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Abstract 

Investigating Influenza Hemagglutinin Fusion Peptide Insertion into Model Membrane 

Liposomes with Fluorescence and FTIR Spectroscopy 

By Catharine Anderson 

The highly conserved first 23 residues of influenza hemagglutinin (HA), known as the 

fusion peptide (FP), are critical for fusion of the viral and endosomal membranes during 

viral infection. Even conservative substitutions in the FP have been shown to 

significantly alter the peptide’s conformational ensemble and abolish fusogenicity. 

Equilibrium fluorescence and FTIR spectroscopy are used here to study the effects of 

different point mutations on fusion peptide insertion into vesicles. Insertion is initiated by 

heating DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) lipid vesicles above the 

gel-to-liquid phase transition temperature of DPPC. In addition to the WT peptide, this 

study examines the variants G1V, W14A, G8A, and G16A. Each of these point 

mutations is expected to disrupt the tight helical hairpin structure of the WT FP. The 

G1V and W14A variants, which are expected to sample wide-angle open conformations, 

appear to insert more shallowly than WT or allow more water leakage into the 

membrane. The G8A and G16A variants, which are expected to sample acute-angle 

open conformations, appear to partially insert at lower temperatures than WT and 

disorder the membrane lipid tails to a greater extent. Fusion peptide insertion appears 

to be irreversible, most likely due to the disordering of the peptides and membrane 

environment at higher temperatures. With the equilibrium signals characterized, time-

resolved temperature-jump fluorescence and FTIR spectroscopy could be used to 



visualize the timescale of insertion for each fusion peptide variant. Resolving the 

temporal and spatial details of fusion peptide insertion could eventually enable the 

development of a universal influenza treatment.
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1.1 Introduction 

1.1.1 Influenza Hemagglutinin Structure and Role in Membrane Fusion 

Fusion of the viral membrane with a target cell or endosomal membrane is a critical 

step in the viral life cycle. Upon fusion, viral contents are released into the cell, allowing 

subsequent replication and spread of the virus.1 Although membrane fusion is 

thermodynamically favorable overall, it involves high-energy intermediate states that 

require coupling to protein dynamics in order to occur on the biological timescale.2 

Hemagglutinin (HA) is the homotrimeric, membrane-embedded fusion protein of the 

influenza virus.3 Its precursor form, HA0, is cleaved into two disulfide-linked units called 

HA1 and HA2 before incorporation into the membrane.3 Each HA protein consists of 

three noncovalently associated HA1/HA2 subunits.3 The protein is anchored in the 

membrane by the C-terminal transmembrane domain, which consists of three 

hydrophobic alpha helices, one from each monomer.4 The globular HA1 domain binds to 

the target cell’s sialic acid receptors, while the HA2 domain mediates membrane fusion.3 

HA2 forms a rod-like coiled coil structure consisting of one alpha-helix from each 

monomer.3 The fusion peptide (FP), a highly conserved ~20-25-residue segment that 

lies in the middle of the protein’s peptide sequence in its precursor form, becomes the 

N-terminus of HA2 after cleavage.3 Its role is to insert into the target cell’s membrane, 

helping to bring the two membranes into proximity and mediate fusion.5 During fusion, 

the two membranes are thought to pass through a hemifusion intermediate in which 

only their outer leaflets mix together.5 Once the inner leaflets mix together, a fusion pore 

is formed,5 allowing the viral contents to empty out into the host cell. The process of 

membrane fusion is illustrated in Figure 1.1. 
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Figure 1.1. The spring-loaded model of hemagglutinin-mediated membrane fusion, 

passing through stalk and hemifusion intermediates before the fusion pore is formed. 

Reprinted from reference 5. Copyright 2009. 

 

After binding to the cell’s sialic acid receptors, the influenza virus is endocytosed. HA 

undergoes an activating conformational change triggered by the acidification of the late 

endosome to pH ~4-5 in an attempt to degrade its contents.3 X-ray crystallography has 

revealed the structure of the HA ectodomain in its precursor form, in its cleaved form at 

neutral pH, and in its cleaved form at low pH.6,7,8 The pH-triggered conformational 

change seems to involve the dissociation of the HA1 subunits, extension of the fusion 

peptides toward the target membrane, and folding of the fusion peptides back towards 

the transmembrane domain in order to bring the two membranes into proximity.9 The 

precise spatial and temporal details of these conformational changes are still under 

investigation. Multiple models have been suggested to describe the pH-triggered 

conformational changes of HA.  
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Figure 1.2. (A) Primary and secondary structure of the HA2 domain of hemagglutinin. 

(B) Quaternary structure of HA2 in its cleaved form at neutral pH, before the 

conformational change that allows FP insertion into the endosomal membrane. (C) 

Illustration of the conformational change that occurs at low pH. Reprinted with 

permission from reference 10. Copyright 2016 American Chemical Society. 

 

The most popular model, often called the “spring-loaded” mechanism, posits that 

HA2 is caught in a metastable conformation sterically constrained by the presence of 

the HA1 at neutral pH.3 After dissociation of HA1 at low pH, HA2 can undergo a 

conformational loop-to-helix transition that extends the coiled-coil, presenting all three 

fusion peptides to the target membrane for insertion,3 as illustrated in Figure 1.1. 

Another model proposes the existence of a symmetry-broken intermediate, which 

causes the fusion peptides to insert asymmetrically into both the target and viral 

membranes.10 The extension of the coiled coil occurs after fusion peptide insertion in 

this model.10 In both models, the two membranes are brought closer together by the 
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melting of a domain near the C-terminus of HA2 which packs antiparallel into the central 

coiled coil, bringing the fusion peptides and transmembrane domain to the same end.9 

1.1.2 Wild Type Fusion Peptide Structure 

The purpose of this study is to investigate the role of the fusion peptide in driving 

membrane fusion. The structure of the FP has not been resolved crystallographically 

because of its poor solubility, but it has been explored through other techniques such as 

NMR.5,14 It appears to fold into a helical hairpin structure at neutral pH (shown in Figure 

1.3), while more open V-shaped helical conformations become transiently accessible at 

low pH.14 The mechanism by which FP insertion promotes membrane fusion is still 

unclear, but experiments have revealed that fusogenicity is related to insertion depth 

and angle, degree of helicity, membrane binding affinity, effects on membrane order 

and curvature, and dehydration of the membrane surface.11,12 Many experiments have 

probed FP function by mutating critical residues such as the N-terminal glycine or the 

residues in the kink region.13  

 

1.1.3 Fusion Peptide Variants Structure 

 

Figure 1.3. Helical hairpin structure of the hemagglutinin fusion peptide. Locations of 

point mutations are shown by the residues in green. Reprinted from reference 2. 

Copyright 2016. 
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In this study, four FP variants with point mutations are investigated in addition to the 

wild type (WT) FP: G1V, W14A, G8A, and G16A. Computational modeling predicts all of 

these mutants to sample open conformations to a greater extent than WT, with varying 

angles.14,16,17 The Gly-1 residue of the FP has been demonstrated to be important in 

establishing a charge-dipole interaction between the N-terminal amide group and the 

dipole associated with the other end of the FP helix, which stabilizes the helical hairpin 

structure.15 Mutating the N-terminal glycine is predicted to cause the G1V FP to adopt a 

nearly linear open structure as shown in Figure 1.4.16 

Trp-14 of the FP is situated in the kink region.2 Mutating it to alanine is expected to 

make the kink region more flexible, also disrupting the helical hairpin structure and 

causing the W14A FP to adopt a more open “boomerang” conformation as shown in 

Figure 1.4.17  

 

Figure 1.4. Left: Linear conformation of G1V FP. Reprinted from reference 16. 

Copyright 2005. Right: “Boomerang” conformation of W14A FP. Reprinted from 

reference 17. Copyright 2006.  

 

There are four glycine residues in positions 4, 8 ,16, and 20 of the FP thought to be 

involved in a “glycine zipper” that holds the two helical segments together in the helical 
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hairpin structure.2 Mutating these glycine residues is expected to destabilize the helical 

hairpin, and position 8 has been shown to be especially sensitive to mutations.18 The 

G8A variant likely adopts two open conformations, one with a wide angle similar to 

W14A and one with an acute angle similar to the open conformation of the WT FP at 

low pH,14 as shown in Figure 1.5. The structure of the G16A mutant has not been 

modelled, but since G16 occupies a similar position to G8 as its partner in the glycine 

zipper, the structure of G16A may be similar to G8A. 

 

Figure 1.5. Extended and L-shaped open structures of G8A FP. Reprinted from 

reference 14. Copyright 2012. 

 

By studying point mutations of the FP, the importance of the WT FP’s interactions 

with the endosomal membrane to drive membrane fusion can be better understood. 

Even conservative mutations in the FP sequence can completely abolish fusion activity, 

raising the possibility that a treatment targeting the influenza fusion peptide could 

eventually be developed which would be effective against all serotypes and could not be 

evaded by viral mutation.14 Understanding the mechanism by which fusion peptide 

insertion promotes membrane fusion in conjunction with the rest of the HA protein is a 

critical first step in this direction. 
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1.2 Conclusions and aims 

The dynamics of influenza hemagglutinin fusion peptide insertion into the endosomal 

membrane have yet to be characterized. In this study, fluorescence and Fourier 

Transform Infrared (FTIR) spectroscopy are both used to observe insertion of the FP 

into model membrane liposomes. Fluorescence emission can be used to detect 

changes in the environment around the intrinsic tryptophan residues of the FP, while 

FTIR spectroscopy tracks changes in the environment around the peptide amide 

groups, lipid hydrophobic tail groups, and lipid headgroups. In order to investigate the 

importance of the highly conserved FP primary sequence, experiments are performed 

using the G1V, G8A, G18A, and W14A variants of the FP in addition to the WT. 
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2.1 Introduction 

Equilibrium fluorescence experiments were performed in order to establish changes 

in the environment surrounding the intrinsic tryptophan residues of the FP, which 

occupy positions 14 and 21, as it inserts into model membrane liposomes. 

Fluorescence emission undergoes a blue-shift and increase in intensity when 

tryptophan enters a more hydrophobic environment, such as a cell membrane.1 

DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphocholine) large unilamellar vesicles 

(LUVs) were used as model membrane liposomes. DPPC has a melting temperature of 

41° C, at which it transitions from the gel to the fluid phase, with the presence of a 

comparatively transient ripple phase in between2 as illustrated in Figure 2.1. The gel 

phase at lower temperatures is characterized by the rigid packing of hydrophobic lipid 

tails in an all-anti conformation, preventing fusion peptide insertion.2 The fluid phase at 

higher temperatures is characterized by greater conformational entropy of the 

hydrophobic lipid tails, allowing gauche conformations, which prevents the tails from 

packing as tightly.3 The fusion peptide, which is associated with the membrane surface 

below the Tm,4 is therefore able to insert into the fluid membrane above the Tm.  

 

Figure 2.1. Temperature-dependent membrane phase transitions. Reprinted from 

reference 3. Copyright 2009. 
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Insertion is initiated in these equilibrium fluorescence experiments by raising the 

temperature of a solution of FP and DPPC LUVs above 41° C. The solution is acidic (pH 

= 4.5) since these are the conditions under which FP insertion is triggered biologically in 

the endosome.  

 

2.2 Materials and Methods 

2.1.1 Model Membrane Liposome Preparation 

DPPC lipids were purchased from Avanti Polar Lipids, Inc. in chloroform. To prepare 

lipid cakes, the lipids in chloroform were aliquoted into 2 mL glass vials, and the 

chloroform was evaporated off with an N2 gas stream. The vials were flash frozen with 

liquid N2, placed on a lyophilizer overnight, and stored in a -20° C freezer before using. 

Directly before performing the fluorescence experiment, the lipid cakes were hydrated 

with 20 mM acetate buffer at pH 4.5 and subjected to 5 rounds of freezing and thawing 

on a hot plate at 55° C (above the Tm = 41° C of DPPC). To prepare large unilamellar 

vesicles (LUVs), the lipids were extruded 15 times on a hot plate at 55° C using an 

extruder from Avanti Polar Lipids, Inc. The size of the DPPC LUVs was verified via 

dynamic light scattering (DLS). 

2.1.2 Fusion Peptide Preparation 

Standard Fmoc solid phase synthesis on a rink amide resin was used to synthesis 

the H3 serotype of hemagglutinin fusion peptide, which has the sequence 

GLFGAIAGFIEGGWTGMIDGWYG-[GDGKKKK]. The G1V, W14A, G8A, and G16A FPs 

had sequences with the indicated point mutations. The instrument used for this 

synthesis was an acid-coupling CEM Liberty 1 peptide synthesizer (CEM Matthew, NC). 
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Fmoc-protected amino acids were purchased from AnaSpec Inc. (Fremont, CA). 

Following synthesis, HPLC was used to purify the solubility-tagged FP on a reverse 

phase C18 column (Phenomenex, Torrance, CA), with a linear gradient of water to 

acetonitrile and 0.1% TFA. The masses of the purified peptides were confirmed using 

MALDI spectrometry. 

2.1.3 Fluorescence Emission 

A Dual-FL spectrophotometer (Horiba Scientific, Edison, NJ) was used to collect 

equilibrium fluorescence data. In each experiment, the FP variant being studied was 

dissolved in DI water and mixed with the DPPC LUVs, resulting in a 1:50 peptide:lipid 

molar ratio with a total volume of 1 mL (50 μM FP, 25 mM LUVs). The mixture was kept 

on ice to prevent the FP from inserting prior to the experiment. Beginning at 20° C, the 

sample was heated to 70° C by 1° increments. At each temperature point, the sample 

was excited at 290 nm, and resulting fluorescence intensity was obtained by integrating 

the tryptophan emission peak between 324 and 356 nm. The following instrument 

parameters were used: 0.4 second integration time, 100 accumulations, total range of 

285-550 nm, 3 nm excitation and emission slit width. 

Corrected fluorescence intensity for each experiment was calculated by integrating 

the area under the fluorescence curve between 324 and 356 nm, normalizing to the 

fluorescence intensity at 20° C, and subtracting the normalized temperature-dependent 

fluorescence intensity of free tryptophan. 
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2.2 Results and Discussion 

2.3.1 FP Insertion Melt Experiments 

 

Figure 2.2. Top: Temperature-dependent fluorescence emission spectra of WT FP and 

DPPC LUVs in a 1:50 molar ratio heated from 20° to 70° C. Bottom left: Change in 

fluorescence emission intensity vs temperature, corrected for the temperature-

dependence of tryptophan fluorescence. Bottom right: Change in wavelength maximum 

vs temperature; total shift in wavelength of 341.5 – 335.5 nm. 

 

The WT FP (Figure 2.2) displays an increase in fluorescence intensity and a blue 

shift in wavelength emission maximum as the melting temperature of DPPC (Tm = 41° 

C) is approached. Both these trends are indicative of the peptide entering a more 

hydrophobic environment as it inserts into the membrane. All other FP variants (Figures 
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2.2-2.5) display the same increase in fluorescence intensity and shift to a lower 

wavelength before 41° C, but with slight differences resulting from their disrupted 

conformations. Examining these differences provides information about how these 

disrupted conformations affect FP insertion into the model membranes. 

 

Figure 2.3. Top: Temperature-dependent fluorescence emission spectra of G1V FP and 

DPPC LUVs in a 1:50 molar ratio heated from 20° to 70° C. Bottom left: Change in 

fluorescence emission intensity vs temperature. Bottom right: Change in wavelength 

maximum vs temperature; total shift in wavelength of 344 – 336 nm. 

 



 

 

18 

 

 

Figure 2.4. Top: Temperature-dependent fluorescence emission spectra of W14A 

FP and DPPC LUVs in a 1:50 molar ratio heated from 20° to 70° C. Bottom left: Change 

in fluorescence emission intensity vs temperature. Bottom right: Change in wavelength 

maximum vs temperature; total shift in wavelength of 343 – 336 nm. 

 

The fluorescence peaks of the G1V (Figure 2.3) and W14A (Figure 2.4) variants 

begin at higher wavelengths than WT at 20° C. This could be a result of the G1V and 

W14A tryptophan residues being more water-exposed due to their altered 

conformations, or the WT FP partially inserting prior to the experiment to a greater 

extent than G1V and W14A. G1V and W14A do not show as great of an increase in 

fluorescence intensity as WT, indicating that they insert more shallowly or allow water 

leakage into the membrane more than WT. It should be noted that Trp-14 is mutated in 
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the W14A FP, and therefore Figure 2.4 only reflects changes in the environment around 

Trp-21, which is at the C-terminus of the FP. Since the FP inserts N-terminus first, this 

likely partially accounts for the smaller signal changes, although it has been reported 

elsewhere that W14A inserts more shallowly than WT.5 

 

Figure 2.5. Top: Temperature-dependent fluorescence emission spectra of G8A FP and 

DPPC LUVs in a 1:50 molar ratio heated from 20° to 70° C. Bottom left: Change in 

fluorescence emission intensity vs temperature. Bottom right: Change in wavelength 

maximum vs temperature; total shift in wavelength of 338 – 333.5 nm.  
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Figure 2.6. Top: Temperature-dependent fluorescence emission spectra of G16A FP 

and DPPC LUVs in a 1:50 molar ratio heated from 20° to 70° C. Bottom left: Change in 

fluorescence emission intensity vs temperature. Bottom right: Change in wavelength 

maximum vs temperature; total shift in wavelength of 340 – 333.5 nm.  

 

The fluorescence peaks of the G8A (Figure 2.5) and G16A (Figure 2.6) variants, in 

contrast, begin at lower wavelengths than WT FP. This might indicate that the G8A and 

G16A variants have partially inserted prior to the experiment to a greater extent than 

WT. G8A shows a smaller increase in fluorescence intensity than WT, possibly because 

it has already partially inserted. G16A shows a slightly greater increase in fluorescence 

intensity despite likely having partially inserted at lower temperatures than WT, 

indicating that it inserts more deeply or excludes water from the membrane better than 
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WT. Both variants display insertion during the ripple phase prior to the DPPC Tm. The 

combination of the acute-angle open conformations sampled by G8A and G16A and the 

membrane disturbances present in the ripple phase likely allow for this pre-Tm insertion. 

After 41° C, all FP variants display a decrease in fluorescence and a red shift in 

wavelength emission maximum. This is generally indicative of the peptides entering a 

more hydrophilic environment. The peptides could be aggregating, exiting the 

membrane, or being hydrated by water leakage into the membrane. The FTIR 

experiments in Chapter 3 were performed in order to determine which of these events is 

occurring at higher temperatures. 

 

2.3.2 FP Insertion Reversibility Experiments 

Insertion appears to be irreversible according to the data in Figure 2.7. After cooling 

the WT FP and DPPC LUVs mixture back to 20° C from 70° C, the fluorescence 

intensity and wavelength do not return to baseline. Only small changes are observed in 

fluorescence intensity and emission maximum upon cooling. Similar trends in 

reversibility were observed for all variants, not shown here. 
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Figure 2.7. Top: Temperature-dependent fluorescence emission of WT FP and DPPC 

LUVs in a 1:50 molar ratio cooled from 70° to 20° C. Top: Change in fluorescence 

emission intensity vs temperature, corrected for the temperature-dependence of 

tryptophan fluorescence. Bottom: Change in wavelength maximum vs temperature. 
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Figure 2.8. Temperature-dependent fluorescence emission of WT FP and DPPC LUVs 

in a 1:50 molar ratio, cooled from 41° to 20° C. Left: Change in fluorescence emission 

intensity vs temperature, corrected for the temperature-dependence of tryptophan 

fluorescence. Right: Change in wavelength maximum vs temperature; total shift in 

wavelength of 334.5– 334 nm. 

 

The WT fluorescence melt was repeated, stopped at Tm = 41° C, and cooled back to 

20° C to see if this would have any effect on the reversibility of insertion. Figure 2.8 

shows the fluorescence change and wavelength shift upon cooling, which look very 

similar to that observed after cooling from 70° C. This indicates that the insertion event 

occurring at 41° C is itself irreversible, and that irreversibility is not due to an event 

occurring only at higher temperatures above the melting point, such as aggregation. 
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Figure 2.9. Temperature-dependent fluorescence emission of WT FP and DPPC LUVs 

in a 1:50 molar ratio, heated from 20° to 41° C, held at 41° C for 30 minutes, and then 

heated from 41° to 70° C. Left: Change in fluorescence emission intensity vs 

temperature, corrected for the temperature-dependence of tryptophan fluorescence. 

Right: Change in wavelength maximum vs temperature. 

 

When the WT fluorescence melt was repeated and paused at 41° C for 30 minutes 

before continuing to 70° C, no significant change in fluorescence intensity or emission 

maximum was observed during the pause at 41° C, as shown in Figure 2.9. Whatever 

causes the fluorescence increase and red shift after 41° C is certainly temperature 

dependent. This would be an unexpected result if aggregation was the process causing 

FP insertion to be irreversible.  

Overall, it remains unclear from these data whether the FP is aggregating, exiting 

the membrane, or becoming more solvent accessible at higher temperatures. However, 

the data presented in Chapter 3 provide evidence in agreement with Figures 2.8 and 2.9 

that aggregation is not the reason for the observed irreversibility of insertion. 
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Chapter 3: Characterization of Fusion Peptide Insertion into Model Membrane 

Liposomes with FTIR Spectroscopy 
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3.1 Introduction 

Equilibrium FTIR experiments were performed in order to establish changes in the 

environments surrounding the FP backbone amide groups (~1600-1720 cm-1),1 DPPC 

hydrophobic lipid tails (~1680-1780 cm-1),2 and DPPC headgroup ester carbonyls 

(~2980-2820 cm-1)3 during FP insertion into model membrane liposomes. 

DPPC small unilamellar vesicles (SUVs) were used as model membrane liposomes. 

To trigger insertion, samples containing the FP and DPPC SUVs were heated above 

41° C, the melting temperature of DPPC, as explained in section 2.1. There are three 

regions of the FTIR spectrum that can be monitored as FP insertion occurs. The amide 

region of the difference spectrum provides information about whether the alpha-helix is 

solvated or buried, and whether it unfolds from the alpha-helical conformation. The C-H 

lipid tail region shows the melting of the membrane and is sensitive to disordering of the 

lipid tails. Finally, previous studies3 have used FTIR to look at the percentage of DPPC 

headgroup carbonyls that are hydrogen bonded to a water molecule. Here, the same 

analysis is employed to observe interactions between the FPs and lipid headgroups. 

 

3.2 Materials and Methods 

3.2.1. Model Membrane Liposome Preparation 

See Section 2.2.1 for DPPC lipid cake preparation procedure. 

Instead of DPPC LUVs, DPPC small unilamellar vesicles (SUVs) were used in the 

equilibrium FTIR experiments. FTIR experiments require concentrated stock solutions of 

lipids since the total volume of each sample is only 40 uL, and LUVs are prone to 

aggregation at high concentrations due to their larger size. To prepare the SUVs, the 
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lipids were placed in a sonicator bath at 55° C for approximately 25 minutes, or until the 

cloudy lipid solution became visibly translucent. Vesicle size was confirmed via dynamic 

light scattering (DLS). 

3.2.2. Fusion Peptide Preparation 

See Section 2.2.2 for H3 fusion peptide preparation procedure. 

3.2.3. FTIR 

A Varian 660 FTIR spectrophotometer with a liquid N2 cooled mercury cadmium 

telluride (MCT) detector was used to collect equilibrium FTIR data. In each experiment, 

the FP variant being studied was dissolved in D2O and mixed with the DPPC SUVs in 

20 mM sodium acetate deuterated buffer at pD 4.5. The FP was always present in 

concentration between 0.5 and 1 mM. The peptide to lipid ratios were 1:15 for WT, 1:30 

for W14A, 1:50 for G8A, and 1:30 for G16A. A reference solution of 20 mM sodium 

acetate deuterated buffer at pD 4.5 with no FP or lipids was used. 

A split IR cell with CaF2 windows in a copper frame was used to hold the sample and 

reference solutions, which were separated by a 126 μM Teflon spacer. The mixture was 

kept cold to prevent the FP from inserting prior to initiating the experiment. After purging 

water vapor from the chamber, the sample was heated from 10° C to 50° C by 1° 

increments using a water bath. A thermocouple was used to monitor the actual 

temperature at the time of data collection. The following instrument parameters were 

used: 136 scans, 2 cm-1 resolution, total range of 15-6000 cm-1. The final absorbance 

spectra were obtained by taking the negative logarithm of the ratio of the sample single 

beam spectrum to the reference at each temperature. 
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3.3 Results and Discussion 

3.3.1 FTIR Peptide Amide Region 

As temperature increases, helical peptides lose their helicity and become more 

disordered.1 The broad decrease in signal from ~1610-1640 cm-1 represents loss of 

helical character.1 The broad increase in signal from ~1640-1700 cm-1 represents the 

increase in disordered structure of the peptide at higher temperatures, with a dip at 

~1670 cm-1 due to a TFA impurity.1 In addition to these broad signal changes, it has 

been reported that the band at 1620 cm-1 corresponds to a solvated helix and the band 

around 1645 cm-1 corresponds to a helix in a hydrophobic environment.1  

Figures 3.1 - 3.4 display the peptide amide regions of the FTIR spectra of each FP 

variant and DPPC SUVs heated from 10 to 50° C. The FTIR spectra for the G1V variant 

are not shown due to the presence of aggregation starting at low temperatures, most 

likely because the sample went bad. In each figure, the band at 1620 cm-1 decreases as 

the DPPC Tm is approached, indicating loss of solvated helix; at the same time, the 

band centered at 1645-1650 cm-1 grows, indicating the expected increase in buried 

helical character as each peptide variant inserts into the DPPC membrane. As 

temperature increases especially past the melting point, the feature centered around 

1680 cm-1 increases, representing an increase in solvated disordered structure as the 

peptides unfold and become more shallowly inserted.1 The features from 1700-1800 

cm-1 shown in Figures 3.1 - 3.4 are from the lipid headgroup carbonyl stretch and are 

analyzed in section 3.3.3. 

The magnitude of the increase in buried helix at 1620 cm-1 is greater than the 

magnitude of the decrease in solvated helix at 1645-1650 cm-1 for each FP, which likely 
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indicates that the peptides are folding within the membrane as they insert. This is 

supported by the observation from CD experiments (not shown here) that the FP 

requires the presence of lipid vesicles to fold into its α-helical conformation. It should 

also be noted that these graphs display equilibrium populations at each temperature. 

There is no evidence of β-aggregation (which would appear as sharp positive peaks 

at 1620 and 1690 cm-1) in these spectra, even at higher temperatures. According to the 

fluorescence emission data presented in section 2.3, the peptide must therefore be 

exiting the membrane or becoming solvated by water molecules leaking into the 

membrane. 

  

Figure 3.1. Peptide amide region of temperature-dependent FTIR emission difference 

spectra of WT FP and DPPC SUVs in a 1:15 molar ratio heated from 10° to 50° C. 

Difference spectra were calculated by subtracting the absorbance spectrum at 10° C 

from each subsequent temperature trace. The graph on the right shows only the 

difference spectra up to the melting point of DPPC (41° C) for clarity. 
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Figure 3.2. Peptide amide region of temperature-dependent FTIR emission difference 

spectra of W14A FP and DPPC SUVs in a 1:30 molar ratio heated from 10° to 50° C.  

 

Unlike the other variants, the W14A FP displays an initial increase in solvated helical 

character along with the expected increase in buried helical character prior to the DPPC 

Tm (Figure 3.2). The W14A FP may be very shallowly inserting and folding as it interacts 

with the membrane. The subsequent decrease in solvated helical character 

approaching and beyond the DPPC Tm barely returns to baseline, also indicating that 

the W14A FP inserts shallowly compared to WT. 

The positive buried helix bands shift from 1650 to 1645 cm-1 as temperature 

increases for the W14A, G8A, and G16A FPs (Figures 3.2 – 3. 4), which indicates that 

they are moving into a less hydrophobic environment, perhaps becoming less deeply 

inserted. This shift is not observed for the WT FP (Figure 3.1).   
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Figure 3.3. Peptide amide region of temperature-dependent FTIR emission difference 

spectra of G8A FP and DPPC SUVs in a 1:50 molar ratio heated from 10° to 50° C. 

 

 

Figure 3.4. Peptide amide region of temperature-dependent FTIR emission difference 

spectra of G16A FP and DPPC SUVs in a 1:30 molar ratio heated from 10° to 50° C.  

 

The G8A and G16A FPs (Figures 3.3 and 3.4) display increases in buried helix and 

decreases in solvated helix with a greater magnitude than WT. This observation is in 

agreement with the fluorescence data from Chapter 2 which showed that these variants 

inserted at lower temperatures and deeper than WT. 

 

 

 

-50 x10-3

-40

-30

-20

-10

0

10

20
Δ

Ab
s 

(A
U

)

18001750170016501600
Wavenumber (cm-1)

50403020
Temperature (°C)

15 x10-3

10

5

0

-5

Δ
Ab

s 
(A

U
)

1680166016401620
Wavenumber (cm-1)

-40 x10-3

-20

0

20

Δ
Ab

s 
(A

U
)

1800175017001650
Wavenumber (cm-1)

5040302010
Temperature (°C)

20 x10-3

15

10

5

0

-5

-10

Δ
Ab

s 
(A

U
)

17001680166016401620
Wavenumber (cm-1)



 

 

33 

 

3.3.2 FTIR Lipid Tail CH Stretch Region 

The symmetric and asymmetric CH stretches of the hydrophobic DPPC lipid tails 

appear at ~2850 and ~2920 cm-1, respectively.2 They display a broadening and shift to 

higher wavenumber as temperature increases due to higher conformational flexibility.2 

The rapid shift in peak intensity (which serves as a measure of peak broadening) and 

wavenumber of the CH stretch bands at 41° C represent the transition from the 

gel/ripple phase to the fluid phase, allowing FP insertion. These changes are shown for 

the WT FP in Figure 3.5.  

 

Figure 3.5. Top: Lipid hydrophobic tail region of temperature-dependent FTIR emission 

spectra of WT FP and DPPC SUVs in a 1:15 molar ratio heated from 10° to 50° C. The 

left peak represents the symmetric CH2 stretch, the middle peak represents the 

asymmetric CH2 stretch, and the small right peak represents the terminal CH3 stretch. 
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Bottom left: Asymmetric CH stretch intensity maximum vs temperature. Bottom right: 

Asymmetric CH stretch wavelength maximum vs temperature. 

 

Comparing the Tm shifts in peak intensity and wavenumber of the lipid tail CH 

stretches between different FP variants can reveal differences in insertion behavior. 

Figure 3.6 shows that the G8A and G16A variants cause peak broadening to the 

greatest extent, especially G16A. This indicates that they are disordering the lipid tails 

more than WT. In contrast, W14A disorders the lipid tails less than WT. These 

observations are consistent with the fluorescence data from Chapter 2 which provided 

evidence that the G8A and G16A variants insert deeper than the WT, while the W14A 

variant inserts more shallowly. 

   

Figure 3.6. Lipid hydrophobic tail region of temperature-dependent FTIR emission 

spectra of WT, W14A, G8A, and G16A FPs and DPPC SUVs heated from 10° to 50° C. 

Left: Asymmetric CH stretch intensity maximum vs temperature for each FP variant. 

Right: Asymmetric CH stretch wavelength maximum vs temperature for each FP 

variant. 
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3.3.3 FTIR Lipid Headgroup Carbonyl Stretch Region 

The phosphate ester carbonyl stretch appears from ~1700-1780 cm-1 and is 

composed of two overlapping bands: one centered at ~1730 cm-1 corresponding to a 

carbonyl with no H-bonds and the other at ~1745 cm-1 corresponding to a carbonyl with 

one H-bond.3 The phosphate headgroups of DPPC are more water-accessible in the 

fluid phase, so the percent of H-bonded carbonyls increases at 41° C in the absence of 

FP. In the presence of FP, this expected behavior can be altered by changes in H-

bonding between the phosphate headgroup carbonyls and the FP, as well as the 

influence of insertion on membrane surface structure. 

The DPPC lipid headgroup carbonyl regions of the FTIR melt spectra for each FP 

variant are shown in Figure 3.7. For each variant except WT, there is a visible shift of 

this peak to lower wavenumbers near the DPPC Tm. These shifts are shown 

quantitatively in Figure 3.9. 
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Figure 3.7. Lipid phosphate headgroup ester regions of temperature-dependent FTIR 

emission spectra of WT, G8A, and G16A FPs and DPPC SUVs heated from 10° to    

50° C.  

 

Figure 3.8 displays the DPPC headgroup carbonyl band at different temperatures for 

the WT FP, fit to a double gaussian and broken up into its component H-bonded and 

non-H-bonded bands in order to calculate the percent of H-bonded carbonyls. 
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Figure 3.8. Lipid phosphate headgroup ester region of temperature-dependent FTIR 

emission spectra of WT FP and DPPC SUVs in a 1:15 molar ratio heated from 10° to 

50° C. The peak was fit to a double gaussian, with the lower-wavelength gaussian 

representing esters with one H-bond and the higher-wavelength gaussian representing 

non-H-bonded esters. The percent of H-bonded esters was calculated by taking the 

ratio of the integrals of the H-bonded peak and the total combined peak. 

 

The differences in calculated DPPC headgroup carbonyl H-bonding for each FP 

variant are shown in Figure 3.9. As visible in Figure 3.7, the WT FP displays a more 

gradual increase in carbonyl H-bonding shown by its shallower slope, which also occurs 

at higher temperatures compared to the variants. Since the FP variants display the 

expected shift in carbonyl H-bonding at the DPPC Tm and the WT FP does not, the WT 

FP may have the strongest interaction with the DPPC headgroups.  

 



 

 

38 

 

 

Figure 3.9. Percent H-bonded carbonyls of DPPC headgroups during FTIR melts of 

WT, G8A, and G16A FPs and DPPC SUVs. Calculated by resolving the phosphate 

headgroup ester band between 1680-1780 cm-1 into its component H-bonded and non-

H-bonded bands. 

 

Although Figure 3.9 shows the DPPC headgroups beginning at different percent H-

bonded values in the presence of each variant, this may be a result of systematic error 

in the calculations. 

 

3.3.4 FTIR Reversibility Experiment 

The reversibility of FP insertion was studied using FTIR spectroscopy by cooling the 

mixture of DPPC SUVs and WT FP from 50° to 20° C (Figure 3.10). Similar to the 

results of the fluorescence study from Chapter 2, FP insertion appears mostly 

irreversible. The peptide amide region shows only a slight shift back to baseline. There 

is still a positive buried helix feature and a negative solvated helix feature after cooling 

back to 20° C, indicating that the FP is still mostly inserted in the membrane. However, 

the lipid tail CH stretches return back to baseline, indicating that the FP is no longer 

inserted in the membrane deeply enough to disorder the lipid tails. The amide region of 
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the FTIR spectra indicated that the FPs become more shallowly inserted and disordered 

at higher temperatures, which appears to be an irreversible process. 

  

 

Figure 3.10. Temperature-dependent FTIR spectra of WT FP and DPPC SUVs in a 

1:15 molar ratio cooled from 50° to 20° C. Top left: Peptide amide region of FTIR 

spectra. Top right: Lipid tail CH stretch region of FTIR spectra. Bottom left: Asymmetric 

CH stretch intensity maximum vs temperature. Bottom right: Asymmetric CH stretch 

wavelength maximum vs temperature. 
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Chapter 4: Conclusions and Perspectives  
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4.1 Conclusions and Perspectives 

Influenza hemagglutinin plays a crucial role in viral infection by driving fusion 

between the viral and host cell endosomal membranes. The fusion peptide, a highly 

conserved region of HA essential for this fusion process, has proven difficult to study 

structurally due to its hydrophobic nature. The dynamics of its insertion and how it 

drives membrane fusion remain uncertain. Fluorescence and FTIR spectroscopy are 

ideally suited for studying FP interactions with membranes because they can probe 

changes in environment around specific groups on both the FP and the membrane 

lipids. 

The insertion behavior of different FP variants into model membranes has been 

investigated using temperature-dependent intrinsic tryptophan fluorescence emission 

and FTIR spectroscopy. Since both techniques showed FP insertion to be irreversible, it 

cannot consist of a simple two-state process. In reality, at least four steps are visible in 

the equilibrium data presented in Chapters 2 and 3: beginning at low temperatures, the 

FPs associate with the DPPC vesicle membrane surface; as temperature increases 

below the DPPC Tm, FPs in the open conformation can insert into the membrane 

defects present during the ripple phase; at the Tm, when the membrane transitions into 

the fluid phase, FPs in the open conformation can insert to a greater extent and possibly 

deeper into the fluid membrane; and finally, as temperature increases above the Tm, FP 

insertion becomes shallower, and the FPs and membrane environment become more 

disordered. 

Together, fluorescence and FTIR spectroscopy provide cohesive information about 

the effect of FP structure on insertion behavior. The G1V and W14A variants, which 
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adopt linear and wide-angle bent structures respectively,1,2 insert more shallowly or 

allow more water leakage into the membrane than the WT FP. Although wider-angle 

conformations are likely important for spanning the endosomal membrane during the 

later steps in membrane fusion (fusion pore formation), it appears that they are 

disruptive during the early steps (insertion and hemifusion). This would explain why both 

the G1V and W14A FP variants have reportedly failed to drive both hemifusion and full 

fusion.3 The G8A and G16A variants, which can adopt acute angle open 

conformations,4 insert at lower temperatures and disorder the lipid tails more than WT. 

The acute angle open conformation therefore seems to be important for insertion and 

strong membrane interaction. Since the G8A FP has reportedly failed to drive both 

hemifusion and full fusion,3 it is possible that the closed helical hairpin conformation is 

important for hemifusion. 

Immediate next steps should be to perform lipid and contents mixing assays to 

determine if any of the FP variants are driving hemifusion or fusion apart from the rest of 

the HA protein. This would aid in interpreting the fluorescence and FTIR melt data in 

Chapters 2 and 3. 

With the equilibrium temperature-dependent fluorescence emission and FTIR 

absorbance spectra established, kinetics experiments can be performed to determine 

the timescale of FP insertion into model membrane vesicles. Time-resolved 

temperature-jump fluorescence and FTIR spectroscopy experiments should be 

performed to accomplish this. Kinetics experiments will be important in studying the 

dynamics of fusion peptide insertion that cannot be studied under equilibrium 

conditions. Probing these dynamics and how they drive membrane fusion is critical for 



 

 

44 

 

understanding the overall mechanism of membrane fusion, a process that is relevant to 

viral infection and many other cellular processes. 
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