeting of hemagglutinin (HA) in influenza has been previously reported. *
Kadam et al. designed a cyclic peptide that binds to the highly conserved stem region and blocks the
low-pH driven conformational rearrangement in HA protein, leading to membrane fusion. * It was
reported that a 30 amino-acid peptide derived from mouse B-defensin-4, called P9, is active against
influenza A virus HIN1, H3N2, H5N1, H7N7, and H7N9. P9 first attaches to HA and gets shuttled
to the late endosome. The basic nature of the peptide neutralizes the acidic environment in the late
endosome, preventing membrane fusion. '* Given the different mechanisms that peptides could take
to prevent influenza infection, we question whether urumin inhibits influenza viral infection by
blocking the pH-driven conformation change in the HA2 subunit.

HDPs are a class of antimicrobial peptides and can interact and disrupt lipid membranes.
Well-known models of interactions between antimicrobial peptides and lipid bilayer include pore
formation, micellization, binding to specific lipids, membrane thinning, phase separation, induction
or inhibition of nonlamellar phases, and transversing the bilayer without disruption. "> The HDPs
LLL-36 have been shown to interact and disrupt membranes with different modes of action. ',
Most antimicrobial peptides are positively-charged, and they preferentially target anionic membranes
via electrostatic interactions. When the peptide to lipid ratio exceeds a threshold, the peptide could
insert into membranes and form transmembrane pores. '’ We question whether urumin displays
selectivity towards specific lipid compositions that contribute to the disruption of PR8 influenza
virion observed in electron microscopy. Specifically, how does urumin interact with the PR8 virion
that consists of negatively charged PG, PA, PS lipid, zwitterionic PE, and PC lipids? *

In this study, we characterized the secondary structure of urumin in an aqueous solution and
the presence of model lipid membranes with circular dichroism spectroscopy and fluorescence
spectroscopy. We found that the peptide selectively interacted with negatively charged lipids. While

it was disordered in solution, urumin folded into alpha-helical conformation or mixed conformation
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depending on the lipid charge. Lastly, on a ternary lipid mixture resembling the PR8 virion
membrane, the peptide did not induce membrane leakage. When urumin was incubated with the

HA2 from the H3N2 X-31 strain, the peptide did not inhibit the pH-driven conformational change.

5.3 Experimental Procedures
Peptide synthesis and purification

The amino acid sequence of urumin is IPLRGAFINGRWDSQCHRFSNGAIACA. The
peptide was synthesized by standard Fmoc solid-phase peptide synthesis using acid-amine coupling
on a Liberty 1 peptide synthesizer (CEM, Matthews, NC) using a rink-amide resin. Fmoc protected
amino acids were purchased from AnaSpec, Inc. (Fremont, CA). Purifications of the urumin peptide
were completed on a reverse phase C18 column (Phenomenex, Torrance, CA) with TFA as a
counterion using a linear gradient of water and acetonitrile. The masses of the purified peptides were
confirmed by MALDI-MS using CHCA matrix dissolved in 50:50 mixture of water: acetonitrile. MS

confirmed the presence of the urumin with a mass equal to 2961 amu.

Preparation of Large Unilamellar 1iposomes (LUL)

Liposomes used in this study were POPC, DPPC, DOPG, DPPG, DOPS/DOPC (20:80
mol%), POPE/POPC (20:80 mol%), DOPS/DOPE/DOPC (20:20:60 mol%),
DOPG/DOPE/DOPC (20:30:50 mol%) (Avanti Polar Lipids, Alabaster, Al). Lipids wete mixed in
chloroform in a glass vial and dried by N2 gas, after which the sample was placed under vacuum for
at least 5 hours to ensure complete removal of solvent. The dried lipid film was rehydrated with 10
mM sodium phosphate buffer pH 7 for 1 hour, followed by 10 rounds of freeze-thaw cycles starting

at room temperature and quenching to 4 oC on ice. 100 nm unilamellar vesicles were prepared by
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extruding the hydrated solutions 15 times with an extrusion kit (Avanti Polar Lipids, Alabaster, Al)

through 100 nm polycarbonate filters at room temperature.

Circular Dichroism

The secondary structures of urumin with or without liposomes, or urumin with or without
.40, or urumin with or without HA2 were obtained with circular dichroism spectroscopy. The
urumin peptide or the L40 peptide was first dissolved in H20. The samples were then mixed in
10mM sodium phosphate buffers of pH 4, and 7 and the CD spectra were acquired with a CD
instrument equipped with a temperature controller (J-1500 series, JASCO). Samples were
transferred to a 1 mm pathlength quartz cuvette. The scanning range of the instrument was set
between 190 and 260 nm at a rate of 200 nm/min with a 2 s response time and a 1 nm spectral
bandwidth. Molar ellipticities were calculated by:
MRE=6M/ncl
where 0 is the observed ellipticity (mdeg), c is the protein concentration, | is the cuvette path length,

M is the molecular weight of protein, and n is the number of peptide bonds. *!

Tryptophan Flunorescence

Equilibrium tryptophan fluorescence of urumin with or without liposomes in 10 mM
phosphor buffer at pH 7 were taken on a FluoroMax spectrophotometer (Horiba Scientific)
equipped with a temperature controller (Peltier, Perkin Elmer). Samples were transferred into a 1 cm
pathlength fluorescence cuvette. Data were collected using a 2 nm excitation and emission slit

widths, by exciting at 280 nm with an integration time of 10 s over a total range of 285-550 nm.
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Equilibrium FTIR

Urumin peptide was first subjected to two rounds of D20 and DCI exchange and dried
under lyophilization. 10 mM phosphate buffer at pH 7 was subjected to two rounds of D20
exchange and dried under lyophilization. To carry out the experiment, the buffer and the urumin
peptide were first rehydrated with D2O. Then the peptide was mixed with the buffer to reach a final
concentration of ImM. The spectrum was collected on a Varian 660 FTIR spectrophotometer
(Agilent, Santa Clara, CA) coupled to liquid nitrogen-cooled mercury cadmium (MCT) detector.
Samples were prepared in a split IR cell with a 125 um Teflon spacer between two CaF2 windows in
a copper housing. Spectra were collected for both the D20 reference and the urumin peptide
sample in 10 mM phosphate buffer at pD 7. Each spectrum was an average of 500 scans at 2 cm™

resolution.

Dynamic Light Scattering

Urumin was added to DOPS/DOPC (20:80 mol%), POPE/POPC (20:80 mol%),
DOPS/DOPE/DOPC (20:20:60 mol%) and DOPG/DOPE/DOPC (20:30:50 mol%) liposomes at
a range of lipid-to-peptide ratios: 25-to-1, 12.5-to-1, 6-to-1. 80 mL of each sample was transferred to
a 1 cm quartz cuvette and data were collected with a NanoPlus-Zeta/Nano Particle Analyzer
(Particulate Systems, Norcross, GA). 3x30 measurement runs were performed, with standard setting

(Refractive index = 1.331, viscosity= 0.88, temperature = 25 °C)

Membrane 1 eakage Assay
50 mM, saturated concentration, sulforhodamine B was prepared by dissolving the dye in 10
mM phosphate buffer at pH 7. DOPS/DOPE/DOPC (20:20:60 mol%) and

DOPG/DOPE/DOPC (20:30:50 mol%) dried lipid films were rehydrated with the sulforhodamine
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B solution and extruded through 100 nm polycarbonate membrane on a lipid extrusion setup as
described previously. Excess dye was removed by a gravity drip size-exclusion Sephadex G-25
column (GE Life Sciences). The sample was excited at 566 nm and fluorescence intensity at 586nm.
At 150s or 200s, the peptide was added to the LUV solution. At 600s or 700s, the sample was spiked
with a concentrated solution of Tween 20 detergent to induce leakage, resulting in dilution of

sulforhodamine B and increased fluorescence intensity.

5.4 Results and Discussion
Urumin is a disordered, random coil

The urumin peptide is a new antiviral peptide isolated in 2017. It has been shown that the
peptide targets the HA stalk region specifically and represents a potentially exciting new therapeutics
for influenza infection. To understand the peptide structure, we characterized its secondary structure
with circular dichroism (CD) spectroscopy and fluorescence spectroscopy. CD spectroscopy has
been used extensively to characterize peptide structure. 2. At pH 7, the peptide showed a negative
band at 200 nm, indicating a disordered, random conformation.  The urumin maintained its
random coil conformation at pH 4. (Fig. 1A) The urumin peptide has one tryptophan (trp) residue
making it ideal to be characterized with fluorescence spectroscopy. The trp fluorescence is ideally
suited for detecting changes in solvation of tryptophan residues. Shifts in emission wavelength can
reflect folding and hierarchical changes to the peptide. The urumin peptide displayed no shift in
emission wavelength (343 nm) in response to low pH. (Fig 1B) This data suggested that the trp
residue was not in a more hydrophobic environment in response to a decrease pH but was involved
in a quenching interaction. The trp results corroborated with findings from CD spectroscopy. The
peptide retained its structure and did not fold into other secondary structures. Figure 1C shows the

FTIR spectrum of the urumin peptide at pD 7. Figure 1D is the secondary derivative of the FTTIR
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spectrum, enhancing the separation of overlapped peaks in the absorbance spectrum. The negative
features in figure 1D at 1645 and 1650 cm™ were assigned to the alpha helix. The absence of
negative features at 1620 cm™ suggests beta-sheet was not present and that the prominent negative

feature at 1672 cm™' was assigned to the random coil.
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Figure 5.1. Characterization of the urumin peptide. (A) Circular dichroism spectrum of the peptide
in buffers at pH 7 and pH 4. The peptide appeared to adopt a random coil structure at both pHs. (B)
Tryptophan fluorescence spectrum of the peptide in buffers at pH 7 and pH 4. (C) FTIR absorbance
spectrum at pD 7. (D) Secondary derivative spectrum at pD 7 showed alpha-helix and random coil

features.
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Urumin did not inhibit H3N2 X31 strain subtype HA2

It has been shown previously that the urumin inhibited the growth of multiple HIN1 viral
strains and the H3N2 A/Victoria/3/95. The urumin was also found to target the conserved stalk
region (HA2 subunit) of H1 HA. "' X-31 is another commonly circulated H3N2 strain, and its
interaction with urumin has not been investigated. The HA2 B-loop has been regarded as the trigger
that leads to the pH-driven conformational change. Upon acidification, the B-loop folds from a
predominantly random coil structure to a coiled-coil motif, triggering the transition of HA2 pre-
fusion to post-fusion conformation. Figure 3A showed the CD spectra of the B loop before and
after acidification. The B-loop was sampled from the influenza X-31 strain HA2 subunit. When the
urumin and the B-loop were mixed and acidified to pH 4, B-loop folded into an alpha-helical

structure, and the urumin did not inhibit the transition. (Fig. 2A)
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Figure 5.2. (A) Circular dichroism spectra of B-loop at pH 7 (blue) and pH 4 (red) showed the
transition from random coil to alpha-helix upon acidification. The addition of urumin to 140 at pH 7
(teal) did not trigger any structural changes. However, at pH 4 (orange), even with urumin, the 1.40
peptide folded into an alpha helix. (B) Circular dichroism spectra of HA2 at pH 7 (blue) and pH 4
(red) showed a transition to coiled-coil upon acidification. The addition of urumin at pH 7 (teal)
followed by acidification to pH 4 (orange) did not inhibit the HA2 from undergoing the pH-dependent

coiled-coil formation.
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Next, we investigated whether the urumin could inhibit the pH-driven conformational
change in HA2. We used a full-length HA2 construct that corresponds to the influenza X-31 strain.
At pH 7, the addition of urumin to HA2 did not alter the protein's secondary structure, and it
remains mostly alpha-helical. When the mixture was acidified to pH 4, the HA2 was able to undergo
conformation change. (Fig. 2B) The n - © * ratio at 220 nm to = - © * at 208 nm has been previously
used to characterize helical oligomers. The ratio qualitatively indicates the presence of helical
oligomers at values greater than 0.86. ** * The CD data of the HA2 in the presence of the urumin
indicated a shift in the 220/208 ratio consistent with a coiled-coil formation, a feature prominent in
the HA2 post-fusion structure. These results suggested that the urumin did not prevent HA2
conformation change upon acidification. The urumin peptide was unable to inhibit HA2 of the

H3N2 X-31 subtype, potentially due to the lack of binding specificity as with other H3N2 subtypes.

Urumin interacted with PC, PG, and PS' lipids

Besides binding to the HA2 subunits of the H1 viral subtypes, the urumin peptide has also
been shown to disrupt the H1 influenza virus's integrity, specifically the PR8 subtype. Incubating the
PR8 virus with the urumin peptide resulted in a destroyed virion, as shown by electron microscopy.
" This observation prompted an investigation into the interaction between the urumin peptide and
lipid peptide at pH 7 using model membrane systems to modulate lipid compositions to mimic
different kinds of membranes.

The PR8 virus contains glycerophospholipids with a wide distribution of lipid head groups:
47.9% PE, 24.5% PS, 17.6% SM, 7.5% PC, 2% PA, 0.3% PI, and 0.2% PG. * Since the urumin
peptide is positively charged (2+), we hypothesized it would selectively interact with negatively
charged lipids (PS, PG, PI, SM). We synthesized large unilamellar vesicles (LUV) with an average

size of 100 nm and incubated the vesicles with the urumin peptide. LUVs were made of POPC,
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DOPC, DPPC, DPPG, DOPG, POPE/POPC, and DOPS/DOPC. We monitored the tryptophan

(trp) fluorescence of the urumin peptide to examine potential peptide-lipid membrane interactions.
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Figure 5.3. Tryptophan (trp) fluorescence of the urumin peptide in the presence of LUVs with varying
lipid compositions. The intensities have been normalized to 1 to demonstrate better the blue shift of
the lipid+urumin spectra compared to the urumin only spectrum. (A) trp fluorescence of urumin with
POPC, DPPC, DPPC, DOPG LUVs. (B) trp fluorescence of urumin with POPE/POPC and
DOPE/DOPC LUVs. (C) trp fluorescence of urumin with DOPS/DOPE/DOPC and

DOPG/DOPE/DOPC LUVs.

The trp fluorescence emission wavelength of the urumin blue-shifted when incubated with
POPC, DOPC, DPPG, and DOPG LUVs. (Fig. 3A) Since buried tryptophan residues fluoresce at

a shorter wavelength, the tryptophan residues of the urumin were buried in a hydrophobic
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environment with LUVs consisting of the zwitterionic PC negatively charged PG lipid headgroups.
Interestingly, the trp emission only slightly blue shifted (~2 nm) in the presence of DPPC LUVs.
(Fig. 3A)

The urumin's trp fluorescence emission wavelength did not change when mixed with
POPE/POPC LUVs, suggesting a lack of interaction between the peptide and the LUVs. (Fig 4B)
In contrast, there was a blue shift in the emission wavelength when the peptide was mixed with
DOPS/DOPC LUVs. (Fig. 3B) Table 1 summarized the trp emission wavelength maxima of all
samples. These results showed the peptide interacted with LUVs containing PC, PG, and PS
headgroups. These interactions took place regardless of the lipid chain lengths, as evidence by blue

shifts in DOPC (18:1, A9cis) and POPC (16:0-18:1) samples.

Sample Trp Emission Maxima
Urumin, pH 7 344 nm
Urumin, pH 4 344 nm

POPC 335 nm

DPPC 342 nm

DPPG 330 nm

DOPG 330 nm
POPE /POPC 343 nm
DOPS/DOPC 337 nm

DOPS/DOPE/DOPC 337 nm
DOPG/DOPE/DOPC 334 nm

Table 5.1. Trp emission maxima of the urumin in the presence of LUVs. These values were obtained

by fitting the trp emission spectrum to the gaussian distribution.

To further investigate the peptide's conformation in a lipid membrane environment that
closely resembles the PR virus, we synthesized LUV with ternary lipid mixtures:

DOPG/DOPE/DOPC, DOPS/DOPE/DOPC. These mixtures have been reported in other
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studies that investigate interactions between membrane and antimicrobial peptides or proteins.”**’

As with other liposomes containing PG and PS lipids, the trp fluorescence blue-shifted when added

to DOPS/DOPE/DOPC and DOPG/DOPE/DOPC LUVs. (Fig. 3C)

Urumin folded on PG and PS' lipid headgroups

Next, we investigated the structure of the urumin peptide in the presence of LUVs with CD
spectroscopy. The peptide transitioned from a disordered random coil into a folded structure with
DPPC, DOPG, DPPG, and POPE/POPC. (Fig. 4A, B) In DOPG/DOPE/DOPC, the peptide
folded into alpha-helical conformation while attaining a mixed secondary structure in POPC and
DOPG/DOPE/DOPC LUVs. (Fig. 4C) These results further suggested the interaction between
the urumin peptide and the lipid membrane and the folding of the peptide are sensitive to lipid
headgroups.

These results are not surprising, given urumin as a positively charged peptide. Antiviral
peptides are a subclass of the antimicrobial peptide with additional ability in inhibiting viral
infection. It has been shown that the unfolded antimicrobial peptides could fold into an alpha helix
ot beta sheet upon interaction with lipid membrane and led to membrane lysis. * * Therefore, it is
likely the charge interactions between cationic residues in urumin and negatively charged lipid
headgroups led to its folding. It was interesting that the peptide would also fold in the presence of
zwitterionic lipid, PC. One possible explanation could be the hydrophobic residues in peptide-

induced hydrophobic interactions to the zwitterionic membrane.
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Figure 5.4. CD spectra of urumin with LUVs of various lipid compositions. (A) Urumin with DPPC,
DOPC, and DOPG LUVs. (B) Urumin with POPE/POPC LUVs. (C) Urumin with POPC,

DOPS/DOPE/DOPC, and DOPG/DOPE/DOPC LUVs.

Dynamic light scattering

Next, we used dynamic light scattering (DLS) to characterize changes in hydrodynamic radii
of liposomes in the absence or presence of urumin. Additionally, DLS can be used to monitor
membrane aggregation or fusion (an increase in hydrodynamic radius), which have been reported as
mechanisms by which some cationic antimicrobial peptides exert their antimicrobial activity on
anionic membranes. **** ** Since urumin is a host defense peptide that belongs to a class of
antimicrobial peptide, we questioned whether urumin could cause membrane aggregation or fusion

that ultimately led to the disruption of the PR8 virion as reported previously. '
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Figure 5.5 Dynamic light scattering of LUV in the presence or absence of urumin (A) Hydrodynamic
radii of LUV and urumin at L:P ratio 12.5:1 (B) Percentage change in hydrodynamic radii of LUV and
urumin  at [P rato 12.5:1 (C) Hydrodynamic radii of DOPS/DOPE/DOPC and

DOPG/DOPE/DOPC LUV and urumin at L:P ratios 25:1, 12.5:1, 6:1. 0:0.

The sizes of DPPC, POPE/POPC, DOPS/DOPE/DOPC, and DOPG/DOPE/DOPC
liposomes in the absence of urumin varied between 100 and 120 nm in diameter. (Fig. 5A) The
incubation of urumin with all types of liposomes at a lipid-to-peptide (L:P) ratio of 12.5 to 1
increased the hydrodynamic radii. DOPG/DOPE/DOPC and DOPS/DOPE/DOPC liposomes
exhibited the most prominent increase in hydrodynamic radii with a change of 361% and 150%,
respectively. In comparison, the sizes of DPPC and POPE/POPC only increased by 27% and 56%.

(Fig. 5C) Urumin caused an increase in hydrodynamic radii with a decreasing L:P ratio in
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DOPS/DOPE/DOPC. Particulatly in DOPS/DOPE/DOPC at L:P 6:1, the hydrodynamic radius
reached 1645 nm. (Fig. 5B) In the presence of urumin, DOPG/DOPE/DOPC liposomes' sizes
did not change with decreasing L:P ratio and remained at about 400 nm. (Fig. 5B) The increase
drastic increase in DOPG/DOPE/DOPC and DOPS/DOPE/DOPC sizes, compared to DPPC
and POPE/POPC, suggested that peptides led to membrane aggregation and fusion. Although trp
fluorescence and CD showed there were some interactions between urumin with PC and PC/PE
lipid, the significant increase in DOPG/DOPE/DOPC and DOPS/DOPE/DOPC liposomes
suggests the cationic urumin favors aggregation of the anionic PS and PG lipids over the
zwitterionic PE and PC lipids. In DOPS/DOPE/DOPC, as peptide concentration increased
(decreasing L:P ratio) and reached a threshold, catastrophic membrane aggregation and fusion

caused a further increase in liposome size.

Urnmin did not induce liposome leakage

A number of antimicrobial peptides that bind to and fold on lipid membranes have been
reported to induce vesicular content leakage.” Because urumin disrupted viral integtity as seen in
electron microscopy ', we studied its ability to induce dye leakage from lipid vesicles. A self-
quenching concentration (50 mM) of sulforhodamine B dye-entrapped LUVs
(DOPS/DOPE/DOPC and DOPG/DOPE/DOPC) were suspended in the buffer, peptide
solutions were added, and the kinetics of dye leakage was monitored over time. Figures 6A and 6B
show the dye leakage profile upon addition of urumin to DOPS/DOPE/DOPC and
DOPG/DOPE/DOPC LUVs at varying peptide concentrations. The peptide did not induce
significant dye leakage in both vesicles from the lowest concentration (0.207 pM) to the highest

concentration (1.67 pm).
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Figure 5.6. Membrane leakage assay. (A) urumin did not induce significant dye leakage in
DOPS/DOPE/DOPC. The peptide was added to the LUV solution at 150s, and Triton-X was added
at 600s. (B) urumin did not induce leakage in DOPG/DOPE/DOPC after being added to the LUVs
at 200s. The addition of Triton-X at 700s resulted in a spike in sulforhodamine B fluorescence due to

lysis and dilution.

These data showed that urumin could not permeabilize negatively charged membrane,
despite its ability to bind and fold on the membrane. Similar observations have been made in the
synthetic antimicrobial peptide. SynSaf synthetic peptides were designed based on class I bacteriocin,
a peptide produced by bacterial ribosomes. * The SynSaf peptides were unable to induce dye leakage
in dye-encapsulated vesicles but still exhibited antimicrobial peptide activity against plant pathogens.
Therefore, it is possible that, like the SynSaf peptide, urumin may adopt an alternative antimicrobial
and antiviral mechanism of action. Non-lytic activities have also been observed in other host-
defense peptides such as bovine lactoferricin, daptomycin and certain peptides with propensities to
form beta-sheets. *

In summary, trp fluorescence showed that urumin interacted with PC, PS, PG lipid, and CD

showed the peptide fold into an alpha helix in the presence of PS and PG lipid. DLS further
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showed that the cationic peptide exhibited favorable interaction with anionic PS and PG lipids,
leading to catastrophic membrane aggregation. Leakage assay showed that the peptide did not
induce sulforhodamine B leakage and therefore did not form a pore in the membrane. These results
suggested that the peptide showed selectivity towards PS and PG lipids and could explain the
disruption of the PR8 virion containing a high concentration of PS lipid. The peptide could first
bind to the negatively charged PS and PG lipids and folds. Then the peptide induces membrane

aggregation, particularly in PS lipid.

5.5 Conclusion

In summary, this chapter aims to characterize the structure of urumin, study its interaction
with a lipid membrane, and investigate its potential to prevent the pH-driven conformational change
in HA2. This study showed that the peptide is disordered in an aqueous solution and maintains its
structure at acidic pH. Using model membrane with lipid characteristics to the influenza PR8 virion,
this study revealed that urumin interact with PC, PG, and PS lipids, while folding to an alpha helix
or beta-sheet with PG or PS lipid. Dynamic light scattering preliminarily showed that urumin could
cause lipid aggregation, particularly in LUVs containing PS lipids. urumin failed to induce membrane
leakage in LUVs containing PS/PE/PC and PG/PE/PC lipids, suggesting that it distupts
membrane via mechanisms other than pore formation. In addition to studying membrane
interactions, we also showed that urumin does not interact with H3N2 X-31 HA2. Unlike other
antiviral cyclic peptides, urumin does not inhibit the HA2 protein from undergoing pH-driven
conformational change. This suggests that urumin has to inhibit influenza viral growth via other
pathways and that membrane aggregation could be a potential mechanism. Additional studies such

as measuring binding affinity between the peptide and different lipids with I'TC and imaging peptide-
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liposome interactions with fluorescence microscopy or TEM could help decipher urumin's viral

inhibition mechanism.
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5.7 Supplemental Information

Autocorrelation functions of LUV s and urumin
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Figure S5.1 (A) ACF of DPPC with or without urumin at L:P ratio 12.5:1 (B) ACF of POPE/POPC
with or without urumin at L:P ratio 12.5:1. (C) ACF of DOPS/DOPE/DOPC with or without urumin
at L:P ratios 12:1, 12.5:1, 6:1, and 0:0. (D) ACF of DOPG/DOPE/DOPC with or without urumin at

L:P ratios 12:1, 12.5:1, 6:1, and 0:0.
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Chapter 6:
Conclusion

Hew Ming Helen Siaw

6.1 Summary

This dissertation aims to study protein and membrane interactions, focusing on protein and
peptide conformation changes and their impact on membrane biophysics. Protein-membrane
interactions are fundamental to cellular functions and other processes such as viral infection.
Specifically, the asymmetric distribution of protein has been recognized as a critical factor to cause
membrane remodeling and lead to the formation of vesicles during cargo transport. ' In the
influenza virus, the conformational rearrangement of hemagglutinin generates curvature in both viral
and host membrane and leads to fusion. The interactions between protein and lipid membrane
extend beyond maintaining biological functions. Antimicrobial peptides and antiviral host-defense
peptides secreted by living organisms act as an innate defense barrier against microbial and viral
infection. These peptides exert their antimicrobial or antiviral effects by folding on lipid membranes
and inducing membrane aggregation and fusion. **

We investigated the role of protein conformation change on a general membrane bending
mechanism, protein crowding, and its impact on membrane bending. Then, we studied the
interactions between protein and lipid membrane in a biological context, specifically with the
influenza virus. We expressed the H3N2 X31 strain hemagglutinin HA2 subunit, characterized its
structure at equilibrium, and resolved sub-millisecond pH-driven protein folding dynamics. Next, we
studied and characterized a peptide (L40C) corresponding to the B-loop region of HA2. We use the

peptide as a model to HA2 mediated membrane fusion kinetics because of its pH-dependent loop-
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to-helix transition and folding into coiled-coil. Lastly, we studied a host defense peptide, urumin,

and characterized its interaction with model membranes that mimic the influenza PRS8 virus.

6.2 Other contributions

In addition to the studies described in this dissertation, I have also contributed to publication
outside of the Dyer group:

° Merg, A. D.; Touponse, G.; Genderen, E. V.; Blum, T. B.; Zuo, X.; Bazrafshan, A.; Siaw, H.

M. H.; McCanna, A.; Brian Dyer, R.; Salaita, K.; Abrahams, J. P.; Conticello, V. P., Shape-

Shifting Peptide Nanomaterials: Surface Asymmetry Enables pH-Dependent Formation and

Interconversion of Collagen Tubes and Sheets. Journal of the American Chemical Society 2020,

142 (47), 19956-19968.
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