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Abstract

Thirty percent of the human genome is committed to production of membrane
proteins. The importance of membrane proteins transcends all living organisms as these
macromolecules serve as the gatekeepers to many processes that maintain homeostasis
and cellular communication. Essential to adopting proper structure and function is the
ability for membrane proteins to insert into target membranes. Despite the significance of
this process, many questions concerning the fundamental mechanism of how insertion is
achieved remain. For example, how do dynamic protein structures facilitate insertion?
What are the energetics that govern this process? What role does the membrane play?
Perhaps an even greater deficit in the field is the ability to couple membrane dynamics to
those of proteins. Both membranes and proteins represent complex classes of
macromolecules. In addition, the dynamics that govern these structures challenge the
temporal resolution of many available techniques often used to study these systems.
Thus, the nature of protein-membrane interactions necessitates development of time-
resolved methods capable of capturing such dynamic processes.

This dissertation aims to examine the mechanisms that drive spontaneous
insertion of peptides into membranes, coupling membrane dynamics to those of the
inserting peptides. In brief, the first half of this dissertation focuses on characterizing the
dynamics of the fluid phase transition of model membranes and then utilizes the physical
properties of membrane phases to examine spontaneous insertion of a small antimicrobial
peptide, Mastoparan X (MPX). To accomplish this, the gel to fluid phase transformation
was characterized in model d62-DPPC unilamellar vesicles by temperature-jump infrared

spectroscopy. These studies revealed that d62-DPPC vesicles achieve the fluid phase



state in only hundreds of nanoseconds by propagation of disorder from the edges of the
membrane facets. Utilizing the ability to rapidly trigger the fluid phase state of the d62-
DPPC membranes, the insertion rate of MPX was determined. These results indicate that
insertion occurs within a few hundred microseconds, and importantly, determine the
thermodynamic parameters that govern MPX insertion into a model membrane thereby
establishing an exciting new methodology to probe spontaneous insertion of proteins into
membranes.

The second half of this dissertation examines peptide insertion as it relates to the
mechanism of influenza A hemagglutinin (HA) protein, and its role in viral membrane
fusion. It is hypothesized that early steps in HA-mediated membrane fusion are driven by
folding of the coiled-coil motif Loop-40 (L.40) in response to acidification of the
endosome upon viral uptake. Ultimately, this process promotes extension of the HA
fusion peptide to the surface of the host endosome, priming insertion of HA. In this
dissertation, the folding mechanism of HA L40 peptide was studied by temperature-jump
infrared and fluorescence spectroscopy. These results reveal a complex folding pathway,
where three possible intermediates are accessed between the folded and unfolded state.
Additionally, formation of the coiled-coil core is rapidly achieved, taking only ~10* s to
fold. Lastly, an infrared fusion assay was successfully developed using combinations of
isotope labeled and non-isotope labeled lipids to establish a platform for simultaneous
monitoring of HA driven insertion and membrane fusion. Together, these studies add to
the fundamental understanding of dynamic protein-membrane interactions, focused
specifically on the underlying mechanisms that govern spontaneous insertion of peptides

into membranes.
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Chapter 1: A General Introduction to Dynamic Protein-Membrane Interactions



1.1 Introduction
1.1.1 Historical Perspective

The year 1855 marked the first description of a barrier that surrounds the most
basic unit of life. We would later come to call this barrier—the plasma membrane. In
1895, Charles Ernest Overton related permeation of small molecules to their partition
coefficient between oil and water indicating that membranes are hydrophobic substances
composed mostly of lipids and cholesterol.' By 1917, Langmuir concluded that lipids in
monolayers were oriented, where the polar headgroups of the lipid molecules were
arranged in a way that allowed them to face water, while the greasy hydrocarbons chains
oriented themselves towards the air interface. * In 1925, Gorter and Grendel discovered
that the surface area of lipids extracted from red blood cells was twice that of the surface
area determined from microscopy images.’ Together, these observations ultimately lead
to the idea that cellular membranes were composed of a bilayer of lipids, where the
hydrophobic acyl chains faced inwards making a hydrophobic membrane core and the
polar head groups oriented to the exterior, contacting the water interface.'”

The notion of proteins as a critical part of membrane structure was not put forth
until a decade after Gorter and Grendal’s bilayer model of cellular membranes.' Set into
motion by Jim Danielli and Hugh Davson (1935), their studies had a particular emphasis
on the proteins that were adsorbed onto the membrane surface. Ultimately these studies
led to the trilayer model of membranes where proteins were thought to create a
continuous network along the membrane surface.* In 1958, transmission electron
microscopy broke the resolution limit of optical spectroscopy, thus allowing for J. David

Robertson to capture an image of the plasma membrane. The year 1958 also marked a



major advancement in x-ray crystallography, where for the first time, crystal structures
provided atomic pictures of protein structure.’
1.2 Membrane Theory
1.2.1 The Fluid Mosaic Model

In 1966, Lenard and Singer connected the role of hydrophobic residues to the high
propensity of membrane proteins to contain alpha helical domains.' Made possible by
advancing technology in X-ray crystallography, this relationship ultimately leads Singer
and Nicholson to develop the fluid mosaic model in 1972.° One of the most prolific
models to date, this model integrates the role of proteins and lipids in membrane
structure, where two main types of proteins exist: peripheral membrane proteins
associated with the membrane surface, and integral membrane proteins that span the
bilayer. This model is significant not only for being the first functional model of the
plasma membrane but also that it provides an inkling of dynamic membrane protein
interactions suggesting protein lateral motion within the plasma membrane.
1.2.2 The Mattress Model

Mouritsen and Bloom modified the fluid mosaic model, developing the plasma
membrane as a complex surface. The fluid mosaic model implies that proteins associated
with the membrane are homogeneously distributed within a uniform fluid state. The
mattress model (1984) expands on the fluid mosaic model to include the concept of
hydrophobic matching where a mismatch in length of either the hydrophobic membrane
core or integrated proteins would expose hydrophobic segments to water. ’As a
thermodynamic incentive to minimize these unfavorable interactions, lipids and proteins

alike would segregate to select for neighboring molecules that most closely match the



desired hydrophobic length. Ultimately this effect would lead to clusters of proteins non-
homogeneously distributed within the cellular membrane, a deviation from the uniformity
proposed in the fluid mosaic model.
1.2.3 Modern Perspective on Membrane Theory

The fluid mosaic model continues to be the basis for all modern adaptations of
membrane theory, however, we now understand membranes to be a composite of a
diverse array of lipids in a crowded environment abundant in proteins.®” As a result,
current models describing membrane theory portray biological membranes as incredibly
complex asymmetric surfaces. As suggested in these modern adaptations of the fluid
mosaic model, the effects of membrane content and macromolecular crowding on lipid
order present intriguing implications for the role of membrane fluidity on membrane
protein dynamics. Even simple prokaryotic organisms like B. subtilis dedicate entire
signaling pathways to modulating fluid phase state," as tension derived from heightened
lipid order has a direct effect on the function of the organisms membrane proteins. The
case of B. subtilis offers a remarkable example of dynamic protein-lipid interactions on
the membrane surface driving communication between the outside and inside of a cell.
Although the fluid mosaic model does imply that dynamic protein-protein and protein-
lipid interactions are significant to the structure and function of biological membranes, it
does not provide a quantitative framework for understanding the fundamental
mechanisms driving these interactions, and there are few experimental studies that
provide quantitative measure of the dynamics.
1.3 Dynamic interactions between membranes and proteins enhanced by lipid order

1.3.1 Hydrophobic Matching



Both the fluid mosaic model and the mattress model create a platform for the
notion of dynamic protein-membrane interactions. In the case of the fluid mosaic model,
proteins can readily achieve lateral diffusion across the membrane given the uniformly
fluid state of the membrane. The mattress model implies more sophisticated dynamics
between proteins and membranes in the suggestion that proteins and lipid alike have the
capacity to organize within the membrane, such that the membrane is divided into
clusters of molecules with similar properties. These concepts were bolstered with the
birth of raft theory," the idea that the lipid constituents surrounding proteins in the
membrane are likely very different than the ensemble. Furthermore, the presence of small
molecules like cholesterol can enhance membrane rigidity, thereby increasing membrane
order. "> Raft theory went one step further to suggest that the lipids surrounding
membrane proteins have a direct effect on protein function. These early ideas of dynamic
“cell sorting” have also contributed to our understanding of how cellular organelles, e.g.
Golgi apparatus, organize proteins in preparation of vesicular transport. ">
1.3.2 Membrane Protein Folding

In addition to protein organization and function, most membrane proteins require
interaction with the membrane to properly fold. One of the earliest contributions to the
field of membrane protein folding occurred in 1980 when the fluid mosaic model was
less than a decade old. Khorana et al. discerned the relationship between the primary
sequence of globular membrane proteins and structural predictably."’Shortly thereafter,
the light-harvesting, proton-pump and seven helix bundle bacterhodopsin from
archaebacteria H. salinarium was successfully isolated, unfolded and refolded in vitro."

Early models for membrane protein folding were limited to simple two —state models,



where the first stage of folding was associated with folding of individual helices,
followed by intramembrane helix oligomerization.'* The folding of membrane proteins
was soon directly related to membrane order using the same protein model in early
folding studies involving bacterhodopsin. These experiments ultimately related lipid
composition, i.e. lipid length and rigidity, to membrane curvature and the perceived force
that lipids induce on a folding protein. Increasing membrane rigidity by modulating lipid
composition resulted in significantly slower rate constants for formation of the apoprotein
intermediate, which is the rate-limiting step of bacterhodopsin folding. This was the first
example illustrating how lipids directly affect membrane protein folding."
1.3.3 Insertion of Proteins into Membranes

Tightly coupled to the concept of membrane protein folding is protein insertion
into membranes. In general, the proteins that participate in insertion can be categorized as
either assisted inserters or spontaneous inserters.''”'® Assisted inserters are thought to
insert co-translationally, and are assisted by complex chaperones and translocons, e.g.
Sec Y pathway in gram-negative bacteria."” Examples of spontaneous inserters include
antimicrobial peptides, viral fusion peptides and amyloidgenic peptides. Despite the
prevalence and importance of insertion in many biological arenas, the mechanism of
protein insertion into membranes is poorly understood. Many experimental methods
suited to study this interaction either lack the time resolution to capture the dynamics of
protein insertion or lack the versatility to couple membrane dynamics to those of the
protein.
1.4 Biomedical Relevance of Protein insertion into Membranes: Viral Pathogenicity,

Antimicrobial Peptides and Therapeutics



Beyond the fundamental understanding of dynamic membrane protein
interactions, understanding the mechanistic nuances of insertion of proteins into
membranes is applicable to our understanding of pathogenicity in viral systems. A
hallmark example of this is hemagglutinin (HA) protein found on the influenza virus. In
the lifecycle of influenza, viral membrane fusion is mediated by insertion and refolding
of the HA protein.” This general mechanism for membrane fusion is conserved in most
viral systems and is vital to the infectivity of viruses. In addition to the role of insertion in
viral systems, insertion is also critical to the mechanism of many antimicrobial peptides
(AMPs), as this class of proteins is primarily effective by targeting and disrupting a
number of pathogenic membranes. The effectiveness of AMPs has made them a
promising target for the pharmaceutical industry. However, understanding the mechanism
of insertion and membrane disruption will greatly enhance rational design of molecules
that can be used to target and insert into membranes associated with pathogenic
organisms.

1.5 Aim and Scope of Dissertation

The most comprehensive models of membranes were conceived in the 1970s and
1980s. What is abundantly clear from the evolution of membrane theory is that the early
models still greatly persist today. To truly characterize the dynamic nature of membranes
and membrane proteins both experimental and theoretical methods must be able to
resolve the molecular detail of membrane components, a methodology still lacking. This
dissertation highlights the use of infrared spectroscopy in combination with other

biophysical methods to address this limitation and aims to couple the dynamics of



membranes and proteins, specifically examining the role of the fluid phase state of
membranes on the mechanistic underpinnings of peptide insertion into membranes.

In summary, Chapter 2 will characterize dynamics of the gel to fluid phase
transition in model DPPC bilayer vesicles using temperature-jump infrared spectroscopy.
These spectroscopic results, in conjunction with theoretical modeling, define a plausible
mechanism describing the fluid phase transition of membranes. Chapter 3 capitalizes on
the control of membrane phase modulation learned from Chapter 2’s findings to study the
mechanism of dynamics of protein insertion using the helical antimicrobial peptide
mastoparan X (MPX) as a model system. In addition to probing peptide insertion,
infrared spectroscopy also allows for direct comparison of lipid dynamics to those of the
protein upon protein insertion. Chapters 4 and 5 detail the immediate biological relevance
for studying protein insertion by examining mechanisms promoting membrane fusion in
influenza hemagglutinin (HA) protein. More specifically, Chapter 4 examines the folding
of the trimeric L40 peptide, a portion of HA critical to the pH dependent triggering of HA
extension. This step is essential to the mechanism of HA as it results in presentation of
the fusion peptide to host endosomes for insertion. Chapter 5 outlines preliminary studies
focused on developing an infrared assay for studying the insertion of the fusion peptide
and subsequent membrane fusion without the use of fluorophores or other perturbing
labels. Together these studies lay the foundation for studying dynamic membrane protein
interactions with high molecular and temporal resolution, thus addressing some of the
most pertinent limitations to the field.
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Chapter 2: Dynamics of the Gel to Fluid Phase Transformation in Unilamellar

DPPC Vesicles

Reprinted with permission from Nagarajan, S., Schuler, E. E., Ma, K., Kindt, J. T., and
Dyer, R. B. Dynamics of the Gel to Fluid Phase Transformation in Unilamellar DPPC
Vesicles. The Journal of Physical Chemistry B. 2012, 116 (46), 13749-13756. Copyright

2012 American Chemical Society.
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2.1 Introduction

Lipid dynamics play a critical role in a wide range of cell membrane phenomena.
An important example is the dynamic formation of nanoscale liquid ordered assemblies
in the cell membrane, which have been postulated to organize components to achieve
specific functionality, including simple mechanical functions, signal transduction, ion
transport, and membrane trafficking.'® These processes may involve changes in lipid
structure and dynamics and associated changes in local membrane fluidity and
permeability. Understanding the dynamic organization of membranes requires elucidating
the underlying structures and dynamics that span many orders of magnitude in length and
time scales, from the molecular to the macroscopic. Model membrane systems have
played an important role in the study of the molecular structures and dynamics that
underlie macroscopic phenomena. Although the cell membrane is a mixture of hundreds
of lipid types, the phase behavior of simple model phospholipid bilayers is of interest not
only as a starting point for understanding the cell membrane, but also for potential
applications in bionanotechnology. Here we focus on the dynamics of a phase transition
in a simple model unilamellar vesicle that may serve as a basis for elucidating the
dynamics of more complex phenomena in the lipid bilayer.

The phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) forms
stable, well-characterized unilamellar lipid vesicles. The equilibrium phase behavior of
DPPC bilayers has been extensively studied. The equilibrium phase behavior of
unilamellar DPPC bilayers exhibits four distinct phases, the crystal (L¢'), gel (L"), ripple
(Pf"), and fluid or liquid-crystalline (La) phases in order of increasing temperature. The

sharpest and most endothermic transition (AH = 33 kJ/mol) is the “main transition”
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between the highly ordered gel phase and the disordered fluid phase. Notably, the main
transition (7m = 41 °C, conveniently near normal human body temperature) produces a
sharp increase in permeability that is the basis for the use of DPPC liposomes to deliver
anticancer drugs selectively to solid tumors subjected to hyperthermia therapy.”* The
underlying molecular changes in this main transition include the conversion of lipid acyl
chains from the nearly all-trans configuration to one having an increased number of
gauche “kinks,” and associated increases in the interfacial area per lipid and in the lipid
conformational disorder and mobility.* The LS’ to PS’ transition has been observed in
large unilamellar vesicles (LUV),” although it is not clear how the 10—15 nm periodicity
of the ripple phase is influenced by the 50 nm radius of curvature.'” All of these phase
changes influence the membrane structure and dynamics. In the past several decades, the
focus of studies of membrane phase behavior has been on understanding the
thermodynamics and structures of the gel and fluid ordered and disordered phases and the
transitions between them. The dynamics of the gel to fluid phase transition is less well
understood, however, due to the lack of structural specificity of the time-resolved
methods used to observe the nanosecond to millisecond events.' ™" Relaxation methods
have been the primary tool used to explore the dynamics of phase transitions, probed by

%19 yltrasound,” and dielectric relaxation.”® A hierarchy of

light scattering,'®"” calorimetry,
relaxation times is observed due to the complexity of the physical changes involved in
phase transitions. These methods do not directly determine the molecular origin of the
observed relaxation times, so the results are generally interpreted using physical models

and in light of more structurally specific measurements of the dynamics. The fastest

relaxation modes have been assigned to the correlation times of lipid head groups (10™"'—-
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107 s), to chain segmental motions (10~ s), to lateral diffusion of lipid monomers (10
s), and to gauche—trans isomerization (10 s) by analogy to NMR measurements of
specifically deuterium labeled lipids.*' Slower relaxation processes (10°~107 s) have
been assigned to domain fluctuations, based on statistical mechanical models that predict
a critical slowing of the lifetime near the transition temperature.'”*’ More recently, efforts
have focused on developing molecular models of the dynamics of lipid phase transitions
using molecular dynamics simulations.” > Experimental evidence is still needed to
complement these efforts and to test the validity of the computational models. Insight
about how well the force fields predict the observed lipid dynamics is useful for
evaluating simulations of more complex phenomena such as the formation of cholesterol
containing liquid ordered phases.

In this work, we have used an integrated experimental and theoretical approach to
investigate the lipid dynamics during the gel to fluid phase transition and subsequent
relaxation of the vesicle structure in 100 nm homogeneous perdeuterated d62-DPPC
unilamellar vesicles. We have applied a new experimental approach to this problem
consisting of laser temperature jump (7-jump) initiation coupled with time-resolved
infrared spectroscopy to follow the molecular details of the phase transition from
nanoseconds to milliseconds. 7T-jump methods allow the exploration of the dynamics far
from equilibrium, particularly for a 7-jump that is large compared to the width of the
phase transition. Previous studies have used laser 7-jump coupled with X-ray methods to
study the structural transitions of lipid bilayers in water, but did not resolve the
dynamics.”**” IR spectroscopy is a powerful, nonperturbing technique that is sensitive to

acyl chain conformation, headgroup environment, and water interactions. Time-resolved
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IR spectroscopy can follow these structures on time scales ranging from the ultrafast
conformational dynamics of the monomer to the slower global relaxation of a lipid
bilayer and associated processes such as water permeation.”® Therefore, it is possible to
connect the molecular dynamics with the macroscopic phenomena using this approach.
Deuterated DPPC was chosen, since the CD2 symmetric stretch falls in a clear region of
the FTIR spectrum and hence is useful to probe membrane properties in the presence of
other components, including peptides and other (nondeuterated) lipids. The infrared
transients that characterize the gel to fluid phase transition of DPPC are complex,
extending from the nanosecond to the millisecond time scales. The dominant phase is fast
(submicrosecond) and is well modeled as a partial melting of the gel domains, initiated at
pre-existing defects at the edges of the faceted structure of the gel phase. Molecular
dynamics simulations of a buckled lipid bilayer support the model of rapid melting
proceeding from the partially disordered edge structure.
2.2 Materials and Methods
2.2.1 Preparation of d62-DPPC LUVs

The d62-DPPC lipids and extrusion kit were purchase from Avanti Polar Lipids,
Inc. A 25-mg portion of d62-DPPC in chloroform was pipetted into a 2 mL glass vial and
dried by N, gas, after which the sample was placed under vacuum for at least 5 h to
ensure complete removal of solvent. The dried lipid film was hydrated with 300 uL of 20
mM sodium phosphate buffer at pH 7.4 with 150 mM NacCl for at least 30 min followed
by at least five freeze thaw cycles starting at a temperature above the 7m and then
quenching to 4 °C on ice. Unilamellar vesicles of 100 nm were prepared by extruding the

hydrated solution 15 times or more through a polycarbonate filter having pore openings
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of 100 nm diameter, at a temperature 10 — 20 °C above the Tm of the vesicles.
Transmission electron micrographs of the vesicles indicate that they are within the
expected size range. For the equilibrium and temperature jump experiments, the samples
were used immediately after the extrusion procedure.
2.2.2 Equilibrium FTIR

Equilibrium FTIR temperature-dependent spectra were recorded on a Varian 3100
FTIR spectrometer equipped with liquid nitrogen cooled mercury cadmium telluride
(MCT) detector. The spectra were the result of 256 scans recorded at a resolution of 2
cm™'. The d62-DPPC lipid vesicles were prepared as described above in buffer containing
20 mM sodium phosphate and 150 mM sodium chloride at a pH* of 7.4, in D,O [pH*
refers to the uncorrected (for D,0O) pH-meter reading at 25 °C]. The d62-DPPC lipid
concentration for IR experiments is approximately 30 mM. A split IR cell composed of
CaF, windows was utilized with a path length of 100 um to record the spectrum of both
the reference (D,O buffer solution) and the sample (d62-DPPC lipid vesicles in D,O
buffer) side of the IR transmission cell under identical conditions at each temperature.
The temperature of the IR cell was controlled by a water bath, and the sample
temperature was measured by a thermocouple attached to the cell. The absorbance
spectra of the lipid vesicles were determined from the negative logarithm of the ratio of
the single beam spectra of the sample to the reference side of the IR split cell at each
temperature.
2.2.3 Temperature-Jump Infrared Spectroscopy

The T-jump time-resolved IR apparatus used to measure the lipid relaxation

kinetics in this study has been previously described.””° The T-jump experiment is a
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pump—probe experiment in which a short pulsed (10 ns) 1.91 um laser pulse constitutes
the pump that is absorbed by the D,O solvent and causes a rapid (10 ns) 7-jump in the
sample. The T-jump initiates the gel to fluid phase transformation. A quantum cascade
laser (Daylight Solutions Inc., Poway, CA) tunable either in the 1565-1735 cm™ or the
2035-2145 cm™' region is used to probe structural changes in the sample as the system
relaxes to a new equilibrium at the final temperature in response to the 7-jump. The
changes in transmission of the IR probe beam are detected by a fast (200 MHz)
photovoltaic MCT detector (Kolmar Technologies, Newburyport, MA). The 1.91 um (10
ns fwhm Gaussian pulse width, ~30 mJ/pulse) pump radiation is obtained from a H, (g)
filled Raman shifter (1 Stokes shift) pumped by a 10 Hz repetition rate Q-switched DCR-
4 Nd:YAG laser (Spectra Physics, Mountain View, CA) and is absorbed by weak
combination bands in the D,O solution. This pump wavelength was chosen to achieve
nearly uniform heating in the pump—probe overlap region, because 87% of the pump
intensity is transmitted through the 100 ym path length sample cell. The same split cell
used for the equilibrium FTIR experiments was used for the kinetic measurements with
the reference D,O buffer compartment serving as an internal thermometer to determine
the magnitude of the 7-jump. The lipid relaxation transients were extracted by subtracting
the change in absorbance of the reference (D,O buffer) from the sample (d62-DPPC in
D,0 buffer) in response to the T-jump. The kinetic traces were recorded from 10~ to 10~
s using a Tektronix 7912 digitizer capable of switching the time base at 5 different time
points during the acquisition, to achieve uniform sampling over 7 decades in time. The
data analysis was performed in IGOR Pro (Wavemetrics, Inc.).

2.2 4 Simulation Methods
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A DPPC gel was created as previously described.” Thirty-two lipids arranged in
the crystalline conformation were solvated by 800 waters, and first equilibrated at 273 K
for 10 ns at 1 bar pressure. The structure was then replicated 8-fold along the X axis and
2-fold along the Y axis to yield a 512-lipid, 12 800-solvent box with dimensions 26.7 x
5.0 x 7.2 nm, with the tail tilt aligned with the Y axis. This structure was then subject to
uniaxial compression over a 3.0 ns simulation at 310 K, with a reference pressure of 400
bar in the X direction and 1 bar in the Y and Z. The resulting structure (dimensions 21.8
x 5.1 x 8.8 nm) contained two sharp bends, but maintained nearly regular packing of its
tails. This buckled structure was subject to 50 ns further MD simulation under fixed X
and Y box dimensions, with pressure coupling in the Z dimension set at 1 bar pressure, at
temperatures above and below the estimated transition temperature of 308 K previously
determined for this force-field.” Simulations were performed using Gromacs 4.5°' using
the united-atom DPPC forcefield of Berger et al.”® and a time step of 2 fs. Electrostatic
forces were treated using the particle-mesh Ewald method™ with standard Gromacs
parameters. Temperature and pressure coupling were achieved using the Berendsen
method.™
2.3 Results and Discussion
2.3.1 Equilibrium FTIR

FTIR spectroscopy is ideally suited to characterize the equilibrium phase behavior
of DPPC vesicles. Figure 2.1A shows the temperature-dependent (10 to 44 °C) FTIR
spectra of LUV in D,O buffer, in the region of the CD, symmetric stretching vibration of

d62-DPPC. The IR absorption band for non-deuterated DPPC CH, symmetric stretching
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vibration is centered at 2850 cm™', but this mode is shifted to 2089 cm™' for the deuterated
lipid. The CD, symmetric stretch of the d62-DPPC vesicles is shifted from
2089 cm™ at 10 °C to 2093 cm™ at 44 °C and the bandwidth increases by ~5-6 cm™.

Both changes are consistent with the melting of the ordered gel phase to a disordered
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Figure 2.1. Temperature dependent FTIR spectra of d62-DPPC LUV in the range of 10 - 44 °C in ~2 °C
increments in (A) the CD, symmetric stretch and (B) the ester C=0 stretch spectral regions. Arrows
indicate direction of absorbance change with increasing temperature (blue = cold, red = hot). (C) Thermal
phase transition of d62-DPPC obtained by plotting the intensity of the CD, stretch (2088 cm™) and C=0
stretch (1736 cm™) versus temperature. The two curves are scaled separately for ease of comparison (note

that the 1736 cm™ AA values are significantly smaller than those at 2088 cm™). Solid lines are fits to a

three sigmoid equation (eq 1).
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fluid or liquid crystalline phase. The shift to higher frequency is due to a loss of the mode
coupling (inter- and intrachain) that is present in the tightly packed, nearly all-trans
conformation (this coupling lowers the CD, stretching frequency), but is absent in the
disordered phase due to isomerization of the acyl chain to include some gauche
conformations. These gauche “kinks” disrupt intrachain mode coupling due to
unfavorable geometry, and the concomitant increase in interchain distance disrupts
interchain coupling. The increase in bandwidth is due to the increased acyl chain
disorder, causing an increase in the inhomogeneous broadening. The weaker band at 2070
cm is attributed to the symmetric stretching vibration of the terminal methyl group of
the lipid acyl chains. All of these changes are completely reversible upon cooling of the
solution back to the starting temperature, on the time scale of the FTIR measurement
(minutes).

Figure 2.1B presents the temperature-dependent FTIR spectra of lipid headgroup
ester carbonyl stretching (C=0) vibration. This mode occurs at 1738 cm™ for the gel
phase at 10 °C and is shifted to 1736 cm™ in the liquid crystal phase at 44 °C. The C=0
vibration band is sensitive to the local dielectric of the interface and to hydrogen bonding
to water. Therefore, it is a sensitive indicator of the hydration of the membrane in the
lipid headgroup region. At 44 °C, the C=0 vibration is downshifted, suggesting that the
headgroup is better hydrated in the fluid than in the gel phase. Figure 2.1C shows the
melt curves derived from the temperature dependence of the intensities of the CD,
vibration at 2088 cm™ and the C=0 vibration at 1736 cm™'. The solid lines are fits to a

three-sigmoid function to describe the three transitions between the four distinct phases:
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the crystal (Lc') to gel (LB") transition (Tm,), the gel (LB") to ripple (Pf’) transition (Tm,),

and the ripple (PB’) to fluid or liquid-crystalline (La) transition (7ms):
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The melt temperatures of each of these transitions determined from the fit of the
CD, stretch data are Tm, = 16.4 + 0.8 °C; Tm, = 30.7 £ 0.8 °C; and Tm,; = 37.5 £ 0.1 °C,
respectively. The C=0 data yield the same transition temperatures within experimental
error. The gel to ripple, and ripple to fluid phase transition temperatures derived from the
fits are in agreement with other spectroscopic and calorimetric results (7m = 35-37.5
°C).””” The small variations in the main phase transition temperature reported for d62-
DPPC by different groups may be attributed to the different accuracies of the
measurements or to variability in the vesicle size (radius of curvature) and hence specific
melt temperature.
2.3.2 Temperature-jump Infrared Spectroscopy

Temperature-jump initiation coupled with time-resolved infrared spectroscopy is
a highly sensitive technique that allows us to directly follow the dynamics of any system
that undergoes a temperature dependent structural transition within a time range of
nanoseconds to hundreds of milliseconds. We have used a 10 ns laser induced 7-jump to
initiate the main phase transformation in d62-DPPC LUV, and probed the resulting
dynamics using the CD, symmetric stretching vibration at 2089 cm™'. Figure 2.2A shows

the time-resolved IR absorbance of d62-DPPC LUV monitored at 2089 cm™ in response
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to a laser induced 7-jump from various starting temperatures. The 7-jump magnitude is
4-7 °C and the initial temperature is below 7m in all cases. A range of starting

temperatures was probed to determine the temperature dependence of the relaxation rates.
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Figure 2.2. LUV dynamics following a laser induced 7-jump. (A) Relaxation kinetics of d62-DPPC LUV
monitored at 2089 cm™ (CD, symmetric stretch) in response to a T-jump of magnitude of 4-7 °C. The
legend indicates the initial and final temperatures for each jump. The kinetic traces are the average of 2500
laser shots. The solid lines are fits to eq 2. (B) Arrhenius plot of the initial rate for jumps to the fluid phase.
(C) Cartoon of stages in vesicle melting. Dashed lines represent gel phase domains, red curves represent

fluid phase regions.

A transient bleach is observed at this probe frequency, as expected for the transition from
an ordered gel to disordered liquid crystalline phase, based on the equilibrium FTIR data
presented in Figure 2.1. The 7-jump IR transients observed at 1712 cm™, which monitors
the ester C=0 stretch of the lipid headgroup, show the same general features as those

observed for the CD, vibrations. Both are dominated by an initial response on the
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nanosecond time scale, followed by an extended nonexponential phase on the
microsecond time scale. The 1712 cm™ transients are noisier, however, due to the smaller
absorbance change for this band, hindering accurate fitting of these data.

The relaxation transients exhibit complex kinetics spanning several orders of magnitude
in time. The transients could not be fit to a single exponential or to a multiexponential
function and hence were fit to single exponential (the dominant phase), crossing over

smoothly to a stretched exponential (eq 2):

Aabs(t)=c [exp(-t/T)-1], O<r<t,

tot? r> tc (2)

=c,exp(-t/1,)*-c
This function resembles the “coupling model” function used to describe relaxation in
glass-forming systems™ in its inclusion of a crossover time tc between single-exponential
and stretched-exponential regimes, but differs in specifics. The time constants of the
initial single-exponential component and the stretched exponential are represented by 71
and 72, the stretch factor by a, the onset time of the stretched exponential regime by fc,
and the total amplitude of the transient change in absorbance by ctot. From these five
independently variable fitting parameters, the amplitude prefactors of the single and
stretched exponential stages (c1 and ¢2) are obtained from the constraints of continuity in
the function and its first derivative at fc (see Appendix A2.3 for details). Optimal fit
values are given in Table 2.1. The transient corresponding to the lowest temperature 7-
jump, from 27 .4 to 34 °C, is equally well fit by a simple stretched exponential function.

This T-jump is completely within the gel (L") to ripple (PB’) phase transition. All of the
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other T-jumps reported here extend into the fluid phase. The distinct single exponential
regime is apparently characteristic of the main transition.

The transients for 7-jumps within the main transition are best fit by eq 2.
Significant portions of the transient absorbance change are completed both before and
after the crossover time, which lies near 1 us. A number of interpretations are possible for
the initial rapid response and subsequent slowing-down of the change in acyl chain CD,
IR absorbance. The initial single-exponential component of the response could be
attributed to changes in tail packing within the phases, while the slow component
corresponds to melting of gel phase into fluid. This interpretation is not consistent with
the observed equilibrium temperature dependent FTIR data, however, which show
absorbance changes of at most —1.3 mOD per degree below the main transition onset. The
predicted change is not great enough to account for the observed magnitude of the initial
fast response.

A more likely origin of the fast initial kinetic transient is the physical conversion
of gel phase to fluid phase DPPC. Assuming the fast initial changes in IR absorbance
reflect conversion of gel or ripple phase DPPC to fluid phase DPPC, we can estimate the
initial rate of melting (—dAgel/df) from the initial rate in change of the signal
(dAbs2089/dt, Table 1) and the total change in equilibrium absorbance over the phase
transition (AAbs2089 total) determined from the melt curve. The total gel vesicle area,
Atotal is assumed to equal 2.5 x 104 nm”based on the 100 nm average diameter of the
LUV. The initial rate values (—dAgel/dt) calculated for each T-jump are summarized in

Table 2.1.
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Schrader et al. have recently identified a relaxation process with a time constant
“70” of ~100 ns in the ultrasonic spectra of DMPC vesicles near their 7m, (within 2°)
tentatively assigned to “local shape deformations of the vesicles”.* We propose that the
fast melting phase observed in the IR 7-jump experiments is a nonequilibrium
manifestation of this mode, and provides insight into its nature. The shift in the CD, IR
absorption feature at this time scale indicates that this mode arises from the transition of

lipid tails between ordered and disordered environments, and that (when driven by a large

T-Jump | Tau, | Tau, o t. [ C, C (ot -dAbs 5g/dt -dA,/dt -dA,/dt
°C) (ms) | (ns) (ms) | mOD) | (mOD) | (mOD) (mOD/ns) (nm*ns) (predicted)
27-34 256 | 318 | 0.234 | 450 6 22 12 0.024 60 43
29-36 310 | 426 | 0236 | 910 12 23 19 0.040 67 41
32-37 308 | 5142 | 0.297 | 1129 16 15 23 0.052 42 35
33-38 268 | 1127 | 0312 | 1061 21 16 29 0.073 43 35
34-39 264 | 1027 | 0.259 | 1043 17 16 26 0.066 36 30
36-40 244 | 603 | 0.129 | 1002 10 14 14 0.040 24 26

Table 2.1. T-Jump IR (2089 cm™") Relaxation Parameters from Fits to Eq. 2

enough perturbation) the mode amplitude can encompass the phase change of a
substantial fraction of the lipids in the vesicle. Under equilibrium conditions, the mode
could be associated with smaller-amplitude excursions of the ordered/disordered domain
boundaries, coupled to local shape deformations. In ultrasonic spectra, the mode is not
observed at temperatures lower than 7m — 2 K, which could either indicate that the
structure associated with this mode is absent at low 7 or that the mode amplitude is very

weak. In the current experiments, the submicrosecond response appears unambiguously
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and without a lag period in 7-jump profiles starting from temperatures as low as 7° below
Tm, suggesting that the structure from which the mode develops is already present.
2.3.3 Simulations

The conventional kinetic mechanism for a melting transition involves first the
slow, activated nucleation of domains of the fluid phase, followed by a more rapid size
increase of new domains, and finally a slow annealing phase as defects between domains
are resolved through large-scale realignments. The fast response can be reconciled with
this model if the barrier to nucleation of the new phase is negligible, which would require
the presence of defects that can act as nucleation sites. Since faceting has been observed
for vesicles of diameter 50-200 nm using cryo-electron microscopy,”®*' defects at the
ridges joining facets are likely an intrinsic feature of the gel-phase LUV structure. We
hypothesize that curvature stress and packing defects at these ridges produce an effective
local transition temperature lower than the bulk 7m, or in other words that the lipids at
these defects are in a fluid state at equilibrium even below Tm. These premelted ridges
are candidates for nucleation sites for fast melting of the individual facets. Evidence to
support premelting at ridges, which has been proposed previously to explain temperature-
dependent permeability trends in LUVs,” comes from atomistic molecular dynamics
simulations of ridge-like structures. Uniaxial compression of a gel-phase bilayer sheet
was used to prepare a buckled gel-phase structure with localized regions of high
curvature. The effect of temperature on this structure is shown in Figure 2.3.

At 308 K (the estimated Tm for DPPC using this force field”), the orderly
packing of the gel phase, evident from the nearly straight and evenly spaced tails, is

disrupted in the zones of high curvature. At 303 K, disordering at the bends is also
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apparent in more narrow zones, while at 298 K one bend is disordered while the other
retains regular packing on the outer leaflet. At 313 K, melting has extended from the

bend into one leaflet of the flat portion of the bilayer, and at 318 K one of the two flat

Initial, t =0 ns 298 K, t= 50 ns

‘ "l;ly\},\‘ NN
N

Figure 2.3. Snapshots from molecular dynamics simulations of buckled gel-phase DPPC bilayer. Partial
replicas of the lipid component are shown to indicate continuity of the bilayer across periodic boundaries;

solvent is shown (red dots) in primary box only.

sections of bilayer is entirely melted. The simulation results therefore confirm that lipids
at ridge sites may be disordered in an otherwise ordered bilayer below 7m. Furthermore,
the results suggest that the extent of premelting depends on 7 and that above 7m melting
proceeds rapidly from the ordered/disordered boundary. Ordered/disordered boundaries

have also been described as equilibrium features of molecular models of the ripple
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phase** and may play a role similar to that of ridge defects as nucleation sites for melting.
As an additional test of the hypothesis that the submicro-second change in IR
spectrum reflects rapid initial melting from defects, we compare the observed rates to
predictions based on estimates for the lengths of the boundary edges and the rate of
transition from gel to fluid. For instance, a regular icosahedron of area equal to that of a
100 nm diameter vesicle would have a total ridge length of 1.6 um; assuming that
melting proceeds in both directions from each ridge gives a total interfacial front length
of 3.2 um. The postnucleation rate of the melting transition in DPPC has been estimated
experimentally in terms of the velocity of advancement of a gel/fluid interface of 2 x 10~
m K™ s—' x (T — Tm)." In the vesicles at equilibrium at the starting temperature of the T-
jump, the boundary between the premelted ridge region and the ordered region will be
localized wherever the effective Tm determined by local curvature equals the actual
temperature. Substituting the lower temperature as the effective local Tm, the initial rate
of melting after the 7-jump is therefore 2 x 10° m K™' s' x AT. Multiplying the estimate
of 3.2 um for the total front length by this rate produces initial rates of the same order as
those seen in experiment (final column of Table 2.1). Therefore, we conclude that the
initial fast response can be plausibly attributed to melting nucleated at ridge defects.
Additional evidence that supports this interpretation comes from an Arrhenius analysis of
the fast exponential phase, shown in Figure 2.2B. The activation energy derived from this
analysis is 62 kJ/mol, about double the reported enthalpy of melting for DPPC vesicles
(29-30 kJ/mol),” and in good agreement with a previous estimate from simulations of the

apparent activation energy for retraction of the gel phase edges of 68 kJ/mol.”
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After one microsecond, the initial exponential melting phase smoothly converts to a
highly stretched exponential melting phase that spans several orders of magnitude in
time. To explain the tremendous slowing-down of the melting process, we consider the
approximately 24% area expansion involved in the gel-fluid transition. As area expands,
the resulting surface pressure (negative surface tension) will raise the effective melting
temperature and slow the melting process.* This surface pressure may result in wrinkling
of the newly formed fluid phase, shown in step I of Figure 2.2C. Without any mechanism
for its relaxation, accumulation of surface pressure is expected to produce a simple
exponential decrease in the gel fraction, with melting asymptotically slowing down as the
effective melting temperature approaches the actual temperature (see Appendix A2.4).
However, the vesicle in its partially melted state will tend to distort to dissipate this
surface pressure and associated curvature stresses, a process that likely involves a
hierarchy of undulatory modes with different relaxation times, including collective shape
changes to the entire vesicle (Figure 2.2C, step II). In glass-forming systems, crossover
from single- to stretched-exponential relaxation dynamics is attributed to a transition
from localized to collective relaxation modes; in the present system, the onset of the
stretched exponential dynamics seen in the IR transients can be attributed to a transition
from independent melting of individual domains to melting that is limited by the rate of
surface stress relaxation through cooperative reorganization.

The final stage in relaxation requires solvent transport through the membrane to
enable the vesicle to expand its internal volume to reach a minimized curvature stress at
its new, higher surface area (Figure 2.2C, step III). The typical time scale for volume

relaxation following changes in osmotic pressure in fluid-phase LUVs is of the order 10~
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*~107" s.* Our experiments provide indirect evidence that water transport through the
membrane driven by the expanding vesicle occurs on the hundreds of microseconds to
milliseconds time scale. The water diffusion process may not be complete within the
observation time of the 7-jump, however, because the transient absorbance never reaches
the expected equilibrium value from the FTIR measurements. The maximum AA reached
(before the solution begins to cool), expressed as a percentage of the equilibrium value is
100, 79,71, 62, and 36% for jumps to 36, 37.5,38.4, 39, and 40 °C, respectively. Clearly,
a significant fraction of the amplitude is not captured for jumps to a final temperature that
is above Tm. The further the jump into the fluid phase, the longer the relaxation time due
to both the slow collective relaxation and water diffusion processes and therefore less of
the expected change occurs within the fixed time window of the 7-jump.

At still longer times, the small volume of solution (roughly 10 nL) heated by the laser
begins to cool back to the initial temperature with a lifetime of 12 ms, causing the
vesicles to return to the gel phase. The cooling time is nearly constant over the
temperature range probed, based on the behavior of the buffer reference solution. In
contrast, the apparent cooling time of the vesicle solutions becomes progressively longer
as the T-jump reaches higher temperatures, as shown in Figure 2.2A. Therefore, we
conclude that the recovery kinetics of the gel phase are slow compared to the cooling
time, and they become slower as the final temperature is increased. For jumps to a final
temperature below 7m, which are less than halfway through the transition, the 100 ms
repetition time of the experiment is sufficient for complete recovery of the initial gel
phase (the transient signals in Figure 2.2A recover back to the baseline). At temperatures

above 40 °C, however, the recovery becomes slow enough that the transient signal
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becomes progressively smaller and eventually disappears entirely due to the buildup of a
steady-state population of the fluid state. Slowing the laser repetition rate from 10 to 1 Hz
allows the sample to recover sufficiently between laser pulses so that the transient signal
reappears. We are unable to quantitatively determine the kinetics of reforming the gel
phase because they are convoluted with the thermal transport kinetics occurring on nearly
the same time scale. It is clear, however, that the kinetics depend strongly on the extent of
melting of the vesicles. Nucleation of the gel phase from the completely melted vesicles
occurs on the hundreds of milliseconds time scale, such that reforming the gel phase is
only observed by drastically slowing down the repetition rate of the experiment.
2.4 Conclusions

We have determined the dynamics of the main gel to fluid phase transition in
DPPC large unilamellar vesicles. Although the dynamics of the phase transformation is
complex, the dominant phase is extremely fast, with a relaxation time of a few hundred
ns. A practical consequence of the fast transformation is the possibility of rapidly
triggering membrane processes that depend on membrane fluidity, using a laser-induced
T-jump. Therefore, it should be possible to study the dynamics of important membrane
processes ranging from protein insertion, folding, aggregation, and function using this
approach. Since the fundamental dynamics of the phase transition are so fast, related
phenomena that involve similar molecular mechanisms, such as the transition from a
liquid-ordered to a liquid-disordered state, likely occur on a similar time scale or even
faster. For example, tighter lipid packing is a characteristic of liquid-ordered domains and
therefore the liquid ordered to disordered transition involves changes in lipid

conformation and interfacial surface area, albeit of a smaller magnitude. Rapid transitions
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in local order and fluidity may play a functional role in many processes that take place
within the membrane or at its interface.®**° For example, cells may control protein
insertion, folding, and function by controlling membrane fluidity. A cell can modulate the
membrane fluidity by changing the local membrane composition and therefore modulate
trafficking or assembly of membrane bound complexes. The ability to rapidly switch
membrane fluidity may act as a gating mechanism for such processes. The dynamics of
lipids within the bilayer is also an important issue that influences many membrane
processes. Our results provide a direct measure of important lipid dynamics during a
phase transition and subsequent overall relaxation of the vesicle. The results provide the
fundamental basis for understanding and predicting the dynamics of such processes.
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Appendix 2: Dynamics of the gel to liquid-crystal phase transformation in lipid

bilayer vesicles

Figure A2.1. Transmission electron micrograph of d62-DPPC lipid vesicles obtained by the extrusion
method. Vesicles were negatively stained for 30 seconds with a 1% (w/v) solution of PTA, pH 7.0. Samples
were dried under vacuum for 30 minutes prior to imaging. The scale bar for the lower magnification and

inset image represent 200 nm and 100 nm respectively.

A A (mOD)

Time (s)

Figure A2.2. Temperature-jump relaxation kinetics of D62-DPPC LUV monitored at 1712 cm™ (C=0
vibration) in response to a T-jump of magnitude of 4-7 °C. The kinetic traces are the average of 2500 laser
shots. The solid lines are fits to equation 2. Please note: The C=0 vibration transient data was collected at
1712 ¢cm™ due to the limitation of the range of probe laser in the experiment, despite the maximum

absorbance occurring at 1738 cm™ in the FTIR equilibrium experiments.
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A2.3 Relationship Between Fitting Parameters in Equation 2:

Given 1,, T,, Q, t,, and ¢, the constraints on continuity of the function and its first

derivative at ¢ = t, constrain the ¢, and c, terms to the following:

l-a -1

7, | 1.
€1 =Co —| = -1 exp(—tc/r])+1
ar \ T,

T (1) _exp(=t,/7)
Lar\n) exp| (1. /7,)"]

A2 .4 Derivation of Single Exponential Form for Vesicle Melting

Define A, as area of system in the gel phase, and assume that in the absence of surface

pressure,

dA,,
- df’ -cL,,(T-T,)

where L,,,is the length of the boundary between gel and fluid (treated as constant), C is a
constant, and 7, is the transition temperature. The expansion associated with the melting
process causes an increase in surface pressure P, which may be relaxed by some process

or processes at a rate I

d_P = _ Xmelt’( dAgel _ I‘(P )
di A dr ’

tot
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where ymelt = 0.24 is the fractional area expansion associated with melting and x is a
surface compressibility modulus. (Because of the possibilities for local buckling, » is not
necessarily the same as the typical compressibility modulus, which relates surface tension
to relative increase in area.) The effect of surface pressure (or negative surface tension) is
an effective increase in the melting transition temperature by a factor PAAmelt/AHmelt®,
which will slow down the melting rate.”> We can approximate a pressure-dependent
melting rate by substituting 7m from equation B1 with a pressure-dependent transition

temperature 7m(P):

dA,,
0 = CLyy| T =T, |14+ ———zet
dt AH’

The overall dynamics of melting will then depend on the balance of pressure building up
through the area increase associated with melting and the rate of pressure relaxation
through changes in vesicle shape and volume, which are implicitly included in the
relaxation rate I', which would be expected to depend on pressure but may depend on the
structural state of the vesicle as well. If we can treat surface relaxation as negligible on
the melting time scale, (I' = 0) then these two equations yield an exponential decay in the

gel-phase area until the surface pressure effect on 7m halts further melting:

B XmeltKAA Tm(o) AfIO "

tot

D o =
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Triggered by Rapid Thermal Initiation of the Membrane Phase Transition
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3.1 Introduction

Protein folding has been an active area of research for decades, but a rising
challenge in the field has been acquiring an understanding of how membrane proteins
fold. This is a complicated endeavor, as studying membrane protein folding requires not
only an understanding of the physical properties of proteins, but intimate knowledge of
the membrane surface and the dynamic relationship between proteins and membrane
counterparts. It is well known that synthesis of proteins takes place in cellular organelles
within the cytoplasm, i.e. ribosomes. Nascent proteins intended to function in the
membrane are typically transported unstructured, thus, development of secondary,
tertiary, and quaternary structures of membrane proteins is driven by interactions with the
target membrane. A common feature of the membrane protein-folding pathway requires
protein insertion into target membranes. This interaction is of paramount importance to a
number of biological processes including cellular function, cellular signaling, membrane
protein folding, membrane fusion, immunological response, viral infectivity and a host of
others.'”?** In addition to the broad application of protein insertion in the biological
realm, the population of proteins that participate in insertion is equally as diverse in size,
structure and function; entailing everything from large, incredibly hydrophobic proteins
assisted by complex chaperons and translocons, to small linear peptides capable of
spontaneous insertion into membranes. Although a significant aspect of physiology,
mechanistic nuances of protein insertion remain elusive; a deficit likely attributed to a
general lack of experimental methods available to study such dynamic processes. The
difficulty encountered when pursuing molecular details required to make mechanistic

inferences is the inherent complexity of the systems involved. Beyond the basic structural
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complexity of membranes and protein counterparts, there remains a need for adequate
time-resolved methods to capture insertion that have the ability to couple the dynamics of

insertion from the perspective of the protein to those of the membrane.
3.1.1 Selection of a Model Peptide

The field of antimicrobial peptides emerged in the late 1980s. Antimicrobial
peptides (AMPs) also referred to as host defense peptides (HDPs) are a class of peptides
that are typically short sequences, less than 60 amino acids, that yield amphiphilic

6,789,

secondary structures with a net cationic charge.*”**'*!" Typically, AMPs demonstrate a

broad-spectrum activity against gram positive bacteria, gram-negative bacteria, a number

of viruses and in some instances, may present antifungal properties,'>"

making many
subclasses of AMPs such as defensins, cecropins, magainins, and cathelcidins exciting
pharmaceutical targets." The potential utility as therapeutics have given the science
around these peptides more momentum in recent history for the ability of AMPs to target
multi-drug resistant bacteria with little or no consequence of resistance in return.”
Although they show much promise, an FDA approved AMP therapeutic has not been
realized, given the susceptibility of AMPs to protease degradation, undesirable off-target
interactions and high production costs.'*'> As a result, the field has turned to rational
design of shorter peptides that reduce production costs and minimize toxicity while
retaining desirable antimicrobial properties. Despite the current limitations of AMPs as
approved therapeutics, this class of peptides do present the possibility of an accessible

model to probe coupled dynamics between peptides and membranes, given that a putative

mechanism of many AMPs involves direct peptide interaction with target membranes, a
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property that has been demonstrated in both naturally occurring and synthetic membrane
systems. '°

Mastoparan X (MPX), first described in 1988, is a 14-residue peptide isolated
from wasp venom that carries a +4 charge at neutral pH (Figure 3.1)." Beyond

antimicrobial activity,

Figure 3.1. Structure and sequence of MPX (PDB: 2CZP), N-INW K GIAAMAK KLL-C.

MPX has been implicated as an agonist of GTP-binding regulatory proteins, mast cell
degranulation and subsequent histamine release.”'” Although unstructured in an aqueous
environment, MPX folds to adopt an a-helical conformation in the presence of both

negatively charged and zwitterionic membranes.'® The putative model for cationic host

Figure 3.2. Schematic of early possible events of MPX membrane interaction. (1) Association and folding
of MPX on membrane surface (2) Insertion of MPX into the membrane (3) Self-association of MPX once

inserted
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defense peptides suggests insertion occurring normal to an anionic membrane surface
while obliquely, or shallowly inserting when interacting with a zwitterionic membrane
surface.”® Previous studies examining the folding and insertion of MPX, and similar
peptides, indicate a tightly coupled relationship between the folding of peptides and the
ability to traverse membranes. In discerning whether folding of mastoparan X occurs in
concert with insertion or if folding occurs prior to insertion, conclusions favor a model
where folding of MPX occurs on the highly anisotropic membrane surface upon peptide

adsorption, preceding complete insertion of the peptide."”
3.1.2 Experimental Approach

Historically, strategies employed to study insertion include mixing experiments,
e.g. stopped-flow, however, these methodologies give rise to a classic kinetic conundrum,
that is, if the slowest step is the first phase of a multistep process, in this case association
of a peptide to a membrane, than faster subsequent steps, i.e. insertion, cannot be purely
observed. The previous chapter highlighted rapid initiation of the gel to fluid phase
transition of model membranes through temperature-jump experiments. In this instance,
we implement a unique strategy to study the insertion of MPX by taking advantage of the
rigid features of the saturated DPPC membrane in the gel phase, where the compact
structure of the vesicles in the gel-state can exclude the majority of the peptide to the
surface of the membrane, allowing us to selectively trigger MPX insertion and
accumulation into the membrane through rapid thermal initiation of the gel to fluid phase
transition. Our findings in Chapter 2 establish that the bulk of the phase transition is
accomplished in less than 1 us; thus, initiating insertion by control of the membrane fluid

phase state provides sufficient time resolution to capture most of the dynamic processes,
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e.g. insertion, folding and self-association, occurring at the membrane interface. An
advantage of this method includes the possibility of allowing the peptide equilibrate with
the membrane surface averting limitations consequence of diffusion and/or mixing time.
3.2 Materials and Methods
3.2.1 Peptide Synthesis and Purification

Mastoparan X, INWKGGIAAMAKKLL, was synthesized by standard Fmoc solid
phase peptide synthesis utilizing acid-amine coupling on a CEM Liberty 1 peptide
synthesizer using a rink-amide resin. Fmoc protected amino acids were purchased from
AnaSpec, Inc (Fremont, Inc.). Purification of MpX was completed on a reverse phase
C18 column (Phenomenex, Torrance, CA) with HCl as a counterion using a linear
gradient of water and acetonitrile. The mass of the purified peptide was confirmed by

MALDI-MS using CHCA matrix dissolved in 50:50 mixture of water: acetonitrile. MS

confirmed the presence of mastoparan X with a mass equal to 1556 amu.
3.2.2 Lipid Vesicle Preparation.

Deuterated d62-DPPC lipids in chloroform and mini-extruder kit were purchased
from Avanti Polar Lipid, Inc. Chloroform was removed by drying the lipid sample with
N, gas. The resulting film was then placed on the lyophilizer overnight to ensure
complete drying of the sample. The lipid film was then rehydrated in 20 mM sodium
phosphate buffer, 100 mM NaCl, pH 7.4 above the Tm of the lipid at 55°C for one hour.
Following hydration, the sample was subjected to eight consecutive freeze thaw cycles
alternating between 0°C and 55°C. The lipid sample was then passed through a mini
extruder equipped with a 100 nm polycarbonate filter above the Tm of the lipid at 55°C

to yield large unilamellar vesicles. SUVs used in the fluorescence T-jump studies were
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prepared by the sample hydration method, however instead of extrusion, the samples
were subjected to 45 minutes of sonication in a bath sonicator. In both instances, the size

distribution of vesicles was analyzed by TEM.
3.2.3 Circular Dichroism (CD)

The CD was performed on a JASCO J-810 spectropolarimeter equipped with a
PFD-425S Jasco temperature controller (Jasco, Inc., Easton, MD) in a quartz cuvette with
a 1 mm path length. Scanning range was set between 190-260 nm at a rate of 100 nm/min
with a 2 s response time and 2 nm bandwidth. Peptide: Lipid molar ratio was 1:16.5 with
a 60 uM final concentration of MPX dissolved in 20 mM sodium phosphate buffer, 100

mM NaCl at pH 7 4.
3.2.4 Equilibrium Fluorescence

Fluorescence measurements were taken on a Flouromax spectrophotometer
(Horiba Scientific, Edison, New Jersey). The 60 uM peptide samples dissolved in 20 mM
sodium phosphate buffer at pH 6.4 before transfer to a 1 cm fluorescence cuvette. Data
was collected using 3 nm excitation and emission slit width, exciting Trp at 280 nm with
an integration time of 1 s over a total range of 285-550 nm.

3.2.5 Equlibrium Fourier Transform Infrared (FTIR) spectroscopy

The temperature dependent equilibrium FTIR experiments were carried out on a
Varian 3100 Excalibur FTIR spectrophotometer coupled to a liquid nitrogen cooled
mercury cadmium (MCT) detector. Samples were prepared in a split IR cell with an 126
um Teflon spacer between two CaF, windows in a copper housing. Temperature
dependent measurements were collected at 2 °C increments for both the reference (20mM

sodium phosphate buffer, 100 mM NaCl, pH 7.4) and sample (16:1 d62-DPPC:MPX in
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20 mM sodium phosphate buffer, 100 mM NaCl, pH 7.4). Each spectrum an average of
134 scans at 2 cm’ resolution. MPX and LUVs were cooled mixed at 4 °C, prior to

injection into the infrared cell.
3.2.6 Temperature-Jump Fluorescence Spectroscopy

The time-resolved T-jump apparatus used to measure peptide insertion and lipid
relaxation in this study has been previously described. In this experiment, the pump beam
is generated from a Ho:Nd YAG laser emitting light at 1908 nm. The pulsed emission at
50Hz is optically chopped to produce a 12.5 Hz repetition rate. A Verdi V12 DPSS high-
power continuous wave laser (Coherent, Santa Clara, CA) is used to pump a Mira 900
Ti:Saph laser (Coherent) generating a 855 nm semi-continuous beam. The 285 nm
excitation fluorescence probe beam is generated by passing the 855 nm beam through a
second and third harmonic generator (Coherent). The back-emitted fluorescence light
induced by the 285 nm pump laser is measured using a Hamamatsu R7518
photomultiplier tube (Hamamatsu Photonics K. K., Hamamat- su City, Japan), digitized,
and signal averaged (4000 shots) using a Tektronics model 7612D digitizer. Instrument
control and data collection are controlled using a LabVIEW computer program (National
Instruments, Austin, TX). The same CaF, split IR cells used in the equilibrium FTIR
measurements were used for the kinetic measurements. Deuterium exchanged MPX in
NaHPO, buffer without membrane was used as the reference and internal thermometer to

determine the final temperature and ultimate magnitude of the temperature-jump.
3.2.7 Time-Resolved Temperature Jump Infrared Spectroscopy

The time-resolved T-jump apparatus used to measure peptide insertion and lipid

relaxation in this study has been previously described.”*' In this pump-probe method,
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1.91 um radiation serves as the pump beam in the rapid heating and subsequent
perturbation of the system equilibrium. A tunable quantum cascade laser (Daylight
Solutions, Inc., San Diego, CA) either in the 1525-1695 cm™ for the peptide or the 2023-
2145 cm™ range for the lipids was used to probe the structural changes of the sample
during the relaxation to a new equilibrium following the rapid temperature jump. The
transmission changes in the IR probe beam are detected by a 200 MHz photovoltaic MCT
detector (Kolmar Technologies, Newburyport, MA). The 1.91 um (~35 ml/pulse) pump
beam is generated from a H, (g) filled Raman shifter (1 Stokes shift) pumped by a 10 Hz
repetition rate Q-switched DCR-4 Nd:YAG laser (Spectra Physics, Mountain View, CA)
and is absorbed by weak combination bands in the D,O solution. The same CaF, split IR
cells used in the equilibrium FTIR measurements were used for the kinetic
measurements. The D,0 NaH,PO, buffer contained in one of the compartments of the
split IR cell serves as the internal thermometer to determine the final temperature and
ultimate magnitude of the temperature-jump. The kinetic traces were generated by
subtracting the change in absorbance of the reference at 1600 cm™ from the 1650 cm’

sample frequency of the lipid-peptide mixture in response to a temperature jump.
3.3 Results and Discussion

3.3.1 Characterization of MPX Folding by Circular Dichrosim (CD)
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It has been previously reported that mastoparan X requires the presence of
membranes to properly fold into an alpha-helical structure and can achieve folding in the
presence of both anionic and zwitterionic membranes.'*'® CD was used to confirm proper

folding of the purified MPX and thermal stability in the presence of d62-DPPC
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Figure 3.3. Characterization of MPX secondary structure by circular dichroism showing temperature

dependent spectra of MPX with and without d62-DPPC membrane

membranes (Figure 3.3). The resulting spectra show that Mastoparan X adopts an
unstructured conformation in aqueous media and folds into the expected alpha-helical
conformation in the presence of d62-DPPC membrane vesicles, as evident by the helical
bands revealing dual minima at 208 and 222 nm. In addition, the intensity of the 222 nm
band is enhanced above the Tm of the membrane. This suggests an increase in helical

content as the peptide inserts into the membrane. Further increase in temperature
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indicates a loss of intensity at 222 nm, suggesting that at higher temperatures MPX

unfolds in the context of the membrane.
3.3.2 Membrane dependent MPX Fluorescence Emission

MPX contains an intrinsic tryptophan residue which provides a sensitive
fluorescent probe where changes in solvation due to insertion causes an expected increase
and blue shift in fluorescence intensity. Fluorescence intensity increases upon MPX

association to the membrane,

16x10° —
- - MPX

— MPX d62DPPC

14

12+

Fluorescence Intensity
[e]
1

300 320 340 360 380 400 420 440
Wavelength (nm)

Figure 3.4. Fluorescence emission spectra of MPX with and without membrane

resulting in a dramatic increase and blue shift of fluorescence intensity from 346 nm to
327 nm (Figure 3.4). In addition, comparison of the integrated fluorescence intensity
reflects band narrowing of MPX emission above the fluid phase transition of the
membrane indicating the Trp residue is in a more homogenous environment in the

membrane than in bulk solvent. The antimicrobial properties of MPX are derived from
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the ability of MPX to organize into pores once inserted into membranes.” A
sulforhodamine B fluorescence leakage assay was performed to assess the effect of MPX
insertion on membrane integrity (Summarized in Appendix Figure A3.1). From these
results it is apparent that MPX does not induce leakage, at least on the timescale of these

measurements.
3.3.3 Probing Peptide Insertion by Equilibrium FTIR

It has been well documented that the infrared absorbance of amide backbone of
peptides are highly sensitive to changes in dielectric environment. Herein, we describe
conversion of MPX from a solvated helix at the water-accessible membrane surface to a
buried helix associated more closely associated with the hydrophobic membrane core.
The temperature dependent equilibrium FTIR absorbance spectra show the temperature
dependence of the peptide region primarily in the 1645 cm™ region, the C=0 of the ester
moiety in the lipid head group around 1736 cm™ and the CD, stretch making up the
hydrophobic membrane core at 2088 cm™ (Figure 3.5). Plotting the thermal transitions of
the membrane reveals that introduction of the peptide to the membrane results in
broadening of both the C=0 and CD, transition determined by monitoring the spectral
regions associated with lipid head group and the hydrophobic core at 1736 and 2088 cm',
respectively. In addition to broadening, the Tm of the d62-DPPC membranes is shifted
from 37 °C to 32 °C in the presence of MPX, suggesting an interaction of MPX with the
membrane involving both the headgroup of the lipids as well as the hydrophobic core.
Since MPX inserts into disordered regions, e.g. at the plate interfaces of the model
vesicles, it likely does not affect the ordered regions directly; however, it almost certainly

increases the size of the disordered regions and by extension, decreases the size of the
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ordered ones. This ultimately leads to the observed decrease in the Tm, since the ordered

domains are smaller and nucleation of the phase transition occurs more readily. To
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extract further detail involving changes in MPX in response to a temperature change, the

difference spectra were generated. The FTIR difference spectra were generated by

subtracting the lowest temperature spectrum at 10 °C from each of the higher temperature
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spectra. Analysis of the temperature dependent difference spectra reveal a bleach with a

minimum centered at 1634 cm™ and a maxima at 1655 cm™.

Previous studies have confirmed the 1634 cm™ peak consistent with a solvated
helix and the higher frequency 1655 cm™ peak indicative of buried helix, consistent with
MPX integrated into the membrane core. When the temperature is increased and the d62-
DPPC vesicles enter the fluid phase transition, a clear bleach of the solvated helix,
concomitant with the growth of the buried helix at 1655 cm™ is observed, indicating the
insertion of MpX promoted by the increasing degree of membrane fluidity. What is also
apparent from the difference spectra is the disparity in the ratio between solvated and
buried helix, where the distribution of buried helix is greatly favored. This discrepancy
can be attributed to both a distribution in populations, as multiple equilibrium processes
are occurring including peptide adsorption and desorption from the membrane, as well as
insertion. Additional amplitude favoring the buried helix region may be a result of self-
association of peptides within the membrane, as similar observations have been made
with peptides known to generate helical bundles within the membrane,” e.g.
bacteriorhodopsin. Additionally, re-cooling the sample to 10 °C post melt recovers only
78% of solvated helix amplitude, evidence that the insertion of MPX is not fully
reversible. A two state process (insertion/de-insertion) should be completely reversible,
thus, this result implies there is another process coupled to insertion. A likely candidate is
aggregation, since this stabilizes the inserted structure, even in the gel phase of the
membrane. Plotting the buried helix transition versus gel to fluid phase transition shows
the midpoint of insertion occurring at approximately 5 degrees prior to the main

transition of the membrane, suggesting that the membrane is not required to be
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completely in the fluid state, as MPX finds fluids defects in the membrane to insert well

before the Tm of the membrane.
3.34. Time-resolved Temperature Fluorescence Spectroscopy.

Given our hypothesis that the kinetics of insertion are fast relative to association
to the membrane and that insertion can be controlled by modulation of the fluid phase
state, temperature-perturbing techniques again provide an ideal experimental platform for
studying the dynamics and mechanism of MPX insertion. Fluorescence kinetic traces
were generated by subtracting the change in emission of MPX without membrane in
response to a t-jump, from emission generated from MPX in the presence of d62-DPPC.
This subtraction is necessary to correct for the instantaneous loss of signal due to the
temperature-dependent decrease in quantum yield of the Trp emission. The rate of

insertion was determined by fitting the kinetic traces to a single exponential,
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Figure 3.6. (A) T-jump Fluorescence spectra (B) Corresponding Arrhenius plot



54

T-Jump (°C) Tau( s)
15.4-229 NA
24.6-31.3 791e*
27.0-32.9 6.54¢™
29.2-342 5.33¢*
31.6-36.0 437¢*

Table 3.1. Summary of T-jump data in Figure 3.6

revealing burial of Trp into the membrane within a few hundreds of microseconds
(Figure 3.6, Table 3.1). Insertion of MPX results in protection of the Trp residue from
solvent quenching interactions,” thus generating a postive transient emission signal as
observed in the t-jump fluorescence data. Arrhenius analysis of the resulting rates yielded
a slope of -11542, corresponding to an apparent activation energy (Ea) of ~95 kJ/mol. No
transient emission is observed for the first kinetic trace, corresponding to a jump from 15
°C to 22.9 °C. This observation is consistent with a model where MPX acquires entry
into the membrane by insertion into defect sites or more fluid-like lipid consituency.
When the d62-DPPC membrane is deep in the gel-phase, i.e. 15 °C, the highly organized,
tightly packed lipid acyl chains exclude MPX from the hydrophobic core of the
membrane. The apparent magnitude of transient emission is increased as the temperture-
jump approaches the main transition of the membrane, correlating the increase of

membrane fluidity with the degree of peptide insertion into the membrane.

3.3.5 Insertion Probed by Time-Resolved T-Jump Infrared Spectroscopy
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To complement the T-jump fluorescence data, transition of the amide I’ backbone
into the membrane was probed by T-jump infrared (TJIR). In this experiment, the buried
helix band at 1650 cm™ was used as the probe frequency to capture the dynamics of the
amide I’ backbone as MPX inserts into model d62-DPPC vesicles. A frequency of 1600
cm™ was selected as the reference because this region is associated with minimal signal
from the amide backbone in the equilibrium FTIR measurements. Monitoring the 1650
cm’ band reveals transient absorbance data that can be modeled to a biphasic fit,
corresponding to 13 us and 135 us (Figure 3.7), and representing a temperature-jump
from approximately 28 to 36°C. The first, faster phase is clearly observed in the TJIR
experiments, but not observed in the transient fluorescence data, indicating that this phase
is unique to the amide transition. This phase may be attributed to rearrangement of the

amphiphilic helix on the surface of the membrane as the peptide achieves insertion.

The second, slower phase of the transient absorption data harbors the majority of
the amplitude and thus is the major reporter on insertion. This phase corresponds to the
transient data observed in the t-jump fluorescence data. Interestingly, the observed rate is
approximately two to three times faster than the rate observed in the transient
fluorescence experiments. In this instance, tryptophan is a local probe and senses
insertion near the N-terminus. In contrast, the IR probe is the helix component of amide
I’ band, which reports on the global backbone. Therefore, the IR transient gives an
average rate of burial of the entire helix. This is faster than the burial of the N terminus,
indicating highly directional insertion. The difference in rates between the transient
infrared and fluorescence data also suggest that insertion may be achieved gradually or

quite possibly, in a step-wise fashion.
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T-Jump infrared spectroscopy also lends itself to probing the dynamics of the
d62-DPPC membrane during insertion of MPX. Transient absorbance data was plotted
versus time and fit to a stretched exponential function, where the B term indicates

deviation from a classic exponential function, i.e. B=1 represents an exponential fit:

F(X) = y0 + Al x exp (— "‘x") + A2 % exp (— (x"“’)m) (Eq.3.1)

taul tau2
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Figure 3.8. T-jump IR of d62-DPPC membranes in the presence of MPX

T-jump (°C) Fast Phase (s) Slow Phase (s) B
16.7-27.6 7.20e e” 1.11¢” 0.322
21.7-30.3 5.00¢” 1.60 e’ 0.346
26.3-37.7 6.22¢” 3.83¢” 0.717

Table 3.2. Summary of T-jump IR data in Figure 3.7

Transient absorbance data shows little perturbation of lipid dynamics in the presence of
MPX relative to those observed in Chapter 2 (Figure 3.8, Table 3.2). However, the
relative amplitude of the fast to slow phase is decreased, which can be justified by loss of

membrane order due to the incorporation of MPX. Since the slow phase represents the
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slow propagation of the phase transition as pressure builds up within the bilayer, the
difference in amplitudes with MPX present suggests the membrane is less able to
accommodate the buildup of this pressure, and also perhaps the equilibration of water
across the membrane is slower. These findings are consistent with the observation that
the presence of MPX did not induce membrane leakage, and also suggests that the more
crowded environment slows down the transition, although not enough to prevent MPX

insertion.
3.4 Conclusions

Using temperature-jump infrared and fluorescence spectroscopy we determined
the rate of MPX insertion into d62-DPPC lipid vesicles. This experiment was executed by
utilizing the rigid features of saturated membranes to allow for accumulation of solvated
MPX on the membrane surface. MPX insertion was then triggered by thermal control of
the fluid phase transition of the d62-DPPC vesicle. As a result, we have characterized the
insertion of MPX as a biphasic kinetic process, both of which are resolved in the T-jump
infrared experiment. The faster, 13 ps rate may be attributed to a rearrangement of the
amphiphilic helix on the membrane surface, where the slower rate at 135 ys corresponds
to the primary insertion event signifying bulk dehydration of the amide backbone. The
fluorescence T-jump studies probing the intrinsic tryptophan residue indicate only one
kinetic event, hundreds of microseconds slower than the primary infrared transient event.
Taken together, these results suggest that insertion of MPX is highly directional and is
directed by the C-terminus of the peptide. In addition, both the equilibrium and transient
experiments are consistent with the observation that propagation of MPX insertion is

enhanced by an increase in membrane fluidity.
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The results detailed in this chapter indicate that the rate of MPX insertion is an
order of magnitude faster than previous reports identifying this process on the
millisecond timescale. This discrepancy in observed rates is due to experimental
limitations of methods previously used to study the dynamics of insertion, as stopped-
flow kinetics are limited by both time resolution, i.e. late microsecond to millisecond
timescales, and diffusion rates of the peptide and membrane. The methodology presented
in this chapter is a significant improvement on experimental approaches formerly used to
study protein insertion. Transient measurements acquired by temperature-jump provide a
significant enhancement in time resolution (tens of nanoseconds to milliseconds), while
simultaneously providing a trigger to thermally induce the gel to fluid phase
transformation of the membrane, thereby promoting MPX insertion. The ability to
selectively control membrane rigidity and therefore, permeability allows for equilibration
of the peptide with the membrane surface, avoiding experimental limitations consequence
of diffusion and/or mixing time. The data presented herein also defines the
thermodynamic parameters governing MPX insertion. Arrhenius analysis of the
determined rate constants for insertion reveals an activation energy of 95 kJ/mol. This
value is quite high relative to typical energies observed for processes such as protein
folding, e.g. 20-60 kJ/mol. This large barrier likely has contributions from the fluid phase
transition of the membrane which requires ~62 kJ/mol,** de-solvation of the amide
backbone upon burial of MPX into the membrane, and quiet possibly continued folding
of the structure upon insertion. Comparison of the rate of the d62-DPPC fluid phase
transformation to burial of MPX suggests that insertion of MPX is on a competitive

timescale with full thermal relaxation of the lipid vesicles. Taken together, these
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experiments allow for greater mechanistic insight into the dynamic interplay between

membranes and proteins.
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Appendix 3: Insertion of Mastoparan X into Model d62-DPPC Lipid Vesicles

Triggered by Rapid Thermal Initiation of the Membrane Phase Transition

A3.1 Sulforhodamine B Leakage Assay

Previous studies indicate that association of multiple MPX peptides promotes
pore formation in small unilamellar vesicles.”” However, at approximately 2.1 nm in
length (folded), MPX cannot completely span the 4.2 nm d62-DPPC bilayer. We
hypothesize that formation of well-defined pores in the membrane should have a dramatic
effect on the properties of the membrane. To initially test the possibility of pore
formation within the membrane, a leakage assay was performed where sulforhodamine B

was encapsulated in the d62-DPPC lipid vesicles at a self-quenching concentration.

Samples were prepared by adding a saturated solution of sulforhodamine B to a
dried lipid film as the hydration media, thereby encapsulating the quenched dye within
the membrane structure. Extrusion of the lipids resulting in the LUVs was carried out as
described above previously. Excess dye was removed from the exterior of the vesicle
solution by gravity drip size exclusion chromatography using a sephadex G-25 column
(GE Life Sciences). As a control, the temperature dependent decay in fluorescence for
vesicles with sulforhodamine B encapsulated was assessed. The temperature was adjusted
from 15 °C to 50 °C to assess basal leakage of the membrane without MPX present. At
the final temperature, the sample was spiked with a concentrated solution (~300 xM)
Tween 20 detergent to induce leakage, resulting in dilution of sulforhodamine B and an
increase in fluorescence intensity centered at the emission maximum of 589 nm. To
determine the effect of MPX on membrane integrity, a fresh solution of sulforhodamine

B encapsulated vesicles was prepared with the addition of MPX. The same temperature
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titration was completed. Again, Tween 20 detergent was added at the last temperature to
induce leakage. These results indicate little deviation between vesicle solution with and
without MPX. Importantly, there is no discontinuity in fluorescence emission going

through the phase transition of the membrane and addition of a surfactant at the end of
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Figure A3.1 Sulforhodamine B leakage assay (A) Fluorescence emission of dye encapsulated vesicles only
(B) Plot of max intensity for data shown in (A) at 585 nm (C) Fluorescence emission of dye encapsulated
vesicles in the presence of MPX (D) Plot of max intensity for data shown in (C) at 585 nm. Black arrows in

(B) and (D) indicate addition of surfactant.

the temperature titration results in a large increase in fluorescence, clear evidence that the

dye is not liberated from the vesicles until the membranes are intentionally disrupted in
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the presence of Tween 20. These results suggest that the integrity of the d62-DPPC
membranes was not compromised upon addition of MPX on the timescale of this
experiment. While insertion of MPX may result in significant thinning of the membrane
there was no clear indication of pore formation or that the overall integrity of the

membrane was compromised on the timescale of these experiments (hrs).
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4.1 Introduction

The influenza virus is responsible for three major pandemics from the 19" century
to present day.'” This virus remains an elusive target to therapeutics and prophylactic
treatments such as vaccines due to its ability to rapidly mutate, rendering even the most
promising treatments ineffective.**” Understanding the basis of influenza pathogenicity
well enough to generate effective therapeutics requires intimate knowledge of viral
components responsible for infectivity. Importantly, it is widely hypothesized that the
mechanistic underpinnings of influenza are conserved through many classes of viruses,’
further bolstering the importance of studying the fundamental aspects of viral structures.
4.1.1 Hemagglutinin Structure and Function

Influenza harbors three major viral coat proteins within its membrane.” One of
these proteins, hemagglutinin (HA), plays a major role in influenza infectivity by
participating in both recognition of viable host cells and membrane fusion, which
promotes release of viral genetic components after viral uptake into host cells. *
Hemagglutinin exists as a functional trimer within the influenza virus. HA is composed
of two domains. The first, HA1, is responsible for recognition and docking of the virus
onto the host cell. The second, HA2, harbors the fusion peptide and pH sensitive
trigger.®’

Hemagglutinin first initiates viral infectivity through recognition of sialic acid
moieties on the membrane surface of host cells.”'’ After docking on the host cell, the
influenza virus is taken into the host through endocytosis." In an effort to digest the
contents of the endosome, the endosome is acidified. Influenza is opportunistic, in that it

uses the drop in pH to activate HA, which undergoes a dramatic conformational
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rearrangement, liberating the fusion peptide and extending its structure over 100 °A to
present the HA fusion peptide to the inner endosomal membrane.” After insertion of the
fusion peptide in the host membrane, HA protein undergoes a second conformational
rearrangement, ultimately drawing the viral and host membranes together.' In this
process the HA transmembrane domain interacts with the fusion peptide, creating the HA
fusion pore. This general mechanism ultimately leads to complete fusion of the viral and
host membranes, and is a pathway for viral RNPs to enter the host cell.
4.1.2 Models of HA Folding

The earliest and most widely accepted model describing the mechanism of HA is
the “spring-loaded” mechanism put forth by Kim and coworkers.”'* This mechanistic
interpretation of the structural changes dictating HA function describes the symmetric
extension of the HA towards the host membrane facilitated by the pH driven folding of a
loop that is otherwise unstructured in the neutral HA structure. More recently, additional
theoretical models have been put forth describing alternate pathways to achieve HA
extension leading to insertion and fusion. These models include the cooperative and
sequential model, which mainly differ from the spring loaded mechanism by the order of
presumed events and that both models describe asymmetric extension of HA components
to generate the low pH structure. "
4.1.3 Loop-40 Coiled-coil

Perhaps one of the most critical components of the HA mechanism is the ability
of HA to respond to endosomal acidification, as this response yields both liberation of the
fusion peptide and extension of the structure promoting access of the fusion peptide to the

host membrane for insertion. Early analysis of the HA primary sequence revealed a
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stretch of HA containing a dense distribution of glutamic acid residues. It is postulated

that at neutral pH, the glutamic acid residues apart of this loop are charged, but upon

acidification of the

Fd

Figure 4.1. (A) Neutral pH structure of the HA monomeric ectodomain (transmembrane domains not
shown, PDB: 2HMG and 1HTM), showing: HA1 domain (purple) and HA2 domain (teal and grey) the
fusion peptide is a part of the HA2 structure and is shown in green (B) pH response of the acidic L40

peptide corresponding to the black box in (A)

endosome, these acidic residues are protonated, charge repulsion is relieved and the loop
folds into an alpha helical moiety”'>'* (Figure 4.1). We will refer to this pH trigger as the
Loop-40 peptide (1.40) (Figure 4.1 B). Association with the helices from neighboring
components of the trimer results in an extended parallel, trimeric coiled-coil motif,

stabilized by hydrophobic interactions.'*"” Further evidence for this model is supported by
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the x-ray crystal structures attained at neutral and acidic pH, suggesting that formation of
the L40 coiled coil motif is critical to downstream events in the HA mechanism,
especially insertion of FP into the host membrane.

In general, coiled-coil motifs are a prolific structure and have been associated
with a number of important biological functions and material applications. Studies based
on sequence analysis predict that 2-5% of all proteins contain a coiled-coil motif. '°
Furthermore, many vital biological processes require assembly of coiled-coil motifs, such
as the SNARE superfamily of proteins, regulating vesicle fusion to target membranes,'’
GCN4, regulating eukaryotic transcriptional activation,'® and HAMP domains, which
play a critical role in bacterial sensing and chemotaxis." Coiled-coil motifs are also quite
prolific in other viral fusion processes, with examples beyond HA including Ebola GP2
and HIV gp41.”*' Intriguingly both these examples are functional as trimeric structures.

Coiled-coil proteins have previously been characterized by a number a
equilibrium methods and to a lesser extent, subjected to dynamic folding studies with
temperature-jump infrared and pH jump spectroscopy using caged photo-acids. ** >
Although thought to be a critical component of the HA mechanism, there are still many
questions regarding the dynamics governing folding of the L40 coiled-coil. For example,
what is the timescale of folding? What thermodynamic barriers are overcome to achieve
formation of the coiled-coil trimer? What is the role of protonation of the glutamic acid
residues? What intermediates are utilized on the folding pathway to the final structure?
This chapter interrogates the folding mechanism of HA L40 trimer. These results will aid

in validating experimental models for HA folding and add to our general understanding

of protein mediated viral fusion.
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4.2 Materials and Methods
4.2.1 Peptide Synthesis and Purification

L40 F63W F70W WOI2F peptide:
RVIEKTNEKWHQIEKEWSEVEGRIQDLEKY VEDTKIDLFS and variants (WT, L40
F63W WOI2F, L40 F70W WO92F) described in this study were synthesized by standard
Fmoc solid phase peptide synthesis utilizing 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) Purification of L40 peptide was
completed on a reverse phase C18 column (Phenomenex, Torrance, CA) with TFA as a
counterion using a linear gradient of water and acetonitrile. The mass of the purified
peptide was confirmed by MALDI-MS using CHCA matrix dissolved in 50:50 mixture of
water: acetonitrile. MS confirmed presence of L40 WT and L40 F63W F70W WO92F with
masses equal to 4909 and 4949 amu, respectively. The peptide was then subjected to two
cycles of acid exchange in 20 mM solution of HCI to remove TFA for FTIR experiments.
4.2.2. Circular Dichroism

The secondary structure of L40 peptide was confirmed by circular dichroism
(CD). CD was performed on a JASCO J-810 spectropolarimeter equipped with a PFD-
425S Jasco temperature controller (Jasco, Inc., Easton, MD). The peptide was dissolved
in water and adjusted to pH 4.8 or pH 7.0 at a 60 uM final peptide concentration. The
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 a2 s
response time and 2 nm bandwidth. Temperature dependent data was collected in 2 °C

increments monitoring 222 nm wavelength.
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4.2.3 Analytical Ultracentrifugation

The AUC and analysis described herein was performed in collaboration with the
Center for Analytical Ultracentrifugation of Macromolecular Assemblies (San Antonio,
TX) on a Beckman Optima XL-A/I AUC (Beckman Coulter, Indianapolis, IN). The AUC
was preformed on four samples, representing two different pH values at 4.45 and pH 7.04
and two concentrations for each pH corresponding to an optical density of 0.3 and 0.9 at
280 nm. A plot of sedimentation velocity coefficient s, versus signal concentration
reveal two distinct distributions corresponding to a sedimentation coefficients of ~0.9 and
~1.9, for the pH 7 and pH 4 samples, respectively.
4.2 4 Fluorescence Emission

Fluorescence measurements were taken on a Flouromax spectrophotometer
(Horiba Scientific, Edison, New Jersey). The 60 uM peptide samples were adjusted to pH
4 or pH 7, before transfering to a 1 cm fluorescence cuvette. Data was collected using 3
nm excitation and emission slit widths, exciting Trp at 280 nm with an integration time of
1 s over a total range of 285-550 nm.
4. 2.5 Equilibrium FTIR

The temperature dependent equilibrium FTIR experiments were carried out on a
Varian 3100 Excalibur FTIR spectrophotometer coupled to a liquid nitrogen cooled
mercury cadmium (MCT) detector. Samples were prepared in a split IR cell with a 126
um Teflon spacer between two CaF, windows in a copper housing. Temperature
dependent measurements were collected at 2 °C increments for both D,0 reference and
L40 sample at pH 4. Each spectrum is an average of 134 scans at 2 cm’ resolution.

Temperature dependent absorbance spectra yield a helical band centered at 1645 cm™.
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4.2.6 Temperature-Jump Infrared Spectroscopy

The time-resolved T-jump apparatus used to measure peptide insertion and lipid
relaxation in this study has been previously described.”? In this pump-probe method,
1908 nm radiation serves as the pump beam in the rapid heating and subsequent
perturbation of the system equilibrium. A quantum cascade laser (Daylight Solutions,
Inc., San Diego, CA) with a tunable range from 1525-1695 cm™ was used to probe the
structural changes of the peptide during the relaxation to a new equilibrium following the
rapid temperature jump. The transmission changes in the IR probe beam are detected by
a 200 MHz photovoltaic MCT detector (Kolmar Technologies, Newburyport, MA). The
1908 nm pump beam at a ~12.5Hz repetition rate is generated from a Q-switched
Ho:YAG laser emitting at 50Hz and is passed through an optical chopper (Thor Labs,
Newton, NJ) to achieve the 12.5 Hz repetition rate. The pump beam is absorbed by weak
combination bands in the D,O solution. The same CaF, split IR cells used in the
equilibrium FTIR measurements were used for the kinetic measurements. The D,O on
one side of the split IR cells serves as the reference and internal thermometer to
determine the final temperature and ultimate magnitude of the temperature-jump. The
kinetic traces were generated by subtracting the change in absorbance of the D,O

reference from that of the lipid-peptide sample in response to the temperature jump.

4.2.7 Temperature Jump Fluorescence Spectroscopy

The time-resolved T-jump apparatus used to measure peptide insertion and lipid
relaxation in this study has been previously described. In this experiment a Ho:Nd YAG
emitting generating 50 Hz pulsed emission is passed through an optical chopper (Thor

Labs, Newton, NJ) to a 12.5Hz repetition rate. A Verdi V12 DPSS high-power
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continuous wave laser (Coherent, Santa Clara, CA) is used to pump a Mira 900 Ti:Saph
laser (Coherent) generating a 855 nm semi-continuous beam. The 285 nm excitation
fluorescence probe beam is generated by passing the 855 nm beam through a second and
third harmonic generator (Coherent). The emitted fluorescence light induced by the 285
nm pump laser is measured using a Hamamatsu R7518 photomultiplier tube (Hamamatsu
Photonics K. K., Hamamatsu City, Japan), digitized, and signal averaged (4000 shots)
using a Tektronics model 7612D digitizer. Instrument control and data collection are
controlled using a LabVIEW computer program (National Instruments, Austin, TX). The
same split cell in copper housing used in the infrared experiments was used for the
transient fluorescence measurements. The cell was prepared using a 126 ym spacer. A
solution of free Trp dissolved in D,O is used to determine the temperature jump and
determine the temperature dependence of the tryptophan signal. The L40 peptide sample
was prepared by dissolving 75 ym of lyophilized D,O exchanged 140 peptide in D,O at a
final concentration of 75 ym and adjusting the pH of sample to a desirable range between

pH 4-4.8.

4.3 Results and Discussion
4.3.1 Characterization of Secondary Structure by Circular Dichroism

Circular dichroism was performed in order to determine proper folding of the L40
derivative analyzed in this study, into the expected alpha-helical secondary structure. CD
spectra indicate unfolded peptide at neutral pH and alpha helical structure at low pH
(Figure 4.2A). The models for a number of pH sensitive coiled-coil motifs typically
attribute folding to protonation of acidic residues in the peptide sequence, and in this

instance, the dense distribution of glutamic acid residues. Neutralizing the charge on the
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acidic residues screens repulsive interactions allowing the peptide to assume a helical
conformation.”’ Further oligomerization of the helices is driven mostly by favorable

hydrophobic contacts.'*'> Temperature dependent data was collected every 2 °C. The
resulting curve was fit to a sigmoid and yields a Tm of 47.8 °C for L40 F63W F70W

F92F (Figure 4.2 B-C). The ratio of the n-
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Figure 4.2 Secondary structure characterization by circular dichroism (A) pH dependent folding of 140
peptide (B) Temperature dependent CD Melt data, spectra collected every 2°C (C) Thermal melt curve

monitoring 222 nm transition (D) Temperature dependent ratio n-t* at 222 nm/m - it ¥208 nm.

¥ at 222 nm to 7 - ;t *208 nm has previously been used to characterize helical oligomers
derived from HA structure.”®* In this qualitative analysis, comparison of CD intensities

at 222/208 nm indicate the presence of helical oligomers at values greater than 0.86.
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The CD data herein indicates a 222/208 nm ratio consistent with the presence of an
oligomer up to ~52 °C (Figure 4.2 D). Together, these data are consistent with the
expectation that the pH induced folding of L40 F63W F70W F92F will oligomerize into a
trimeric coiled-coil structure.
4.3.2 Analytical Ultracentrifugation

Perhaps the most quantitative analysis validating trimer assembly for the L.40
F63W F70W F92F peptide is structural confirmation by Analytical Ultracentrifugation
(AUC). AUC is a highly quantitative method that measures progression of a
macromolecular concentration boundary from the meniscus of a sample that is subjected
to centrifugal force. The metric for interpreting AUC is the sedimentation velocity
coefficient, s, which typically is expressed in Svedburg units, (S), i.e. 10" sec. The

Svedberg equation defines the sedimentation coefficient as (Eq. 1):**"'

u M(Q1—-vp) MD(1-vp)
w?r  Nf RT

S =

Where, u is the experimentally observed radial velocity of the protein or macromolecule
studied, w is the angular velocity of the rotor, w’r is the centrifugal field, M is the molar
mass, U represents the partial specific volume, p is the density of the solvent, N, is
Avagadro’s number, f represents the frictional coefficient, which is effectively a measure
of how globular the protein is, i.e anisotropy, D is the diffusion coefficient, and finally R

is the ideal gas constant.
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In order to determine the upper limit of s for a macromolecule of a given mass,
the Stokes equation is used to calculate the frictional coefficient of an ideal spherical
protein (Eq. 2):”

fo = 6mnR,

Where, 7 is the viscosity and R, is the radius of the sphere. R, may also be expressed as
(Eq. 3):™*

3M17>1/3

R, sphere = <4T[NA
Combining the Svedburg and Stokes equations and substituting constant values for water

at 20 °C yields the reduced equation (Eq. 4):*

M?/3(1 — vp)
o1/3

Ssphere = 0.012
This equation can be used to determine s values for ideal spheres of a given mass. In
essence, this value represents the theoretical maximum s value attainable and therefore
corresponds to the minimal frictional coefficient f,.* Experimentally determined s values
are subjected to an additional correction factor such that sedimentation velocity
coefficients are normalized to standard conditions, denoted s, ,, in the following equation

(Eq.5)™*

Uk:] ) 1- 17P)zo,w

SZO,W = ST,B ( (1 _ ﬁp)
T,B

nzo,w
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Experimentally determined s values are then compared to the theoretical maximum s
determined by Eq. 5. Values equal to or lower than the theoretical sedimentation velocity
coefficient for a macromolecule of a given size indicate a monomeric oligomerization
state. Higher order oligomers are characterized by the degree of positive deviation from

the theoretical maximum s value.

Discrete s20,W Distributions
0.12 + *
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Figure 4.3 Analytical ultracentrifugation corrected sedimentation coefficient velocity plot (blue)
0.3 OD at 280 nm, pH 7.0; (yellow) 0.9 OD at 280 nm, pH 7.0; (red) 0.3 OD at 280 nm, pH 4 .45;

(green) 0.9 OD at 280 nm, pH 4.45.

The s,,,, of ~0.9 is observed solely at the neutral pH structure, is consistent with

the expected sedimentation coefficient velocity for monomeric L40 F63W F70W F92F.
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Decreasing the pH to 4.4 results in a ~two fold increase in s, ,, (Figure 4.3), consistent
with formation of a trimer, although roughly 25% of the population appears to be retained
in monomeric structure. A three-fold increase in concentration of L40 F63W F70W F92F
from 0.3 OD to 0.9 OD at 280 nm effectively yields no change in population distribution
from between monomer and trimer, suggesting the monomer present at low pH is
structurally compromised and therefore unable to properly assemble into the trimer. In
addition to oligomerization state, the experimentally determined frictional coefficient can
be used to determine equilibrium constants, e.g. Kd and koff rates. The Kd value for the
L40 F62W F70W WO2F peptide was determined to be 1.89¢” M.? Typical Kd values for
reversible biological oligomers fall into the micomolar to millimolar range.”** This low
experimentally determined Kd indicates a high affinity for oligomeric state and is
consistent with the population distribution greatly favoring formation of the trimer.
4.3.3 pH Dependent Fluorescence Emission Spectra

Fluorescence spectroscopy is ideally suited for detecting changes in solvation of
Trp residues elicited from changes in environment due to folding and/or oligomerization.
Folding and hierarchal organization to a trimeric structure may lead to burial of the Trp
residue within the trimeric core resulting in an increase and blue shift in fluorescence
intensity. Analysis of the WT L40 peptide indicates almost no change in the Trp
fluorescence emission spectrum between pH 7 and pH 4 (Appendix Figure 4.1), with a
fluorescence maximum signal at 358.3 nm for both pH values. Upon a more careful
analysis of the low pH crystal structure of the L40 excised from the ectodomain, the

penultimate Trp
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Figure 4.4 (A) pH dependent fluorescence emission spectra and (B) cartoon of Phe packing in WT HA2
and (C) possible packing distribution for Trp when substituted for Phe in acidic HA2 structure

(PDB:1HTM)

residue appears to pack on the top of neighboring helices in the trimeric state suggesting
that the Trp residue is highly solvated regardless of pH (Appendix A4.1). Ultimately
these results suggest that the W92 position is an inadequate position for monitoring pH
driven folding by fluorescence spectroscopy. This observation motivated the design of
the .40 variants. The L40 mutants were then analyzed for selection of the best candidate
that would allow for monitoring L40 folding using fluorescence. The triple mutant L40
F63W F70W FO2F, highlighted in this chapter, resulted in a blue-shifted fluorescence
emission in response to low pH, however, the relative intensity of Trp decreased with
respect to the fluorescence emission of the unfolded structure at neutral pH (Figure
4.4A). This data suggests that the Trp residue is in a more hydrophobic environment in

response to a decrease pH but is also involved in a quenching interaction. In the event
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that the downstream histidine residue may be involved in quenching of the Trp residue,
both the L40 F63W F92F and L40 F70W F92F double mutants were examined (data not
shown). Examining the distance between Phe from the crystal structures of wildtype HA
L40 and possible rotamer conformations of substituted Trp residues (Figure 4.4B),
together with the experimental data, ultimately suggest that source of the quenching is a
result of an inter-helix Trp-Trp interaction within the trimeric core. This relationship
provides an interesting probe to monitor changes within the peptide core.
4.3 4 Equilibrium FTIR

FTIR provides a method for reporting on the finer structural features of the L40
coiled-coil peptide including both solvated (1630 cm™) and buried helix regions (1645
cm’') inherent to the coiled coil motif. To more closely examine the L40 F63W F70W
F92F structure, temperature dependent absorption spectra were taken in 2 °C increments.
Plotting the thermal melt curve at absorbance maximum of 1645 cm™ yields a Tm of 56.9
°C and determined the threshold for aggregation at 72 °C as indicated in the emergence
of absorption bands at 1610 cm™ (Figure 4.5). FTIR difference spectra were generated by
subtracting the lowest temperature spectrum from each of the high temperatures. Spectra
from a well-formed coiled-coil motif should present features of both solvated and buried
helix, however, initial analysis showed a single band in the helical region and no clear
isosbestic point separating the alpha-helical region and random coil region—a feature
indicating a non-two state process (Appendix A4.2). A positive band in the buried helix
region at 1645 cm™' indicates formation of buried helix with an increase in temperature
up to 25°C. Taken together, these results suggest that the trimeric coiled-coil structure is

in a cold denatured state between 10-25°C. Regenerating the difference spectra using
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25°C as the lower temperature clearly reveals both the solvated and buried helical bands

converting to random coil in response to a thermal gradient (Figure 4.5 C-D).
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Figure 4.5 Equilibrium FTIR measurements (A) Temperature dependent raw absorbance spectra (B)

Thermal melt curve, Tm=57.0°C (C) FTIR difference spectra (D) Expected amplitude change for 10 °C

change at a 1.5 mM concentration of peptide. This trace also clearly shows bleach at 1630 and 1645 cm™

representing the solvated and buried helices, respectively and a positive band representing conversion to

random coil centered at 1670 cm.™

4.3.5 Kinetic Measurements by Temperature-Jump Infrared/Fluorescence Spectroscopy

Temperature-Jump infrared spectroscopy is an effective way to probe protein

folding dynamics, capturing structural changes on the ns-ms timescale. T-jump IR was
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used in this study to probe the folding dynamics of the L40 F63W F70W F92F peptide.
Figure 4.6 shows representative T-jump data collected at a peptide concentration of 2.23
mM. The transient absorption data required a complex four exponential model at both

elevated concentration and temperature and were fit to Eq. 6:

(—(x - xo)) + A, * exp (—(x - xo)) + A, * exp (—(x - xo))
T (%) T3

(—(x - xo))

Ty

f(x) =yo + Ay * exp

+ A, * exp

Simpler models were initially tested, however, Arrhenius analysis of the derived
rates resulted in negative activation energies for all experimentally observed transient
events and therefore these models were rejected (data not shown). For the lower
concentration at 1.23 mM, the transient data was fit to two exponentials for the lower
temperature and three exponentials for higher temperatures. Table 4.1 summarizes the fit
data for 2.23 mM and 1.23 mM taken at 1645 cm™. The amplitude of the fourth rate is
highly concentration dependent and only observed at elevated temperatures and
concentration, suggesting that this is a diffusion-limited process and is assigned to
recombination of the helices. Arrhenius analysis of this event was not included in Figure
4.6B as analysis of this event results in negative activation energy. This has been
previously observed in protein folding reactions and has been attributed to changes in
specific heat, C, of the sample derived from exposure of hydrophobic portions of protein
upon unfolding.” Although the negative activation energy observed for this process may

have some implications for an underlying physical phenomenon, this event is convoluted
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with the cooling phase of the sample and cannot be confidently analyzed, thus, is not
included in the thermodynamic analysis of the L40 peptide. The earliest event at 2-4e°(s)
has little dependence on temperature, suggesting an extremely low kinetic barrier. This
phase has been previously reported in folding kinetics of coiled-coil motifs assigned to
fraying of helices at the termini of the coiled-coil structure.”> Analysis of wavelength
dependence of the transient events reveals that the second fastest phase ~e” (s) is
observed only in regions probing the buried helix band at 1645 cm,” as is evident by the
lack of this phase in the 1630 cm™ transient data summarized in Appendix A4.3. This
event may be related to an off pathway intermediate, e.g. registry shift of the coiled-coil
structure, as off-pathway intermediate structures have previously been observed for pH
driven coil motifs.” The third rate observed ~e* (s) has the largest apparent temperature
dependence, however also displays the greatest amount of noise in the Arrhenius analysis
likely from convolution with the slowest rate observed in the transient data. Assignment
of this rate will be discussed in the following paragraph describing the L40 peptide

analysis by T-jump fluorescence spectroscopy.
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Figure 4.6 Representative T-Jump Infrared transient absorption spectra (A) and (B) linear representation of

Arrhenius equation, where the slope of line fit is equal to -Ea/R. The symbols represent individual rates,

where squares corresponds to Taul, triangles to Tau2 and circles represents Tau3. The fourth rate is not

included in the Arrhenius analysis as discussed in main text.

[mM] | T-Jump | Taul (s) Al Tau2 (s) A2 Tau3 (s) A3 Taud (s) Ad
()]

244-365 | 274e° | 0318 | 2.53¢” 1.07 346¢* 1.66 NA NA
26.8-394 | 2.87¢° | 0.405 197¢? 0.838 101e* | 0.721 7.69¢* 2.34

223 | 289-41.2 | 1931e® | 0.145 1.28¢3 0.745 8.64e” 0.889 1.10e* 2.82
314-442 | 2.02e® | 0.944 1.56e3 0.9435 1.35¢* 1.04 1.6e° 5.97
24.4-40.5 439¢® | 0.242 7.89¢ 2.85 NA NA NA NA
26.8-43.0 | 4.92¢° | 0478 9.47e3 0.385 5.60e* 0.407 NA NA

123 | 289-432 | 4.793¢® | 0.358 4.74¢3 0.060 4.14¢* 0.222 NA NA
31.1-45.1 4.16e® | 0.403 3.83¢? 0.140 3.85¢* 0.328 NA NA

Table 4.1. Summary of transient infrared absorption data taken at 1645 cm™

Complementing the T-jump IR data, fluorescence T-jump was preformed probe

the folding dynamics from the perspective of the Trp residue buried in the coiled-coil

core. Analysis of the resulting transient fluorescence data reveal a single exponential fit

associated with a single kinetic event reporting on changes in the environment of the Trp
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residues (Figure 4.7A). Figure 4.7B is a plot of the corresponding Arrhenius analysis of
the single rate observed in the T-jump fluorescence transient data. The fit for the transient
data are summarized in Table 4.2. Early starting temperatures give rise to positive
transient emission signals indicating loosening of the trimeric core. The loosening of the
core subsequently alleviates quenching resulting from inter-helix Trp-Trp interactions,
resulting in a positive fluorescence emission signal. Interestingly, initiating the T-jump
from higher starting temperatures yields a change in the sign of the fluorescence
emission, corresponding to a bleach of the Trp fluorescence emission. At the higher
starting temperatures, the trimeric core is presumably already loosened; therefore, the
further increase in temperature initiated by the temperature-jump results in exposure of
the Trp to bulk solvent yielding quenching of the Trp residue due to solvation. The
timescale of this transient event also overlaps with one of the kinetic phases observed in
the amide I’ transition observed in the T-jump IR experiments. This transient event is
therefore assigned to loosening of the trimeric core of the L40 peptide.

Together, the transient infrared and fluorescence data begin to shape a model for
the folding of the HA L40 coiled-coil motif (presented in Figure 4.7C). In this model the
folding of L40 is achieved through two on-pathway intermediates. I, may be assigned to
fraying of the termini of the coiled-coil structure. This kinetic phase is conserved among
all concentrations and probe frequencies, has the smallest temperature dependence and
has previously been observed in dynamic studies of dimeric coiled-coil structures. The
second intermediate, I,, is only associated with the frequency probing the buried helix.

This phase may have to do with loss of helical structure or a shift in registry of the
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rates (C) Plausible kinetic scheme of L40 folding

[xM] T-Jump (°C) Tau (s)
24.5-28.8 2.12¢*
29.1-322 174 ¢*
33.7-36.7 902¢°
75 38.1-41.1 NA

Table 4.2 Fluorescence T-jump temperature and fit data reported in Figure 4.7

hydrophobic core; however, further experiments are necessary to adequately assign this

intermediate and the associated rate. I, is relevant to the formation of the hydrophobic
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core. This intermediate can easily be assigned by the fluorescence t-jump data because in
this instance, the Trp residue is sensitive to the local environment of the core structure.
Finally, U represents the unfolded structure in which the helices of the trimer are
dissociated. The rate associated with this structure is highly concentration dependent and
is only detectable at higher concentrations and elevated temperatures.

Setting aside both off pathway and diffusion limited steps, the rates of major
events in the folding pathway are quite similar to those observed for folding of dimeric
coiled-coil motifs, e.g. the GCN4 leucine zipper, ** albeit L40 accesses a slightly more
complicated folding pathway to achieve the trimeric final structure. GCN4 is also
requires multiple steps to achieve folding of the coiled-coil domain and is associated with
two primary rates at ~10 us and ~100 us,” these rates are associated with loosening of
the N-termini and formation of the core structure by zipping of the helices, respectively.
The models that incorporate these rates ignore diffusion-limited steps such as the initial
association of peptides that make the dimer (in the case of GCN4); however, this rate is at
least partially accessible in the L40 measurements. The results highlighted in this study
correspond nicely with those of GCN4 and it would appear that steps involving loosening
of the oligomer termini and formation of the core structure are conserved between folding
of a coiled-coil dimer and folding of a coiled-coil trimer.

4.4 Conclusions

In summary, this chapter aimed to study the folding dynamics of an essential
component of the influenza hemagglutinin mechanism, hypothesized to be responsible
for the early conformational response of HA in the acidified endosome. Folding of the

LA40 peptide aids in priming the HA fusion peptide for insertion into the host membrane,
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extending the fusion peptide to the membrane surface. In this study, a portion of the HA2
domain representing the pH sensitive trigger, L40 peptide, was synthesized and modified
to incorporate spectroscopic probes sensitive to the core of the peptide structure by
mutating Phe in the core to Trp residues. Analysis of the L40 F63W F70W FO2F HA2
variant yields folding kinetics where the core structure is formed within a few hundred
microseconds. These results are consistent with previous folding studies of coiled-coil
motifs such as GCN4, and indicate a non-two-state folding pathway for L40, given that
multiple intermediates are detectible in the dynamic measurements. The implications of
these studies for folding of the full-length HA protein suggest that the coiled-coil motif is
rapidly formed and generates a tightly associated helical bundle. In conclusion, this study
aims to reveal finer mechanistic details regarding the folding dynamics of HA2 1.40
peptide. Results from this model can be used to refine theoretical models describing HA

folding and peptide mediated fusion in vivo.
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Appendix 4: Characterization of the Folding Dynamics of Hemagglutinin HA2 .40

peptide
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Figure A4.1. Fluorescence emission spectra of WT 140 peptide corresponding to a fluorescence emission

maximum of 358.3 nm for both pH 4 and pH 7 samples.
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Figure A4.2. Equilibrium FTIR difference spectra generated from using 10 °C as the lower temperature

revealing positive absorption band centered at 1645 cm™ indicating cold denatured state from ~10-25 °C
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Chapter 5: Development of an FTIR Assay for Monitoring HA Fusion Peptide

Mediated Membrane Fusion
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5.1 Introduction:

The general pathway for influenza host cell recognition and infectivity was
previously discussed in Chapter 4. This chapter will expand on the concepts put forth in
Chapter 4 by briefly focusing on development of a platform for membrane fusion as a
consequence of insertion of the hemagglutinin fusion peptide.

5.1.1 Membrane Fusion

Membrane fusion is a process where two contacting membranes merge' and is
essential to proper cellular function. Examples of the utility of fusion in cellular systems
include: mitochondrial function involving mixing of proteins and lipids into the

456,

mitochondria; >* reproduction and development,*”® where the sperm and egg must merge

release of the pronucleus into the oocyte cytoplasm; and vesicular

Approaching Vesicles Hemifusion Intermediate Fused Vesicles

Discrete populations Lipid Mixing Content Mixing

Figure 5.1 A general mechanism for membrane fusion.

transport and delivery.”* The general mechanism of fusion is thought to occur through a
hemifusion intermediate'® where two membranes are drawn within close proximity
resulting in contact of outer membrane leaflets of the membrane, ultimately resulting in
lipid mixing and formation of a hemifusion intermediate. This step is then followed by

mixing of the inner membrane leaflets -- eventually leading to complete fusion of the
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membranes.'' Approaching fusion from a thermodynamic perspective makes it
abundantly clear that a significant energy barrier most be overcome in order to achieve
fusion. Many biological systems overcome the thermodynamic barrier for fusion by
mediating the process with proteins.'> "’ In general, proteins are thought to aid in fusion
by (1) locally destabilizing the target membrane to promote lipid mixing and (2)
promoting membrane proximity by refolding of the fusion proteins." "

5.1.2 Viral Membrane Fusion

One such entity that achieves protein-mediated membrane fusion is the common
virus. It is generally accepted that the mechanism for viral-mediated membrane fusion
involves proteins that are held in an inactive state. Upon activation, the protein undergoes
a dramatic conformation rearrangement to allow for exposure of the fusion peptide.
Insertion of the fusion peptide into the target membrane serves to anchor the protein to
the host membrane. Finally, the two membranes are drawn close together by a second
large structural change of the protein.'® In this model, the driving force to promote fusion
is derived from the refolding of the fusion protein.

A classic example of a “triggered” system is influenza hemagglutinin, where,
after internalization into the host cell, conformational rearrangements of HA are initiated
by acidification of the endosome."” Interestingly, the HA fusion peptide can still achieve
membrane fusion, even in the absence of the remainder of the ectodomain. '® This
property is attributed to the unique structure the helical peptide assumes on the surface of
the membrane. Instead of associating with the membrane in a linear fashion as seen with
many antimicrobial peptides, the HA fusion peptide is modeled to form a boomerang-like

helical hairpin when inserted into target membranes.'” Thus, the fusion peptide creates a
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hook allowing it to anchor in one membrane while inserting into another, ultimately
drawing the membranes together to promote fusion. Experimental evidence has bolstered
this hypothesis, as mutations that inhibit the structural “kink™ necessary to allow the
fusion peptide to associate with two separate membranes, completely abolishes fusogenic
activity. ""Despite this evidence, there is still much to be learned about the HA fusion
peptide and how it achieves membrane fusion. For example, it is not known how many
HA molecules are required to exact fusion in vivo. **Therefore, developing experimental
methods that report on fusion with molecular details of both the membrane and protein
components necessary to execute fusion would be an important advancement in studying
the mechanism of HA.
5.1.3 Current Approaches to Studying Membrane Fusion

There are a number of elaborate membrane fusion assays available, all primarily
based on florescence. *"** Typical assays require either dyes at high enough
concentrations to promote self-quenching and/or the use of fluorphore modified lipids. A
typical assay usually reports on membrane fusion by observing an increase in
fluorescence intensity as a result of quenched fluorphores being diluted via fusion with
nearby membranes. Although generally helpful, these assay are somewhat laborious and
cannot resolve structural details of the fusion components. This chapter describes an
FTIR fusion assay using lipid mixtures to detect membrane fusion by the hemagglutinin
fusion peptide. This method offers a significant advantage relative to traditional fusion
assays in that the structural features of the peptides promoting fusion can be resolved

concomitant with changes to the membrane structure. This assay also establishes a
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method that could easily be translated into studying the dynamic processes driving
membrane fusion by methods described earlier in this dissertation.
5.2 Materials and Methods
5.2.1 Peptide Synthesis and Purification

The HA fusion peptide is coupled to a peptide solubility tag (indicated in []):
GLFGAIAGFIENGWEGMIDGWYG[GAGKKKK], and was synthesized by standard Fmoc
solid phase peptide synthesis utilizing 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). Purification of the FP peptide was
completed on a reverse phase C18 column (Phenomenex, Torrance, CA) with TFA as a
counterion using a linear gradient of water and acetonitrile. The mass of the purified
peptide was confirmed by MALDI-MS using CHCA matrix dissolved in 50:50 mixture of
water: acetonitrile. MS confirmed the presence of the fusion peptide with a mass equal to
3202 amu. The peptide was then subjected to two cycles of acid exchange in 20 mM
solution of HCI to remove TFA for FTIR experiments.
5.2.2. Circular Dichroism

The secondary structure of the peptide was confirmed by circular dichroism
(CD). CD was performed on a JASCO J-810 spectrophotometer equipped with a PFD-
425S Jasco temperature controller (Jasco, Inc., Easton, MD). The peptide was dissolved
in sodium phosphate buffer, pH 7 at a 30 uM final peptide concentration. The samples
were then 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 scan rate of 100 nm/min with a2 s

response time and 2 nm bandwidth.
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5.2.3 Fluorescence Emission

Fluorescence measurements were taken on a Flouromax spectrophotometer
(Horiba Scientific, Edison, New Jersey). The 30 uM peptide samples were dissolved in
20 mM sodium phosphate buffer, pH 7.4, before transfering to a 1 cm fluorescence
cuvette. Data was collected using 3 nm excitation and emission slit widths, exciting Trp
at 280 nm with an integration time of 1 s over a total range of 285-550 nm.

5.2 4 Equilibrium FTIR

The temperature dependent equilibrium FTIR experiments were carried out on a
Varian 3100 Excalibur FTIR spectrophotometer coupled to a liquid nitrogen cooled
mercury cadmium (MCT) detector. Samples were prepared in a split IR cell with a 126
um Teflon spacer between two CaF, windows in a copper housing. Temperature
dependent measurements were collected for both the reference (20 mM sodium
phosphate buffer, 100 mM NaCl, pH 7) and sample. Each spectrum is composed of an
average of 134 scans at 0.5 cm™ resolution.

5.3 Results and Discussion
5.3.1 Confirmation of Secondary Structure by Circular Dichroism.

The hemagglutinin fusion peptide has been shown to adopt an alpha helical
conformation in the presence of membranes. To confirm proper folding of the HA fusion
peptide CD was performed. The resulting CD spectra yield the expected alpha helical
signature in the presence of membranes. As expected, an increase in temperature above
the lipid Tm results in an increase in helical content as evident by the 222 nm band in

Figure 5.2.
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5.3.2 Confirmation of Insertion by Fluorescence Emission Spectra
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Similar to the characterization of peptide insertion in Chapter 3, insertion of the

fusion peptide into the hydrophobic membrane core should also yield both an increase
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Figure 5.3 Fluorescence emission spectra of HA FP with and without membrane, above the Tm of the

DPPC model membranes.
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and blue shift of the fluorescence intensity maximum. To test this, the fluorescence of the
fusion peptide was measured in the presence and absence of membranes, thus yielding
the expected emission pattern for a protein inserting into the membrane (Figure 5.3).
5.3.3 Infrared Fusion Assay

An infrared assay was developed to detect membrane fusion in addition to
reporting on other processes that may be critical to fusion, i.e. fusion peptide insertion
and/or peptide self-association. The simple experimental scheme to achieve this involves
making two separate populations of vesicles, one from per-deuterated DPPC lipids and

the other from protonated DPPC lipids. The CD, stretch of deuterated lipids has a unique
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Figure 5.4 Experimental scheme of fusion assay where two homogeneous vesicle populations are added to
a solution of fusion peptide. Insertion and subsequent fusion of membranes would result in a spectral shift

detectable by IR.
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stretching frequency compared to that of the CH, lipids, a relationship that can be
predicted from the reduced mass equation. It can also be assumed that a mixture of these
two populations of lipids would perturb the extensive coupling of the acyl chains
observed in homogenous lipid vesicles, a deviation that can easily be detected by infrared
spectroscopy. Figure 5.4 shows the experimental scheme for this infrared-based fusion
assay.

To first validate the assumed shift in a mixed vesicle population, vesicles were
prepared using 50/50 mixture (mole percent) of d62-DPPC and non-deuterated DPPC
lipids. The infrared absorbance of this mixture was determined and compared to the
infrared absorbance spectra of homogeneous lipid vesicles composed of either d62-DPPC
or non-deuterated DPPC lipids. This control was designed to identify the unique infrared
signature reporting on the coupling between the deuterated and non-deuterated acyl

chains. The results of this positive control are summarized in Figure 5.5.
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Figure 5.5 (A) Temperature dependent FTIR of pure DPPC vesicles and vesicles composed of 50/50 d62-
DPPC/DPPC. The inset image represents normalized IR absorbance data showing (B) The second
derivative of absorbance data demonstrating obvious peak broadening of the 50/50 mixture shown in A,

where light grey represents the gel phase and black represents the fluid phase.

From the analysis of Figure 5.5, it is clear that pure DPPC has an absorbance maximum
at 2917.9 cm,” whereas the 50/50 DPPC d62-DPPC mixture shifts the absorbance
maximum to 2919.9 cm’.! Additionally, Figure 5.5B clearly demonstrates broadening of

the 50/50 mixture as is evident by the derivative like features. Importantly, this data
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indicates the shift induced from mixing lipid populations is a viable probe for monitoring
membrane fusion.

Next, the basal level propensity for membrane fusion was tested by comparing the
infrared absorbance of pure DPPC vesicles below and above the thermal transition to a
sample containing pure DPPC vesicles mixed with pure d62-DPPC vesicles (results
summarized in Figure 5.6 and Table 5.1). These data show that there is no significant
change in absorbance signal between DPPC vesicles and the sample containing discrete
populations of the deuterated and non-deuterated vesicles, suggesting that there is no

membrane fusion between the two populations at the timescale of these measurements.
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Figure 5.6. FTIR absorbance spectra showing the negative control for membrane fusion.
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Temperature Pure DPPC (cm™) Discrete populations of d62-
(&) DPPC and non-deuterated
DPPC (cm™)
10 °C 2917.9 2917.8
30 °C 2918.8 2918.1
50 °C 2923.0 2923.6

Table 5.1 Summary of frequency shifts for data shown in Figure 5.6.

Finally, to test for the possibly of detecting membrane fusion, discrete populations of

homogeneous d62-DPPC vesicles and DPPC vesicles were mixed in the presence of HA

fusion peptide. This data is summarized in Figure 5.7 and Table 5.2. These data suggest

that the frequencies associated with the infrared regions of the CH, symmetric and

asymmetric lipid stretches are consistent with the FP in assisting in fusion of two discrete

vesicle populations. This is evident from the energy of the frequencies achieved in the

presence of fusion peptide relative to those observed from deliberate mixing of d62-

DPPC lipid with the non-deuterated form.
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Figure 5.7. FTIR absorption spectra detecting membrane fusion in the presence of fusion peptide
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Temperature (°C) - Fusion Peptide + Fusion Peptide
(cm™) (cm™)
10 °C 2917.8 2918.5
30 °C 2918.3 2919.3
50 °C 2923.6 29250
50 °C (35 min) 29234 29253

Table 5.2 Summary of maximum absorbance frequencies from Figure 5.7.

5.4 Conclusions and Future Directions

This chapter highlights preliminary results focused on using infrared as a method
to detect membrane fusion. The fusion assay developed in this study was designed such
that HA FP mediated fusion could be detected using the frequency shift observed when
mixing a pure population of DPPC with d62-DPPC lipids as a result of membrane fusion.
Importantly, membrane fusion mediated by the HA fusion peptide was detected by
directly probing frequencies associated with the membrane, a feat accomplished without
with used of perturbing labels. These promising results suggest that the utility of this
platform may be expanded in future studies to examine a number of fusion peptide
variants as well as other vital interactions of peptides and membranes necessary to

achieve membrane fusion.
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Chapter 6: Conclusions and Perspectives
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6.1 Summary

This dissertation aims to develop a platform to study dynamic protein-membrane
interactions, specifically focused on the underlying mechanisms that drive spontaneous
insertion of peptides into membranes. Characterization of spontaneous peptide insertion
has previously been examined by diffusion-limited methods that encumber resolution of
faster kinetic processes critical to defining the mechanistic details of peptide insertion.
Thus, due to the lack of experimental methods available, many of the details regarding
this dynamic process have only been resolved computationally.' Furthermore, much of
the existing methodology lacks the ability to directly couple membrane dynamics to the
dynamics of the interacting proteins. Understanding this relationship is critical to
understanding the fundamental driving forces that dictate a number of important
processes occurring at or within the surface of a membrane.

To address these limitations, peptide insertion and the corresponding membrane
dynamics were studied using infrared spectroscopy coupled to temperature-jump
methods, and a number of other biophysical techniques. Infrared is a versatile method
that can provide great molecular resolution, while temperature-jump techniques offer the
time resolution necessary to capture many of these dynamic interactions. These methods
were first applied to investigating the mechanism of the gel to fluid phase transition in
model d62-DPPC unilamellar vesicles, as discussed in Chapter 2. Given our hypothesis
that the rate of peptide insertion is fast relative to the respective diffusion limit, the rapid
dynamics of the gel to fluid phase transition make membrane fluidity an ideal property to
exploit when investigating peptide insertion into membranes. As outlined in Chapter 3,

introducing a model peptide such as MPX to membranes held deep in the gel phase
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allows the peptide to equilibrate with the membrane surface effectively creating a barrier
that can be experimentally regulated to control peptide insertion, thus avoiding
limitations consequence of diffusion. Our results suggest that peptide insertion occurs
within a few hundred microseconds and is on a competitive timescale with the full
thermal relaxation of the membrane. Coupling our understanding of the physical
properties of membranes with techniques capable of resolving rapid dynamics with high
molecular resolution allows for the possibility of studying a number of important
biological processes occurring at or within membranes.

The second half of this thesis focuses on understanding the underlying mechanism
behind membrane fusion directed by the Influenza virus, a process facilitated by insertion
and folding of influenza’s hemagglutinin protein. Specifically, Chapter 4 examines the
folding mechanism of the L.40 coiled-coil motif—a structure critical to extension of
hemagglutinin in response to acidification of the endosome after viral uptake into host
cells. Lastly, Chapter 5 details development of an assay based on principles learned from
previous chapters to detect both insertion of peptides and fusion of membranes by
infrared spectroscopy. Together, these studies add to the mechanistic picture of how
influenza achieves fusion through conformational dynamics of hemagglutinin and
provides an avenue for future studies probing insertion and fusion with other HA
variants.

6.2 Future Outlook

By understanding simple systems like those highlighted in these studies, we can

further develop experimental approaches to studying more complex systems centered

around protein insertion and folding of membrane associated proteins. For example, this
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dissertation does not address dynamics governed by complex lipid mixtures or large
proteins, but importantly provides a platform to do so. Studying insertion of small model
systems like MPX can guide future studies related to other biological processes including
membrane protein folding, signaling pathways and viral systems requiring insertion.
Additionally, the relevance of folding of the HA 140 peptide extends far beyond the
mechanism of influenza pathogenicity as coiled-coil motifs are predicted to be a part of
2-5% of all proteins based on sequence analysis.” ” Furthermore, a majority of helical
viral proteins that mediate membrane fusion exist as functional trimers; examples of this
beyond influenza include proteins that mediate fusion in both HIV and Ebola.*”> Thus,
understanding these mechanisms transcends to systems involved in many other biological
arenas.
6.3 Other contributions

Beyond contributions to the studies discussed in this dissertation I have also made
additional contributions to publications outside of the Dyer group. A List of those
publications is given below.
* Li, Sha, Sidorov, Anton N., Mehta, A., Das, Dibyendu, Childers, W. Seth, Schuler,
Erin, Orlando, Thomas, Lynn, David G., Patterned phosphotyrosine arrays and Histone
H1 Binding. JACS, 2014.
* Zheng, Weiwei; Liu, Yang; West, Ana; Schuler, Erin; Yehl, Kevin; Dyer, R.; Kindt,
James; Salaita, Khalid. Quantum dots encapsulated within phospholipid membranes:
phase-dependent structure, photostability, and site-selective functionalization. JACS,

2014.
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