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Abstract 
 

Biophysics of Membrane Remodeling driven by Protein Crowding 
By Gokul Raghunath 

 
Generation and stabilization of membrane curvature by proteins is considered to be 
indispensable for cellular function such as signaling, fusion and transport. Given the 
crowded nature of the interface, peripheral and trans-membrane proteins have been 
observed to trigger cellular shape changes as a consequence of their sheer density. 
Despite its prevalence in biology, key mechanistic details underlying membrane bending 
driven by protein crowding remain elusive.  
 
In this thesis, a quantitative biophysical investigation of membrane bending driven by 
protein crowding is presented. We developed a quantitative fluorescence-based assay 
involving energy transfer between donor-tagged lipids (NBD-PE) and acceptor-tagged 
lipids (Rhodamine-PE) incorporated into the membrane surface. This approach 
provided a spectroscopic handle on membrane area expansion, thus enabling ensemble 
measurements in the bulk solution phase, instead of a conventional imaging-based 
approach. Using this methodology, we quantitatively determine the critical protein-lipid 
ratios at which membrane bending was triggered. We find strong coupling between the 
intrinsic vesicle curvature and the phase behavior of the liposomes used, indicating that 
curvature stress imposed by changing the vesicle diameters can affect membrane 
deformation. While these equilibrium measurements provide a handle over several 
experimental variables, little information could be obtained with regards to presence of 
structural intermediates that precede membrane deformation.  
 
To address this, we quantified the association kinetics of protein binding to a liposome 
surface using Stopped-flow fluorescence quenching. Results from our study indicates 
that protein binding to lipid surface does not follow a simple bi-molecular association 
behavior. Instead, protein binding occurs through multiple, interconvertible 
conformations with varying packing densities. Finally, we extend our kinetic 
investigation to measure the timescales of membrane deformation using stopped-flow 
fluorescence. We report a complex multi-phasic behavior, with the vesicles sampling at 
least two intermediates before reaching its final deformed state. Subsequent biophysical 
investigation reveals that protein binding causes membrane thinning, before resulting in 
deformation of the vesicle structure. Together with the equilibrium data, our results 
greatly enhance the fundamental understanding of membrane deformation driven by 
protein crowding. 
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Chapter 1 
Introduction to protein driven membrane curvature generation  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Aspects of this chapter have been reproduced with permission from Siaw, H. M. H.; 

Raghunath, G.; Dyer, R. B., Peripheral Protein Unfolding Drives Membrane Bending. 

Langmuir 2018, 34 (28), 8400-8407. Copyrights 2018 American Chemical Society.  
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1.1 Lipid membrane morphology and its significance 

1.1.1 Lipid membranes as biological envelopes 

Several critical biological processes happen on or within the spatially confined region 

dictated by the lipid membrane surface.1 The presence of lipid membranes represents a 

hallmark feature of the cellular system, for the compartmentalization2 and spatial 

segregation3 of biomolecules in the form of enclosed organelles enables the cells to 

possess distinct spaces with a specific functionality.4 By isolating the individual 

organelles from the cytosolic region of the cells, the lipid membranes are essential in 

retaining the functional complexity of biochemical systems. The ability of lipid 

membranes to restrict free motion of charged ions and metabolites across the 

hydrophobic region of the bilayer leads to several interesting biological consequences. 

For instance, most heterotrophs rely on the chemical energy produced via 

photosynthesis for their survival. 5-6 In plant cells, the initial steps of oxygenic 

photosynthesis involve Photosystem II, a membrane-bound protein complex.  The 

antenna complex accepts photons from sunlight, leading to excitation of electrons to 

higher energy levels. The electrons are subsequently shuttled down the electron 

transport chain ultimately resulting in pumping of protons across the thylakoid 

membrane into the lumen. Due to the impermeability of ions and charged molecules 

across the lipid bilayer, the proton concentration on exterior of the membrane builds up 

relative to the interior.6 This results in an electrochemical gradient, which ensures the 

flow of protons through the membrane bound enzyme ATP-synthase, culminating in the 

phosphorylation of ADP to ATP. Hence, the lipid membranes (acting as barriers to ions) 

play a vital role in the generation of a proton gradient across the bilayer, ultimately 

leading to the synthesis and production of ATP, the “molecular currency” of intracellular 
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energy transfer. 7 Phospholipid membranes also act as molecular gatekeepers that 

prevent free transport of metabolites, particularly, hydrophilic molecules, across the 

bilayer. This makes membrane structures a key player in maintaining controlled 

communication between the various components of a cell.8  

1.1.2 Cellular traffic and membrane curvature 

To maintain the tight regulation of molecular exchange between the cytosol and the 

organelles, cells usually possess transport proteins that facilitate the transfer of specific 

metabolites across the membrane. Intracellular transportation of bulky 

macromolecules, however, requires a completely different kind a machinery. 9 

Transportation of such higher-order molecular structures is facilitated by the formation 

of large macromolecular complexes characterized by the formation of highly distinctive 

structural features.10 Interestingly, several organelles have been observed to possess 

complex shapes usually 

characterized with regions 

of extremely high 

curvatures. For instance, 

the Endoplasmic Reticulum 

(ER) consists of membrane 

tubules with diameters 

ranging from 50-100nm 

(Figure 1.1). 11-12 

The tubules in the 

peripheral ER, in particular 

are interconnected into a 

Figure 1.1. Key components of eukaryotic cells and 
membrane traffic facilitated by membrane curvature. 
Various organelles utilize structures with varying 
membrane curvatures. For instance, endocytosis 
requires the invagination of vesicles (lower mean 
curvatures) whereas tubular structures at the golgi 
complex exhibits highly curved regions.11-12 
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complex network that span the entire cytoplasmic space of the cell. Highly curved 

structures are found in Golgi complexes (GC) as well. The GC network possesses a 

number of stacked tubular structures that undergo fission and fusion to facilitate 

molecular exchange. Beyond the ER and GC, highly curved membranes have been found 

in mitochondria as well as at the plasma membrane level during cell division. Despite 

limited direct evidence, it is believed that the evolutionary reason for the prevalence of 

such structures, is to enable for rapid exchange of molecular and macromolecular cargo 

across the enveloped bodies within cytoplasmic space. 13 

1.1.3 Membrane curvature in pathophysiology  

Besides enabling molecular transport across the cytoplasm, membrane curvature 

generation is vital in numerous viral and autoimmune diseases. Infectivity from 

pathogens such as Influenza, HIV, Shiga toxin, Ebola, etc., are all mediated through the 

initiation of membrane curvature leading to membrane fusion or budding.13 In 

Influenza virus, this process is mediated by the viral surface protein- Hemagglutinin 

(HA). The surface proteins first recognize the sialic acid receptors on the cell surface.  

Subsequently, the viral particles are endocytosed and the sudden change in the pH upon 

the maturation of the endosome triggers a large-scale conformational re-arrangement, 

that is believed to cause membrane fusion, and ultimately the release of the viral genetic 

material into the host cell.14 It is worthwhile noting that endocytosis is not unique to the 

infectivity of influenza virus. Rather, it is a key critical pathway for uptake of a number 

of pathogens. 12, 15-16 Hence, understanding the fundamentals of membrane curvature 

generation by various pathogens will enable for better rational design of treatment 

strategies that can target a multitude of diseases.17  
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1.1.4 Physicochemical properties that govern membrane curvature and 

protein binding 

While the prevalence of highly curved structures in organelle membrane surfaces is 

well-established, the physical basis for generation of such structures is not completely 

understood. Specifically, the energy cost associated with membrane bending (~0.2-0.6 

KBT/nm2) to shape flat lipid membranes into such intricate morphologies, makes this 

discussion, a complex yet fascinating one.18 Owing to the presence of two acyl chains a 

large polar headgroup, most Phosphatidylcholine (PC) lipids exhibit a cylindrical shape. 

Hence, for maximal water exclusion (to protect  the membrane’s hydrophobic core) 

cellular membranes formed through self-assembly of lipids with a cylindrical 

architecture results in a membrane surface that initially exists in a flat, planar state.19 

Figure 1.2. Examples of physicochemical parameters that influence membrane 
curvature and protein binding. Electrostatics play a role in regulating protein 
association. Packing defects, as a consequence of chain saturation and sterol 
concentration regulates protein hydrophobic insertion. Membrane curvature 
influences packing defects, but can indirectly play a role in controlling phase 
separation. This illustration was adapted from Bigay et al.20  
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Deformation of such structures leading to controlled, intricate shapes, therefore, is 

possible only upon climbing the steep energy barrier to membrane stretching, as well as 

bending.18 A number of factors contribute to the barrier overall- including the lipid local 

curvature, membrane thickness, bending stiffness, etc. A number of mechanisms have 

been proposed to explain how cells manage to overcome such barriers. 20 The 

mechanisms vary from non-specific generation of highly curved structures driven 

through osmotic shock and thermal undulations, to specific mechanisms that utilize 

membrane binding proteins. The protein binding in turn, is dictated by the membrane’s 

physicochemical properties, such as electrostatics, presence of packing defects, intrinsic 

mean curvature, membrane phase structure and the presence of specific receptors 20 

(Figure 1.2)  

Non-specific mechanisms such as osmotic pressure, has been shown to be an important 

driving force in regulating the bilayer structure. By transferring cells or vesicles into a 

hypotonic solution, substantial movement of water molecules to the interior of 

membranes was observed. This movement was coupled to an overall increase in cellular 

(or vesicular) volume, inducing lateral tension in the membrane surface. In-vitro studies 

have revealed that osmotic pressure can also regulate membrane fusion without any 

assistance from additional protein interactions. Osmotic stress was also found to affect 

the phase behavior of various lipid mixtures, highlighting the importance of considering 

the chemical potential of the solvent (water) in a cellular milieu. A thorough discussion 

of all non-specific mechanisms leading to membrane bending is beyond the scope of this 

thesis. Hence, a brief overview of intracellular membrane curvature generation by 

proteins will be presented in the following section.  

1.2 Protein driven membrane remodeling- The classic mechanisms 
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1.2.1 Cytoskeletal protein driven shape changes 

The prevalence of densely decorated membrane-associated motor proteins on the 

surface of the ER, GC and other organelles led to the assumption that cell membranes 

could be shaped by members of the motor protein superfamily, such as kinesin and 

dynein.21 While mechanobiological generation of membrane tubules are certainly 

feasible, it is worthwhile noting that the protein anchors that connect such molecular 

motors to the membrane move freely along the surface plane, due to the fluid nature of 

the lipid membrane. As a consequence, the resulting force transmission is not 

orthogonal to the membrane surface; instead, is weak, transient, and transmitted in a 

tangential fashion.22 This phenomenon, despite the concerted action of several proteins 

render such motor proteins incapable (by themselves) of sustaining the long-lasting 

elastic forces necessary to cause severe structural deformities in a complex crowded 

interface. Hence, a pre-requisite for efficient generation of membrane curvatures is for 

the interacting protein to transmit the forces in a direction perpendicular to bilayer 

plane and do so, non-uniformly to localized regions of the membrane surface.14 

Interestingly, motor proteins are able to accomplish this by acting in synergy with the 

cytoskeleton in the formation of tubular structures. It is worthwhile noting however, 

that such microtubules generated by motor proteins have to experience persistent force 

for maintaining a tubule structure, and should appear as straight lines during imaging. 

Given the bent nature of typical organelle membranes such as the ER and GC tubules, it 

is believed that the stabilization of such bent-membrane structures is accomplished 

through or with assistance from alternative mechanisms involving reticulons and 

DP1/Yop1p proteins.23  
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1.2.2 Modulation of lipid composition and asymmetry by protein 

association 

Several reports of membrane curvature induced by proteins that promote lipid 

asymmetry has been published in the literature. A classic example for such behavior can 

be found in flippases that facilitate the transfer of phospholipids on the outer leaflet to 

the inner leaflet. In such cases, it is widely believed that the act of maintaining 

consistent asymmetry across the leaflets promotes curvature and ultimately budding 

and fission due to the difference in composition between the two bilayers. 24 It is 

worthwhile noting that such behavior is not restricted to proteins that enhance the lipid 

flip-flop rate.  Lipid compositional asymmetry can also be generated by receptor 

clustering, as observed in cases of Cholera toxin B, Shiga Toxin B, etc.25 In these cases, 

clustering of lipids such as gangliosides on one face of the membrane promotes negative 

curvature and ultimately leads to invagination and endocytosis.26 

1.2.3 Insertion of hydrophobic regions of amphipathic proteins 

Direct perturbation of the membrane structure can be accomplished by insertion of 

amphipathic proteins containing specific stretches of hydrophobic residues. Most 

proteins that penetrate the membrane surface have been observed to insert their 

hydrophobic motifs in a shallow fashion. As a result, the protein is able to partition itself 

in between the lipid headgroups in an efficient fashion, leading to an enhancement in 

curvature on the outer leaflet. 27,28 Interestingly, proteins that contain amphipathic 

helices, such as a-Synuclein are thought to detect defect sites within the membrane 

surface.29 Upon detection of the defect sites, the disordered region of the protein 

undergoes a folding transition into an alpha helix, inserting into the membrane bilayer, 

thereby causing local disruption to membrane phase structure. The generation of 
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curvature by direct protein insertion into the membrane, is found to be more 

pronounced if several insertion events occur in close proximity to each other.30      

1.2.4 Curvature sensing and scaffolding proteins 

While curvature sensing is a common feature observed in a number of different 

membrane-protein attachment modalities, certain protein families containing specific 

curvature sensing domains are capable of recognizing regions of extreme curvature 

through well-defined scaffolding mechanisms.31 The BAR domain in particular, is a 

great example for a nanoscale membrane scaffold. The BAR domain forms a crescent-

shaped dimer, that has been identified to be one of the most conserved features of the 

protein-amphiphysin, usually found in synaptic vesicles.32-33 The N-terminal BAR 

domain is thought to recognize highly curved structures on the membrane surface, and 

ultimately generate tubules and bend membranes to assist amphiphysin in its 

endocytotic function. The curvature sensing mechanism of BAR domains is particularly 

interesting as they are thought to interact with the membranes, by matching the areas of 

local curvature with their own concave face.34 This promotes electrostatic attraction 

between the positively charged residues in the concave region of the protein and the 

negatively charged residues such as phosphatidylinositol phosphates, such as 

PtdIns(4,5)P2. In addition to imposing its nanoscopic scaffolding on the membrane 

surface, BAR domains can oligomerize subsequently, leading to an enhancement of the 

local concentration of the interacting partners, resulting in membrane bending.  

In addition to BAR domain proteins, peripheral membrane protein oligomerization has 

been implicated as an alternative membrane bending mechanism. Coat proteins such as 

clathrin, COPI and COPII have been shown to assist in vesicle fission by attaching 

themselves to the adaptor proteins, that possess membrane binding properties. Another 
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example for oligomerization driven generation of membrane curvature is dynamin 

GTPase superfamily.35-36 These proteins assume a unique helical polymeric architecture, 

and is thought to self-associate with one another at tightly curved junctions, ultimately 

leading to the scission of vesicles. It is worthwhile noting that, high-local protein 

concentrations at the interface is observed irrespective of the specific mechanisms 

utilized by macromolecular complexes to trigger membrane bending. Implications for 

this observation will be discussed in the following section. 

1.3 Membrane bending driven by protein crowding. 

1.3.1 Ubiquity of the crowded membrane-protein interface 

Cell membranes are usually populated by several trans and peripheral membrane 

proteins. Expression levels of membrane associated proteins are as high as 50% of the 

total mass of mammalian plasma membrane.3 It has been estimated that the surface 

density of the bound proteins approach, if not exceed, 30,000 proteins per µm2.37 This 

results in limited surface area for other interacting partners, thereby resulting in larger 

scale structural re-organization to accommodate a biomolecular interaction that occurs 

within a restricted surface area. As a result of such drastic macromolecular confinement, 

number of interesting biochemical consequences arise due to volume exclusion. The 

distribution of the protein crystallin within the eyes is a classic example.38 Crystallins 

are usually not translated postnatally, meaning that an organism born with this protein 

solution must retain its structural integrity throughout its lifespan to maintain the 

transparency of the eye lens. Interestingly, the protein is present within the cells in form 

of a solution of extremely high concentrations (~500mG/mL). In-vitro studies have 

revealed that the thermal stability of the proteins is enhanced by increasing the 

concentration indicating the stabilizing effects of crowding on the protein structure. The 
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macromolecular crowding inside the cell therefore, is believed to be confer the extreme 

thermal stability, that is necessary for the lens to retain its transparency over several 

decades.39  

Another example to consider, is the internal surface of erythrocytes, where the 

concentration of hemoglobin is extremely high. 40In specific conditions such as sickle 

cell hemoglobin, it is well known that oxygen binding of hemoglobin is linked to the 

oligomerization of the protein. Several studies have reported that the oxygen affinity to 

such complexes can be explained only by accounting for the volume exclusion effects.41 

Quantitative studies have revealed that macromolecular crowding is a critical parameter 

to account for, especially when considering the cell sickling kinetics.42 While a thorough 

discussion of the importance of macromolecular crowding is beyond the scope of this 

thesis, the above-mentioned examples clearly demonstrate the important role it plays in 

influencing cellular traffic, communication and function. 

1.3.2 Membrane curvature generation by protein crowding 

Aside from volume exclusion events leading to changes in cellular biochemical 

pathways, protein crowding on the membrane surface has also been identified as an 

independent driver of membrane bending. Recent reports have indicated that 

membrane curvature can be generated even by non-specific attachment of proteins 

within confined regions of a liposome surface.43 Multiple reports have shown that non-

membrane associated proteins such as Green Fluorescence Protein (GFP) can drive 

membrane bending purely by the virtue of its sheer density, and steric repulsions at the 

membrane surface. While this model provides limited molecular detail,  the ability of 

proteins to drive membrane deformations without the assistance of a physiologically 

relevant interface was attractive to many investigators.44 In these studies, proteins 
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containing hexa-histidine tags were immobilized on the vesicle surface by utilizing the 

interaction between a synthetic lipid, Ni-NTA-DGS and the histidine tag of the protein. 

By controlling the lipid composition, specific binding of the proteins to individual 

phase-separated domains was achieved. It was found that when the local density of 

protein binding was increased by utilizing phase separation, the proteins were able to 

generate tubules of extremely high curvatures.  

 

The tubule formation frequency drastically decreased upon reducing the local protein 

density, indicating that the steric collisions between the laterally mobile membrane-

bound proteins were responsible for the deformations. This colligative mechanism could 

be extended to more physiologically relevant systems, such as epsin1 and AP180.45 This 

coupled with the ubiquity of macromolecular crowding at the cell surface (discussed in 

section 1.3.1), opened the doors for an alternative mechanism to be proposed; one that is 

universal, and conserved across all the families of curvature generating proteins.  

Figure 1.3. High local protein density drives membrane bending irrespective of the 
protein association mechanism. A schematic that illustrates the proposed origin of 
curvature generation by protein crowding is presented. Upon binding to the 
membrane surface, steric collisions between the bound protein complexes leads to 
curvature generation.44 
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1.3.3 Fluctuations in membrane bound protein structure and its role in 

curvature generation 

A key feature of the protein crowding mechanism, is the steric bulk and the 

hydrodynamic occupation of proteins on a membrane surface. Both peripheral and 

trans-membrane proteins are extremely dynamic molecules, that sample several 

conformations and orientations that occupy different areas at the interface. a-Synuclein 

is a classic example, for its intrinsically disordered nature is more likely to cause a 

greater probability of steric collisions with the neighboring protein molecules as 

opposed to a compact, and a stable globular protein with a well-defined stokes radius. 

46Not surprisingly, several follow-up reports have confirmed that the membrane 

bending capacity of protein binding is greatly enhanced by adding intrinsically 

disordered domains to its soluble region.47 The hydrodynamics of disordered proteins 

were also found to impact the ability of the individual proteins to sense and detect 

highly curved regions in the cell surface. 48It was found that upon increasing vesicle 

curvature (decreasing vesicle sizes), the restriction to protein-chain conformational 

freedom enforced by the flat lipid membrane decreased, thereby easing the steric 

pressure on the membrane surface, subsequently leading to better binding. The ability 

of intrinsically disordered domains to cause morphological changes in membranes was 

observed both in the case of membrane-inserting Epsin proteins, as well as the non-

natural Ni-NTA DGS containing membranes hinting at the broad applicability of the 

steric-crowding mechanism in driving membrane curvature.48    
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1.3.4 Membrane curvature generation accomplished by protein unfolding-

folding transitions. 

We sought to explore the possibility of membrane curvature generation by controlled 

unfolding of protein structures bound to the membrane surface peripherally.  

 

The experimental design for studying the effects of the protein folding-unfolding 

transition on membrane curvature generation, was simple in concept: tightly bind a 

protein to the membrane surface with protein binding lipid (Ni-NTA-DGS), and then 

unfold it and probe the effect on membrane curvature. But, this was difficult in practice, 

since most protein unfolding methods directly perturb the membrane, including 

temperature, denaturants such as guanidine hydrochloride, and acid-induced unfolding. 

Figure 1.4: Proposed schematic for triggering membrane bending by protein unfolding. 
Histidine-tagged Human serum albumin (HSA) was tightly attached to the membrane 
surface utilizing Ni-NTA-DGS lipids incorporated into the liposomes. The increase in 
steric pressure is generated by reducing disulfide bonds stabilizing the protein structure. 
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We were able to accomplish this by utilizing His-tagged human serum albumin as a 

model for this study because the helical structure of HSA is stabilized by 17 disulfide 

bridges. Reduction of these disulfide bonds by 1,4-dithiothreitol (DTT) triggers partial 

unfolding of the protein and leads to an increase in the hydrodynamic radii by 1.2-fold, 

but DTT by itself does not perturb the membrane structure. We have used DTT-

triggered unfolding of HSA to induce membrane bending, tubule formation, and 

budding in model membrane systems (Figure 1.4). The extent, and the frequency of 

tubule formation was found to be much higher upon unfolding of the membrane bound-

proteins. The effect was found to be significantly more pronounced when using 

liposomes exhibiting phase separation, as opposed to uni-phasic vesicles, indicating that 

the steric pressure generated from protein unfolding in conjunction with the steric 

crowding at a localized region of the liposome surface, can drive membrane 

deformation. 49 

1.3.5 Debate in the literature and the need for mechanistic investigation 

Several independent studies have confirmed that membrane bending can be triggered 

by protein crowding. However, a thorough, fundamental understanding of the 

mechanisms underlying this process remains elusive. Some groups have challenged the 

usage of bulky headgroups in the form of artificial lipids such as Ni-NTA-DGS due to its’ 

ability to favor positive curvature.11 The mechanism also faced criticism about the 

anomalously high density of proteins required to drive membrane bending. A critical 

point of contention, are the experimental results on membrane vesiculation by Epsin N-

Terminal Homology domain (ENTH). It was observed that when the protein associated 

to the membrane via its natural interface, (i.e. direct insertion into the membrane) a 

significantly higher fraction of vesiculation was observed, as opposed to the histidine-
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tagged variant (binding to Ni-NTA-DGS containing lipids) carrying an identical 

sequence.12 Another independent study observed that far greater surface coverage was 

required when the proteins were anchored to the membrane using the artificial Ni-

Hexa-His interaction, relative to the endophilin BAR domain proteins.50  

However, despite the debate, crowding driven membrane curvature is an extremely 

attractive target of study for both biophysicists and cell biologists alike. Studying the 

changes in cellular membrane morphology is intrinsically a multi-variate problem, 

where fundamental investigation of individual parameters involved in controlling this 

process is rendered extremely complicated by how inter-connected some of the 

experimental variables are.20, 51 For example, by changing a variable, as simple as 

cholesterol concentration, several parameters related to the experimental investigation 

are disrupted. Cholesterol can modulate lipid lateral mobility, influence the phase 

structure of the lipids under consideration, and can make the membrane stiffer or more 

fluid. Hence, minor changes to a single experimental variable (cholesterol 

concentration) usually manifests in a large-scale domino like effect, where multiple 

parameters are instantaneously disrupted. The colligative, universal nature of the 

proposed mechanism, enables for a simplified, reductionist approach to studying this 

complex problem. The prevalence of histidine tags in molecular biology, and the 

commercial availability of the lipid, Ni-NTA-DGS enables for quantitative biophysical 

investigation of parameters that were previously inaccessible to researchers. If 

performed carefully, it is possible to obtain crucial structural and fundamental insight 

into the mechanism underlying membrane bending by protein crowding. Such insights 

can then be naturally expanded to other curvature induction mechanisms as well.   
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1.4 Aims and scope of this thesis  

As detailed above, protein crowding mediated membrane bending represents a universal 

mechanism through which membrane remodeling can be facilitated by protein 

attachment. To develop a thorough mechanistic picture of this process, a quantitative 

investigation of the structural and kinetic intermediates that lead to membrane 

remodeling is necessary.  Central to solving such a complex multivariate problem, is a 

reductionist approach, which eliminates experimental variables in a systematic fashion 

to understand the role of individual factors that play an important role in regulating 

membrane deformation. In this thesis, we attempt to accomplish this by utilizing a 

multi-pronged approach. We utilize simple model proteins with well-understood 

structural features and trigger liposome deformation by using the Histidine-tag and Ni-

NTA interaction. Chapter 2 details the development of a FRET-based assay, that enables 

quantification of the amount of protein necessary to drive membrane bending in an 

ensemble setting. In addition to exploring a number of key experimental variables, we 

were able to achieve valuable insights with regards to the curvature dependent phase 

behavior of the liposomes under investigation.  Chapter 3 details a thorough kinetic 

investigation into the timescales of protein association to a liposome surface in a 

crowded milieu. By studying the kinetics of Histidine-tagged GFP binding to the 

membrane surface, we were able to show that that protein binding did not follow a 

simple bimolecular association behavior. Instead, it occurs multimodally with different 

orientations leading to varying protein footprint at the interface. In chapter 4, we 

provide a kinetic investigation of the membrane bending process utilizing the FRET 

assay developed in chapter 2. We report that the protein-driven membrane expansion 

process is multi-phasic and previously un-identified structural intermediates were 
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found in our stopped flow data. We utilized asymmetric vesicles to control the 

partitioning of the fluorophores to the individual leaflets of the liposomes. Subsequent 

spectroscopic and X-ray scattering analysis show that significant membrane thinning 

occurs upon protein binding, prior to membrane area expansion. The identification of 

membrane thinning as a kinetic intermediate in our studies, indicates that the 

membrane expansion mechanism is not purely just due to membrane stretching as 

previously thought. Instead, a more sophisticated model is required to adequately 

describe the mechanism. In chapter 5, we discuss the significance of our results and the 

new avenues for exploration that our data have opened up.  We believe that our 

approach has provided novel insights pertaining to the physical basis of membrane 

bending driven by protein crowding and has greatly improved our fundamental 

understanding of the process.   
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Chapter 2 
Curvature regulated phase separation in binary lipid mixtures, and its role 

in membrane bending 
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2.1 INTRODUCTION  

Lipid membranes are complicated two-dimensional structures that exhibit structural 

heterogeneity at many levels.1-3 At a bilayer level, the compositional heterogeneity of 

lipid membranes leads to the formation of lipid rafts, where tightly packed domains of 

ordered lipids (usually sphingolipids and cholesterol) can laterally diffuse along the bulk 

of membrane surface, comprised mostly of loosely packed disordered molecules.4-5 At a 

cellular level, highly curved membranes envelope organelles such as endoplasmic 

reticulum (ER), golgi complex (GC), filopodia, etc., generating a curvature gradient 

along the surface.6 The interplay between domain formation and the intrinsic curvature 

of the membranes has been hypothesized to play an important role in regulating cellular 

processes, especially lipid sorting.7 For example, sorting endosomes are known for their 

unique morphology that is characterized by the presence of a vesicular region (low 

curvature) and a long, narrow tubular region (high-curvature) that are linked to each 

other.8-9 It has been observed that the tubular region undergoes budding to deliver 

cargo to the ER, while the vesicular region matures into the late endosome. The 

prevalence of long-chain lipids that are found only within the late endosome prompts an 

important discussion about how lipid sorting can be influenced by the curvature 

gradient within a single organelle.10 Therefore, a thorough understanding of the role of 

chemo-mechanical coupling between the membrane curvature gradient, and the lipid 

phase behavior is necessary to advance our knowledge pertaining to lipid sorting in 

biological systems.   

To that end, in-vitro experiments have been utilized to demonstrate the importance of 

membrane curvature in regulating lipid phase segregation as well. For example, several 

studies have shown that under specific conditions, vesicles formed with binary and 
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tertiary mixtures of phospholipids such as 1-palmitoyl-2-oleoyl-glycero-

3phosphatidylcholine (DOPC), cholesterol (Chol) and lipids with saturated acyl chains 

(1,2-dipalmitoyl-sn-glycero-3-phosphocholine- DPPC, Sphingomyelin (SM)) exhibit 

phase segregation.11 It has been observed that the co-existence of liquid ordered phase 

(Lo- enriched with SM, DPPC, etc.), and the liquid disordered phase (Ld- enriched with 

DOPC) within the same vesicle or a patterned solid-supported lipid bilayer (SSLB) 

system can be severely impacted by the changing the local curvature of the surface.7 

Similar results were observed in dynamic lipid sorting experiments using membrane 

tubules pulled from giant vesicles. In these experiments, clear de-mixing of the Ld and 

Lo phases were established by monitoring the movement of Ld-phase selective 

fluorophores via microscopy.12 It was found that the Ld phase was enriched at the highly 

curved tubular regions, as opposed to the vesicle surface (with negligible curvatures) 

indicating that the sorting of lipid domains was driven by the difference in bending 

rigidity between the Lo and the Ld domains.   

 

While the idea of membrane curvature acting as a regulatory element in lipid phase 

separation is not new, very little is known about the role it plays in mediating membrane 

remodeling by protein association. As established in chapter 1, several protein 

complexes can sense regions of high membrane curvature, and in turn induce curvature 

through secondary processes such as lipid clustering, oligomerization, nanoscopic 

scaffolding and hydrophobic insertion.13-14 Additionally, given that phase separation can 

increase local densities of cell-surface receptors such as gangliosides and 

phosphatidylinositol;15-16 it is possible that curvature induced lateral segregation can 

lead to similar effects as well. This opens up the possibility of membrane lipids and their 
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ligands that do not possess a preference for a particular membrane curvature, might get 

spatially sorted into specific regions of the surface indirectly by the intrinsic curvature of 

the membrane.  

We sought to address such possibilities utilizing a simple model system. Our design 

comprised of binary lipid mixtures made with a gel-phase lipid (DPPC) and a Ld 

favoring nickel-chelating lipid (Ni-NTA-DGS) and Histidine-tagged Dihydrofolate 

Reductase as its interacting partner. The Ni-NTA-Histidine tag interaction offers a 

convenient biomimetic platform owing to the reversible nature of binding, commercial 

availability and specificity of interaction.17-18 Additionally, membrane bending triggered 

by protein crowding has recently garnered a lot of attention as an important driver for 

membrane bending in biological systems.19-21 The use of these chelator lipids enables us 

to achieve such high protein densities required for generating membrane curvature 

using simple, model proteins.  

 

However, quantitative investigation of the coupling between intrinsic membrane 

curvature, phase separation and the membrane bending capacity is challenging, even 

with the usage of extremely simple model systems. Particularly, studying membrane 

deformation at the level of small vesicles (diameter <200nm) has remained a significant 

problem, as traditional techniques for monitoring tubule formation are based on 

microscopy, which is inherently restricted by the diffraction limit. Stamou and 

colleagues were able to mitigate this problem by developing a curvature sensing assay 

utilizing surface-tethered liposomes.22-23 While this technique provided valuable 

insights into the curvature sensing ability of certain protein complexes,24 their assays do 

not provide a spectroscopic handle on membrane remodeling carried out by protein 
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binding. Hence, to study the complex interplay between the intrinsic membrane 

curvature at a vesicular level, lateral phase separation and the associated protein’s 

membrane bending capacity, we propose a simple spectroscopic approach.  

In this study, we provide a quantitative biophysical investigation of membrane 

deformation of small vesicles using Fluorescence Resonance Energy Transfer (FRET) as 

the spectroscopic handle. The goals of this chapter can be divided into the following: (1) 

To develop a simple FRET based assay to observe membrane deformation by protein 

crowding; (2) to study the effects of vesicle curvature in regulating the phase behavior of 

a simple binary mixture; and (3) to identify coupling between intrinsic vesicle curvature 

and the membrane deformation driven by protein crowding.  

 

We developed the FRET assay by utilizing two different lipid-partitioning fluorophores. 

NBD-PE (donor) and Rhodamine-PE (acceptor) were doped into the unperturbed 

liposomes, at concentrations where the energy transfer between the donor lipids and the 

acceptor lipids occurs with maximum efficiency. Upon the addition of proteins at high 

concentrations, membrane area expansion is triggered, leading to spatial separation of 

the donor-acceptor pair resulting in significant spectral changes in the relative 

fluorescence exhibited by the donor-acceptor pair. By testing a wide range of protein 

concentrations, we were able to accurately determine the amount of protein necessary to 

drive membrane bending (Critical deformation concentration-CDC) for a given protein 

to lipid ratio. Interestingly, the CDC decreases with decreasing vesicle radius, indicating 

that enhancement in intrinsic vesicle curvature can lead to more efficient membrane 

bending upon protein association. By using a secondary FRET pair consisting of DPH 

(donor) and TEMPO (acceptor), we show that the DPPC-Ni-NTA-DGS binary mixture 
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phase separates under the experimental conditions tested. The phase-behavior appears 

to be strongly dependent on the starting curvature of the liposome, indicating that 

domain formation is strongly modulated by the packing stress, particularly at low vesicle 

radius. Taken together, our results indicate a strong coupling between the intrinsic 

vesicle curvature, and phase behavior of liposomes comprised of binary mixtures. 

Additionally, this behavior severely impacts the membrane bending capacity of the 

proteins, a severely under-characterized phenomenon in the current literature. While 

this study was performed in simplified model systems, we believe that our results have 

identified novel pathways through which membranes can spatio-temporally regulate the 

chemical organization of membrane-bound proteins and will pave the way for further 

mechanistic investigation into membrane bending driven by protein association.    

2.2 RESULTS AND DISCUSSION 

2.2.1 Design and optimization of donor-acceptor doping levels for the FRET 

assay. 

Our FRET experiments were performed with liposomes by utilizing fluorophore 

modified phospholipid analogs containing the donor NBD-PE (Ex: 463/Em:532) and 

the acceptor Rhodamine-PE (Em:582). NBD-Rhodamine lipid analogues have been 

used in the literature to observe fusion between fluorophore-tagged and un-tagged 

liposomes.25-27 Upon fusion, the untagged lipids effectively dilute the tagged lipids, 

leading to spatial separation of the FRET dyes. As a consequence, the efficiency of 

energy transfer is greatly diminished- leading to a dequenching of donor-fluorescence. 

Given that tubule formation in membranes is known to cause membrane area 

expansion, we reasoned that membrane deformation by protein crowding can be studied 
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using our FRET probes (Figure 2.1.A).  We first wanted to quantify the ideal doping 

levels of the fluorescent analogs, for our given vesicle composition to account for any 

artifacts that could arise from the phase-behavior of our lipid mixture.   

 

Using an identical liposome concentration across all measurements (500µM) we 

prepared our vesicle samples containing 0.02 to 0.8 mol%, each of equimolar 

concentrations of the FRET dyes. For all the experiments detailed below, the chelator 

lipid Ni-NTA-DGS (Fluid-phase) loading density was maintained at 20 mol% and the 

remainder of the lipids were populated by either DPPC (Gel-phase) or DOPC (Fluid-

phase). To spare the reader from ambiguity, Gel phase (or Solid Ordered-So lipids) will 

be referred to as Lo-Phase throughout the chapter. FRET efficiencies were then 

Figure 2.1. Optimization of FRET-pair loading level for detection of membrane 
deformation (A) A simplified schematic describing membrane deformation assay. Before 
protein binding, the FRET between the NBD/Rhod pair is efficient. Once deformation is 
triggered by protein crowding, membrane area expansion should spatially separate the 
donor-acceptor pair, leading to a decrease in FRET efficiency. (B) Experimentally 
acquired FRET efficiency data plotted as a function of the doping levels of the dyes. 20 
mol% Ni-NTA-DGS alongside DPPC was used for these measurements. The solid line 
represents an exponential fit. Average of three individual spectral measurements were 
plotted with the error bars (inside circle) representing the standard deviation. 	
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measured as a function of the doping level of the dye-pair, resulting in a standard curve, 

whose midpoint (~0.18 mol%) was utilized for all further experiments.  It is worthwhile 

noting that both the dyes have a propensity to partition into the Ld phase,28 where 

tubule formation is likely to be initiated. Regardless of the partitioning preference of 

these dyes, we expect that the ratiometric measurement of the donor fluorescence and 

the acceptor fluorescence will act as a sensitive reporter of membrane area expansion.  

2.2.2 Spectroscopic observation of membrane area expansion. 

Having established the optimal dye-loading conditions, we employed equilibrium 

fluorescence measurements along with fluorescence lifetime measurements, to quantify 

the membrane expansion triggered by protein crowding. Liposome solutions (500µM), 

containing Small Unilamellar Vesicles (SUVs) extruded through 100nm Polycarbonate 

membranes, were incubated for 30 minutes, with solutions containing different 

concentrations of Escherichia coli DHFR (EcDHFR) ranging from 100nM – 20µM. 

EcDHFR is an ideal model protein for our studies, as it has a terminal Histidine tag that 

is useful for purification, and is structurally well characterized. 29-30The EcDHFR 

construct used in this study, contains only a single cysteine, which can be kept under 

reduced conditions by using modest concentrations of a reducing agent (1mM 

Dithiothreitol).  

First, equilibrium fluorescence spectra of membrane deformation were collected using a 

benchtop fluorometer (Figure 2.2 A). A clear reduction in FRET from the donor to the 

acceptor can be observed, upon addition of 10 µM EcDHFR indicating spatial separation 

of the fluorophores as a result of membrane deformation. FLIM analysis was performed 

on a Nikon-Confocal system with a Time Correlated Single Photon Counting (TCSPC) 

module. We reasoned that membrane expansion would result in an increase of the 
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donor’s lifetime due to reduced FRET efficiency. As seen in Figure 2.2B, a substantial 

increase in the donor lifetime could be observed, consistent with our assignment of 

equilibrium fluorescence data. As an independent probe for membrane area expansion, 

we performed Dynamic Light Scattering (DLS) on the liposome samples with and 

without the presence of 10µM DHFR (Figure 2.2B). Careful consideration has to be 

given when analyzing DLS data on samples that possess non-spherical structures. 

However, the change in hydrodynamic drag of the liposomes, upon formation of 

tubules, will change the diffusion coefficients of the structures enough, to provide a 

qualitative handle on large scale structural changes such as tubule formation. Hence, the 

increase in hydrodynamic diameter reported by DLS must be a consequence of 

morphological changes as a result of protein crowding (Figure 2.2C).21  

As a negative control, we subjected liposomes made with DOPC (Ld phase) to protein 

association at same concentrations as described in Figure 2.3. Owing to the unsaturated 

Figure 2.2. Spectroscopic observation of membrane area expansion by protein 
crowding (A) Representative equilibrium fluorescence spectra of the FRET pairs 
before and after addition of 10µM DHFR. Excitation was performed at 463nm. The 
peak centered around 530 represents the donor fluorescence, and the peak at 580 
represents the acceptor fluorescence (B) Representative fluorescence lifetime 
transients of the dye-loaded liposomes before and after the addition of 10µM DHFR. 
A clear increase in lifetime is observed upon protein addition indicating spatial 
separation of the fluorophores. (C) Representative dynamic light scattering 
intensity profiles of liposomes before and after addition of 10µM DHFR.	
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nature of its hydrocarbon chains, DOPC and Ni-NTA is known to form uniform vesicles 

that exhibit no phase-segregation. Hence, we reasoned that a uniform distribution of the 

chelator lipids across the liposome surface will relieve the steric pressure of protein 

binding, leading to limited membrane deformation. As expected, we see little to no 

spectral changes by protein binding to uniform liposomes (Figure 2.3).  

Concentration dependent changes in the relative fluorescence of the donor and the 

acceptor was observed using a 96-well plate reader for a high-throughput readout 

(Figure 2.3A). As seen in Figure 2.3A, a strong concentration dependence in the FRET 

ratios were observed in the measurement, indicating that a critical protein density has to 

Figure 2.3. Determination of critical deformation concentration (A) Concentration 
dependent changes in the ratio of donor fluorescence to acceptor fluorescence plotted 
as a function of protein concentration. Identical concentrations of liposomes (0.5mM) 
was used across the measurements. The green solid line represents the associated 
sigmoidal fit, while the black solid line represents a linear fit indicating little to no 
change in vesicle morphology while using a uniform lipid composition. Error bars for 
phase-separated vesicles represent standard deviation from triplicate measurements. 
Uniform vesicles were experimentally tested only once as a control (B) A simplified 
schematic representing membrane bending by protein crowding in a localized region 
(red-tubule). (C) A schematic representing the lack of major membrane deformation due 
to the lack of steric pressure in the case of uniform vesicles.	
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be reached at the liposome surface, for spatial separation of the donor-acceptor pair to 

occur as a result of membrane area expansion (Figure 2.3B). Fitting the fluorescence 

data to a sigmoidal function leads to the determination of the critical deformation 

concentration (CDC) of ~ 3.3 µM for the given vesicle composition and concentration.  

2.2.3 Vesicle intrinsic curvature modulates critical deformation 

concentration. 

Having established the sensitivity of our FRET assay in quantifying membrane 

deformation, we wanted to probe if the intrinsic vesicle curvature can influence the 

membrane bending capacity of the proteins. To accomplish this, we prepared vesicles 

with varying curvatures by extrusion through polycarbonate membranes with differing 

pore sizes (30, 50, 100 and 200nm, respectively). All phase separated liposomes were 

extruded at temperatures above the transition temperature of DPPC (>50°C) and cooled 

down to room temperature before use. Control experiments were performed by varying 

the curvatures of vesicles comprised of uniform lipids as well (Figure A2.5). DLS was 

used to quantify the hydrodynamic diameters of the resulting liposomes (Figure A2.1). 

The average diameter was found to be 68nm, 88nm, 121nm, 146nm for vesicles 

extruded through 30, 50, 100 and 200nm PC membranes respectively. This allowed for 

quantitative investigation of the curvature dependence of the various liposomes, as they 

cover a wide range of vesicle diameters, inaccessible via giant vesicle imaging techniques 

as discussed previously in section 2.1.  

The comparison of concentration dependent changes in FRET between the donor-

acceptor pair incorporated into the membrane follows a sigmoidal trend (Figure 2.4 A & 

B) irrespective of the vesicle size used. Little to no changes in FRET was observed across 

the wide protein concentration range used with uniform vesicles, indicating that the 
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binary mixtures were more likely to deform due to the increased protein density 

presumably due to phase-separation. 

Interestingly, the sigmoidal fits from both the fluorescence lifetime and intensity values, 

reveal a strong correlation between the vesicle size and the CDC for the same lipid 

composition and concentration. As the vesicle curvature increases (decreasing 

diameter), the CDC value decreases by almost 15% (Figure 2.4 C & D) when comparing 

Figure 2.4. Relationship between vesicle size and CDC. Concentration dependent 
changes in FRET obtained from equilibrium fluorescence (A) and Fluorescence lifetime 
(average) data (B) plotted as a function of protein concentration. Identical 
concentrations of phase separated liposomes (0.5mM) were used across the 
measurements. All traces were offset for clarity. Error bars represent the standard 
deviation obtained from 3 replicates. The solid lines represent a sigmoidal fit in (C) and 
(D)- Xhalf values from the sigmoidal fits were plotted as a function of measured vesicle 
diameter. Values plotted in (C) were obtained via equilibrium fluorescence and those 
plotted in (D) were obtained via fluorescence lifetime. The linear fits in (C) and (D) are 
meant to guide the reader. Error bars represent the error from the sigmoidal fits.	
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liposomes with a 68nm average diameter to liposomes with an average diameter of 

146nm. This indicates that a lower concentration of protein in bulk is required to drive 

membrane bending with small vesicles, as opposed to larger vesicles. While this 

observation was intriguing, careful consideration of several possible mechanistic 

schemes is necessary to arrive at accurate conclusions about the physical meaning of 

these results. A number of factors might lead to a lower CDC with decreasing vesicle 

radius, including: (1) Direct preference of the histidine-tag for highly curved regions on 

the membrane surface; (2) Curvature dependent changes in lamellarity of the 

liposomes; (3) Bilayer thickness modulation by changing vesicle radius; (4) Curvature 

regulated phase-separation of binary lipid mixtures under our experimental conditions. 

The possibility of the histidine-tagged proteins to prefer highly curved membrane 

structures can be quickly excluded, as several previous studies have shown that proteins 

with well-defined structures have very limited curvature sensitivity.31-32  Hence, to 

understand the molecular mechanism underlying the curvature dependence of CDC, we 

tested each of these possible scenarios step by step.   

2.2.4 Small Angle X-Ray Scattering reveals that the bilayer thickness and 

lamellarity is unaffected by vesicle curvature. 

First, we sought to investigate if changes to vesicle radius can lead to the formation of 

multi or pauci-lamellar (<5 bilayer stacks) structures. Second, we wanted to explore if 

changes to vesicle radius can bring about any major structural changes to the bilayer, 

particularly its overall thickness. We wanted a thorough investigation of both of these 

factors, as they could contribute significantly to the ability of proteins to drive 

membrane bending. For instance, changes in lamellarity of the liposome can lead to 

artifactual substantial changes in the membrane’s physical properties.33 Notable 
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changes were observed with the phase-transition behavior of multi-lamellar structures 

compared to unilamellar liposomes made with the identical lipid composition and 

concentration.34 Also, vesicle curvature has been shown to affect the overall bilayer 

thickness, thereby resulting in changes to bending stiffness of the liposome structures. 

33, 35 We reasoned that these perturbations might indirectly affect the curvature 

generation capacity of our protein complexes. Hence, to address these concerns, a 

quantitative approach to measure the changes to bilayer lamellarity and thickness was 

necessary.  Small Angle X-Ray Scattering (SAXS) is a versatile technique that allows for 

monitoring the bilayer structure of freely formed liposome samples. SAXS was an ideal 

choice for our biophysical investigation due to its sensitivity to the vesicle form factor, 

lamellarity, size and bilayer thickness. 36 SAXS utilizes scattering that originates from 

electron densities from the molecules under investigation. An X-ray source of highly 

collimated, monochromatic beam is shot into the observation chamber, and the forward 

scattering signal is collected by a 2-D detector. The resulting 2-D scattering pattern is 

reduced to a one-dimensional scattering function, and important structural information 

about the samples under observation can thus be acquired. In case of liposomes, SAXS 

can be used to determine the average thickness of the bilayer by analyzing the scattering 

patterns that arise from contrast in electron densities between the polar headgroup 

region (higher relative electron density) and the hydrophobic region (lower relative 

electron density). The technique is also sensitive to the presence of stacked 

multilamellar structures due to the presence of Bragg’s peaks that arise from close 

proximity between bilayer structures possessing high electron densities.  
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As seen in Figure 2.5, a diffraction pattern consistent with the diffuse scattering profile 

of Unilamellar vesicles was observed. The moderate Q region (0.04-1 Å-1) exhibits 

characteristic dual minima, indicating the electron density at the outer layer of the 

phospholipid headgroups, and the inner layer of the phospholipid headgroups 

respectively. Interestingly, we observe little to no shift in these minima across the vesicle 

sizes tested, indicating that vesicle curvature did not affect the average bilayer thickness 

to a significant extent (Figure 2.5C).37 Additionally, the absence of any significant 

Bragg’s peaks in the diffractogram, indicate the absence of multi or pauci-lamellar 

structures in the sample.33 These observations effectively eliminate the possibility that 

the curvature dependent changes in CDC are a consequence of curvature induced 

changes in bilayer thickness or lamellarity.  

 

Figure 2.5. (A) SAXS diffractograms of 6.5mM SUVs extruded with different pore 
sizes. 12 scans were signal averaged, and reference corrected to yield the final 
diffractogram. Error bars represent the standard deviation. (B) Zoomed in view of the 
lower-Q range of the diffractogram. The minimum (68nm) centered around 0.015 Å-1 

indicates a change in the overall form factor of the liposomes and heterogeneity in 
electron density. (C) Acyl chain thickness plotted as a function of vesicle diameter. 
Little to no appreciable changes in the overall bilayer thickness is observed, indicating 
that curvature does not modulate the membrane thickness directly. Lines between 
markers are meant to guide the reader’s eye. 
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However, at lower vesicle diameters, an unusual feature is observed in the low Q region 

of the diffractogram (Figure 2.5 B; 0.01 – 0.02 Å-1). This region is traditionally thought 

to be sensitive to large scale structural changes, such as the vesicle shape, polydispersity 

and aggregation. However, our DLS experiments reveal little to no evidence for 

liposome aggregation even after overnight incubation, or changes to polydispersity of 

the liposome samples due to changing vesicle curvatures (Figure A2.1).37 Hence the 

deviation from near-linear behavior in this region indicates the presence of in-plane 

structures along the surface of the lipid bilayer. Interestingly, this observation was 

found only in liposomes with lower diameters, indicating that these undulations are 

caused by increasing the mean vesicle curvature. While such features are commonly 

observed in Small Angle Neutron Scattering (SANS) experiments, a well resolved 

minimum in the low-Q region with SAXS is relatively uncommon.38 This is due to the 

fact that SAXS is sensitive to changes in the electron density, and hence achieving strong 

contrast between regions of differing electron densities is not trivial. Exploring the 

origins of such undulations are well beyond the scope of this study. However, we believe 

that phase separation of Ni-NTA-DGS into domains scattered across the liposome 

surface, can lead to a large heterogeneity in terms of the electron density leading to 

changes in low-Q region. This hypothesis can be easily tested by either extracting the 

metal ion from the headgroup (using EDTA), or by replacing the Ni2+ with a more 

electron dense Cu2+. 

2.2.5 Curvature regulated phase-behavior in binary mixtures observed by 

DPH quenching. 

Having eliminated the possibility of curvature induced changes in bilayer lamellarity 

and thickness, we were interested in exploring if curvature induced packing stress can 
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regulate the overall phase-behavior of the liposomes. Several instances of curvature 

modulated phase segregation can be found in the literature. For instance, Parthasarathy 

et. al show that surfaces containing microfabricated patterns can induce spatial ordering 

of the different lipid micro-domains on a solid supported lipid bilayer platform.39 Owing 

to the varying mechanical properties of the individual lipid phases, it was hypothesized 

that regions composed of lipids with higher bending rigidity, had less preference for 

highly curved substrate than its flexible counterpart. Other studies have postulated that 

sorting of lipid domains with different bending stiffness can be accomplished via 

changes to vesicle curvature. It has been shown that tubular model membranes can lead 

to strong curvature-coupled segregation as well.40 Despite the prevalence of such 

reports, the relationship between phase-segregation and vesicle size has received limited 

attention, while dealing with small and large unilamellar liposomes. This is partly due to 

the experimental limitations imposed by the diffraction limit, which prevents 

characterization of nano-sized domains present in small and large vesicles composed of 

binary and ternary mixtures. Hence, to mitigate such limitations, we sought an 

independent spectroscopic method that allows for quantitative investigation of changes 

in phase separation as a consequence of changing vesicle radius.  

To that end, we utilized the quenching of fluorescence from the fluorescent probe 1,6-

diphenyl-1,3,5-hexatriene (DPH) by (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) as 

a reporter for the formation of nano-domains within our vesicle samples. The rationale 

behind this assay has been established elsewhere41 and is represented graphically in 

figure 2.6A. Briefly, DPH is a well-established fluorophore that is non-fluorescent in 

aqueous solutions, but becomes fluorescent once it partitions into the lipid bilayer.42 It 

has been reported that DPH partitions uniformly to both the liquid ordered and the 
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liquid disordered domains of the liposomes without any preference for one over the 

other. 43 44 The quencher TEMPO, however, partitions purely into the Ld domain and 

given its small Forster radius (1.2nm), will quench the fluorescence of DPH partitioned 

into the Ld domain alone. This provides a reliable estimation of the relative fraction of 

Figure 2.6. Curvature induced phase separation in Ni-NTA-DGS containing binary 
mixtures (A) A simplified schematic representing the DPH-TEMPO quenching assay. 
DPH partitions uniformly across both Lo and the Ld phases, whereas TEMPO can 
quench only the DPH found in Ld phase. (B) Representative fluorescence spectra of 
quenching of DPH fluorescence by TEMPO. The difference in the degree of quenching 
reveals the difference in phase structure between liposomes composed of Lo phase 
(DPPC) and Ld phase (POPC) (C) The unquenched DPH fraction plotted for different 
lipid compositions. (*) indicates data collected at 60°C, where DPPC containing 
liposomes will exhibit domain mixing due to phase transition. (D) Curvature dependent 
changes in the phase-segregation observed in liposomes made with DPPC-Ni-NTA 
binary mixtures.  Increasing the liposome curvature clearly promotes phase de-mixing.  
All experiments were repeated 3 times and the error bars represent the standard 
deviation.  
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DPH that remains unquenched by TEMPO, which can be utilized to report on the extent 

of phase separation as well as the average domain sizes.  

 

We performed equilibrium fluorescence measurements on liposomes composed of 

binary mixtures (DPPC & Ni-NTA- Ld and Lo) and uniform liposomes made with DPPC 

(Lo) or POPC-Ni-NTA (Ld) only.  As expected, a strong quenching of DPH fluorescence 

is observed when POPC containing liposomes are used, indicating that TEMPO can 

access the DPH across the vesicle surface due to its uniform distribution in the Ld Phase 

(Figure 2.6B- Solid lines). Little to no quenching was observed when liposomes 

containing only DPPC was used, indicating the inability of TEMPO to partition into the 

Lo phase (Figure 2.6B- Dotted lines). As an additional control experiment, we also 

performed these experiments at high temperatures, well (60°C) above the phase 

transition temperature of DPPC. At these temperatures, the lipid domains must coalesce 

due to the gel-fluid transition of the Lo phase lipids. We observe that the quenching 

efficiency increases significantly upon increasing the temperature (Figure 2.6C), 

indicating that the quenching of DPH fluorescence by TEMPO, was indeed purely due to 

phase separation.  

Additionally, we ensure that partitioning of TEMPO was curvature insensitive, by 

changing the vesicle radius of pure DPPC liposomes (Figure 2.6D). We find little to no 

change in the unquenched fraction of DPH, indicating that TEMPO’s interaction with 

the liposomes are intrinsically curvature insensitive.  Intriguingly, binary mixtures 

display a strong curvature dependence of DPH quenching efficiency while using binary 

mixtures containing both DPPC and Ni-NTA DGS (Figure 2.6D).  Decreasing the vesicle 

diameter from 146nm to 68nm, results in a 21% decrease in the unquenched fraction, 
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despite using the same lipid composition across the measurements. This observation is 

extremely important for two major reasons. First it clearly proves that the binary 

mixture of DPPC and Ni-NTA-DGS exhibit strong phase-separation at room 

temperature. Second, it confirms our initial hypothesis that the mean curvature of 

vesicles can significantly modify the phase behavior of the lipid mixture. This indicates a 

direct coupling between the vesicle intrinsic curvature and the physicochemical state of 

the liposome.  

The physical origins of this observation can be rationalized by considering the packing 

and the curvature stress experienced by DPPC lipids, particularly at low vesicle 

diameters. Cryo-EM has revealed that gel-phase liposomes exhibit a non-spherical 

geometry characterized by the presence of faceted structures that possess significant 

Figure 2.7. A simplified schematic representing curvature regulated modulation of 
phase segregation in the binary mixtures. As the mean vesicle curvature increases, 
phase separation becomes more severe.The liposomes are represented as spheres 
purely for illustrative purposes.  
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defect sites at the edges.45 At lower vesicle radius, owing to the curvature stress, defect 

sites at the ridges joining the facets are believed to be amplified to accommodate the 

packing stress imposed by the high intrinsic curvature of the liposomes.46 Hence, it is 

likely that a small fraction of the gel-phase lipids can exist in fluid phase even below the 

transition temperature of the lipid mixture.47 The small, but statistically significant 

decrease in the unquenched fraction of pure DPPC vesicles as a function of decreasing 

vesicle diameters (Figure 2.6D) hints at the existence of small fluid-like regions even 

within vesicles containing only the gel-phase lipid.  

We hypothesize that, in binary mixtures the curvature stress induced by the vesicle size 

can be compensated effectively by populating the Ld lipids to such defect sites. In all of 

our experiments with binary mixtures, the gel-phase DPPC concentration was 

significantly higher (80 mol%) than the chelator lipid (20 mol%). Given the unsaturated 

nature of the acyl chain carrying the Ni-NTA headgroup, it is likely that the bending 

rigidity of these lipids are significantly lower than the surrounding Lo lipids. Hence, it is 

probable that partitioning of these fluid domains to regions of high curvature can be 

greatly enhanced by using liposomes of lower diameters. Similar observations have been 

made in surface-fabricated supported bilayer systems as well, where spatial 

arrangement of lipid domains can be directed by the membrane curvature gradient of 

the underlying patterned substrate.39 While experimental reports on domain miscibility 

between Ni-NTA-DGS and DPPC are sparse, a few reports have indicated that, 

liposomes containing DPPC, DOPC and Cholesterol display an enhancement in lipid de-

mixing by decreasing vesicle sizes.38 Our DPH quenching results are also consistent with 

conclusions from previously published SANS data, indicating that the relative domain 
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area of the phase-separated lipids increases with decreasing vesicle diameter (Figure 

2.7).  

2.2.6 Coupling between membrane bending driven by protein binding and 

vesicle phase structure.  

Given the knowledge that vesicle curvature can regulate the phase behavior of our 

binary mixture, we wanted to explore the relationship between phase separation and 

CDC, determined in section 2.2.3. The trend of decreasing CDC with decreasing vesicle 

radius (and hence, enhanced phase-segregation) can be rationalized via several possible 

mechanisms. First, it is possible that phase separation of Ni-NTA-DGS from the 

surrounding DPPC lipids can alter the local density of the chelator lipids at individual 

domains. Theoretically, increasing the density of Ni-NTA DGS enhances binding affinity 

of proteins to the membrane surface substantially (Figure A2.2-A2.4). Hence it is 

entirely possible that the enhanced lipid segregation at lower vesicle radius, will lead to 

tighter binding of proteins to the liposome surface, even if histidine-tagged proteins do 

not possess any curvature preference. While our ITC results support the correlation 

between phase-segregation and protein binding constants (Figure A2.4), it is unclear if 

the enhancement in phase-separation observed in section 2.2.5 will lead to an increase 

or decrease in the local chelator lipid density. In other words, it is possible that the Ld 

domains formed at high vesicle curvatures can be significantly diluted by Lo-preferring 

lipids that exist in the Ld domain due to packing stress.  

 

Second, the increase in the Ld domain fraction of smaller vesicles might lead to the 

lowering of the overall bending stiffness of the liposome. It is well known that liquid-

disordered domains usually exhibit significantly lower bending rigidity relative to the 
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liquid ordered domains. Several studies have highlighted the importance of lipid 

bending rigidity as a major barrier to membrane bending. Hence, this artificial decrease 

in the average bending rigidity of the liposomes as a consequence of their phase 

behavior can lead to the lowering of the energy cost associated with membrane bending.  

Third, the packing and curvature stress experienced by the smaller liposomes, can help 

to nucleate membrane deformation due to the prevalence of the defect sites across the 

membrane surface. These defect sites have been proposed to act as nucleation sites for 

lipid melting in previous lipid melting studies. It is certainly possible that the presence 

of defect sites that contain regions of extreme curvature can lead lower the energy cost 

associated with generating tubules and heavily bent membrane structures. All three 

scenarios are extremely difficult to probe experimentally, and are beyond the scope of 

this chapter. While the exact physical mechanism underlying the relationship between 

membrane bending and the phase behavior remains unclear, our results clearly 

demonstrate a strong co-dependence of various physiochemical parameters in 

regulating membrane bending.  

2.3 Conclusion 

In summary, we report a quantitative investigation of the coupling between intrinsic 

membrane curvature, phase separation and the membrane curvature generation by 

protein crowding. By using a simple FRET-based assay, we show that the threshold 

protein concentration required to generate membrane deformation is significantly lower 

for vesicles of smaller radius relative to the larger ones. Closer inspection of the phase 

structure of the lipid mixture reveals that the intrinsic vesicle curvature can significantly 

modulate the domain formation exhibited by the binary mixtures utilized. By 

eliminating the possibility of curvature induced changes in bilayer thickness and 
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lamellarity, we find that the enhancement in phase separation as a result of decreasing 

vesicle radius plays a major role in regulating membrane curvature generation by 

protein crowding. Our study reveals a complex mechanism by which curvature and 

packing stress imposed by vesicle can indirectly affect the arrangement of peripherally 

interacting proteins, which in turn can remodel the membrane structures. These results 

open up new avenues for exploration of spatio-temporal regulation of macromolecular 

assemblies on highly curved cellular structures.  

2.4 EXPERIMENTAL SECTION 

2.4.1 Materials. DPPC, DMPC, DSPC, DLPC, POPC and Ni-NTA-DGS were purchased 

from Avanti Polar Lipids (Alabaster, AL). NBD-PE and Rhodamine-PE were purchased 

from ThermoFisher Scientific (Waltham, MA). Deca-His peptide was purchased from 

New-England Peptide (Gardner, MA). His-tagged EcDHFR was expressed and purified in 

house from a custom modified plasmid as described later in this section. EDTA, DPH and 

TEMPO were obtained from Sigma-Aldrich (St. Louis, MO). MOPS, Sodium Chloride, and 

Amicon Ultra-0.5 mL centrifugal filters (10kDa MWCO) were obtained from EMD 

Millipore (Billerica, MA). 

2.4.2 Protein expression and purification. EcDHFR was expressed and purified 

following steps as detailed elsewhere.30 Briefly, protein expression was carried out by 

using E. coli strain BL21(DE3) with Luria-Bertani (LB) medium containing 100µg/mL 

ampicillin. A single ampicillin resistant colony that was then inoculated into a 20 mL 

culture flask containing 5 mL of LB (with ampicillin) medium at 37 °C overnight inside a 

shaker incubator maintained at 200 rpm. 1 mL of the starter culture was then inoculated 

into a large conical flask containing 1 L of LB medium with antibiotic and allowed to grow 



 48 

until the optical density at 600 nm reached 0.6-1.0. Next, inducer was added to a final 

concentration of 1 mM. Isopropyl b-D-1 thiogalactopyranoside (IPTG) was used as an 

inducer. The resulting culture was subjected to vigorous shaking in a shaking incubator 

and allowed to grow for at least 6 hours to overnight. The cells were then harvested by 

centrifugation and subjected to cell lysis.  

The pellets were resuspended in a lysis buffer containing 50 mM Tris, 150 mM NaCl, 5 

mM b-Mercaptoethanol, containing protease inhibitor (from tablets of protease inhibitor 

cocktail).  1 mg/mL of Lysozyme was then added to the mixture, stirred on ice for an hour 

and sonicated on ice (Sonic Dissemble model 500, Fisher Scientific, Pittsburgh, PA). The 

lysed cells were then subjected to centrifugation, and the supernatant was filtered and 

purified using HisPrep affinity column on an AKTA FPLC system (GE Healthcare, 

Pittsburgh, PA). The proteins were eluted by using an imidazole gradient to competitively 

unbind the attached proteins to the Ni-NTA column. The eluted protein was subjected to 

desalting and concentrated using an Amicon concentrator with a 10 kDa molecular weight 

cutoff. The protein samples were then buffer exchanged to 50 mM MOPS buffer 

maintained at a pH 7.2. For all DHFR samples, a small concentration of reducing agent 

(1 mM DTT) was added to prevent the possibility of disulfide formation.  

2.4.3 Large unilamellar vesicles preparation. Large unilamellar vesicles (LUVs) 

were prepared by traditional extrusion method. Briefly, the lipid mixtures were dissolved 

in chloroform and dried under a stream of Argon gas on the inner wall of a small vial and 

then placed under vacuum overnight to form stable lipid cakes. The composition of binary 

mixtures was 79.6 mol% DPPC, 20 mol% Ni-NTA-DGS, 0.2 mol% NBD-PE and 0.2 mol% 

Rhodamine-PE. For uniform fluid liposomes, POPC was used in the place of DPPC.  The 
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lipid cakes were subsequently rehydrated to a final liposome concentration of 1mM with 

MOPS buffer (50 mM MOPS, pH 7.2) for 1 hour at room temperature. Every 15 minutes, 

the rehydrated lipid solution was vortexed thoroughly, and subsequently subjected to at 

least five freeze thaw cycles. The resulting multi-lamellar vesicle solutions were then 

extruded through a polycarbonate membrane (pore size 100 nm; Whatman/GE 

Healthcare) at least 20 times to produce a clear solution of liposomes. For generating 

vesicles of different curvatures, PC membranes with pore sizes of 30, 50, 100 and 200 nm 

were used.  

2.4.4 Dynamic light scattering measurements. Micromeritics Corporation’s 

NanoPlus, a particle size analyzer was used to perform dynamic light scattering (DLS) to 

measure the changes in hydrodynamic diameter of the liposomes with and without the 

presence of protein solution. A final liposome concentration of 0.5 mM was used in all 

experiments. A micro-volume glass cuvette capable of measuring sample volumes as low 

as 60 µL was used for all measurements. Optimization of scattering intensity was 

performed by adjusting the cell-center, and by tuning the laser attenuation. All 

measurements were performed in room temperature and repeated three times. Cumulant 

diameter values were reported in the main text and intensity weighted values are reported 

in the appendix. 

2.4.5 Equilibrium fluorescence measurements for CDC determination. Steady 

state fluorescence measurements were performed on Horiba Fluorometer. A micro-

volume cuvette capable of measuring solution volumes as low as 150 µL was used for all 

measurements. The final bulk concentration of Ni-NTA DGS in the liposome samples 

were maintained at 100 µM, and the protein solution was added at the reported 
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concentrations. Determination of CDC, was performed in a high throughput fashion using 

BioTek Cytation 5 multi-mode microplate reader. Sample excitation was performed at the 

wavelength of 463 nm. Quantification of critical deformation concentration was 

performed by fitting the change in FDonor/FAcceptor ratio as a function of protein 

concentration, to a sigmoidal function. Untreated, clear bottomed flat 96-well plates were 

used for all experiments. For studying the curvature dependence of CDC, the 

concentration of the resulting liposomes from extrusion was approximated by the 

fluorescence emission from the acceptor excitation (560 nm).  

2.4.6 Fluorescence lifetime measurements. 

Fluorescence lifetime measurements were performed on a Nikon Ti Eclipse Inverted 

Confocal microscope (C2Si). The confocal system was attached to a Picoquant (Berlin, 

Germany) Laser Scanning Microscope Time Correlated Single Photon Counting 

upgrade. For NBD fluorescence, a 485 nm pulsed laser was operated at 20MHz and the 

donor and the acceptor emission were distinguished by a combination of a dichroic 

filters (561) and bandpass filters (centered at 520 and 582 nm) respectively. The emitted 

fluorescence lifetime traces were using SymPhoTime 64 software, utilizing Fast FLIM 

algorithm. The IRF was collected using heavily quenched samples made of Erythrosine 

B in a saturated solution of Potassium Iodide. All measurements were repeated for 3 

times, and concentration dependent changes of fluorescence lifetimes were acquired by 

using a clear, untreated 96-well plate.  

2.4.7 Isothermal Titration Calorimetry. 

All ITC experiments reported in this chapter was performed using a MicroCal VP-ITC in 

low-feedback mode. A total of 31 injections were performed, resulting in titration of 

liposomes stock in the titrator syringe into a thoroughly rinsed cell chamber containing 
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the protein sample. A Ni-NTA DGS concentration of 350 µM (Total liposome 

concentration of 1.75 mM in case of 20mol% Ni-NTA DGS) was used in all experiments, 

and the DPPC and POPC concentration was varied to accommodate changing chelator 

lipid densities. The protein stock solutions were maintained at 9 µM unless otherwise 

reported. The reference power was maintained at 10 µCal/sec and the cell temperature 

(20 °C) was equilibrated for at least 30 minutes. The spacing between injections was set 

360 seconds and data from the first injection was always discarded due to artifacts from 

dilution. Data analysis was performed by the MicroCal Analysis software, and the 

obtained enthalpograms were fit to one (for POPC-Ni-NTA mixtures) or two site model 

(for binary mixtures).   

2.4.8 Observation of domain by DPH quenching.  

The quenching of fluorescence from DPH by TEMPO was measured via equilibrium 

fluorescence spectrometer as described in section 2.4.5. Briefly, liposome suspensions 

containing a total vesicle concentration of 1mM was mixed vigorously with 0.025 µM 

DPH for at least 30 minutes. Due to limited aqueous solubility of DPH, stock solutions 

were formed with Tetrahydrofuran and subsequently diluted with water. For obtaining 

fluorescence spectra in 2.6B, a relatively higher concentration of DPH was used (25 µM) 

for improved signal to noise. The 30-minute incubation time leads to spontaneous 

partitioning of DPH into the bilayer. For quenching experiments, a concentrated 1M 

stock solution of TEMPO in ethanol was diluted to reach 6mM final concentration for 

each sample. After incubation for nearly 20 minutes, the fluorescence of DPH was 

monitored by excitation at 360 nm and emission at 430 nm respectively. The 

unquenched fraction was calculated by dividing the fluorescence intensities obtained in 

the presence and absence of TEMPO.  
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2.4.9 Approximation of domain radius.  

The approximation of vesicle curvature dependent domain radius was performed by 

using the method previously described elsewhere.41 Briefly, the unquenched fraction (Q) 

acts as a reporter of the Lo regions inaccessible to TEMPO. Hence, quenching of DPH by 

TEMPO in the Lo domain is extremely weak. Hence, the factor Q should correlate with 

the size of the Lo domain. The Förster radii of DPH and TEMPO are 3.6nm and 1.2nm 

respectively. At the concentrations utilized for our experiments, we expect a large excess 

of TEMPO that presumably saturates the liposome surface. Given the lipid/DPH ratio 

was maintained at 40000/1, we expect not more than 1 or 2 DPH molecules to be 

distributed across the liposome surface. By assuming that the domains are circular in 

shape, an estimate of relative domain sizes can be computed by using the following 

equation   

𝑋 = [𝑅%&'() + 𝑅+(,] .
/012343567	/9:9;
/<99;7	/9:9;

= (1) 

Where X is the apparent domain radius. RTEMPO and RDPH represents the Förster radii of 

TEMPO and DPH respectively. Qliposome is the unquenched fraction of fluorescence from 

the sample of interest. QDPPC and QPOPC are the unquenched fluorescence remaining 

from DPH in DPPC and POPC respectively. For curvature dependent measurements, to 

account for the slight changes in defect sites found in pure DPPC vesicles, only the Q 

values from vesicles of similar diameters were considered. The apparent domain sizes 

were calculated and plotted in Figure A 2.6 

2.4.10 Small Angle X-Ray Scattering. The SAXS experiments were performed on a 

Rigaku BioSAXS-2000 home-source system with a HF007 copper rotating anode with a 

Pilatus 100K Detector. SAXS data were collected at a fixed sample-to-detector distance 
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using a silver behenate calibration standard. 6.5mM of extruded SUVs were loaded into 

the sample using the autosampler attachment. All measurements were performed by 

subtracting a reference from the sample’s scattering signal. At least 12 scans of 

individual samples were averaged and reduced using Rigaku SAXSlab data collection 

and processing software. The software - PRIMUS was used for preliminary data 

analysis. Data fitting, and SLD analysis was performed using our in-house fitting routine 

described elsewhere. 
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Appendix 2: Curvature regulated phase separation in binary lipid mixtures, 

and its role in membrane bending 

 

 

 

 

 

 

 

 

Figure A2.1. Dynamic Light Scattering intensity profiles of vesicles extruded via different pore 
sized PC membranes. Note that the diameter values in the legend describes the apparent 
diameters obtained from the intensity distribution. The polydispersity index of all the samples 
were found to be less than 0.1. 
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Figure A2.2. Representative ITC thermograms obtained by injecting (A) Binary mixtures 
containing DPPC and (B) Uniform liposomes containing POPC with the chelator lipid (350 µM 
Ni-NTA DGS liposomes at a 20 mol% density) into the cell chamber containing 9 µM Deca-His 
peptide. As seen clearly, the sharper transition in the enthalpograms in binary mixtures indicate 
a stronger association constant when utilizing binary mixtures.  

Figure A2.3. Phase separation leads to a strong enhancement of binding affinity by increasing 
the local chelator lipid density (A) Comparison of Association constants obtained from ITC as a 
function of decreasing acyl chain lengths. Red bars indicate unsaturated hydrocarbon lipids and 
blue bars indicate saturated hydrocarbon chain lipids above transition temperature. (B) DMPC- 
Ni-NTA DGS containing liposomes exhibit a decrease in association constants upon thermal 
phase transition, indicating that phase-separation is critical for regulating binding affinity of 
proteins to the liposome surface. Insets show a schematic of phase separation purely for 
illustrative purposes. 
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Figure A2.4. Correlation between Ni-NTA doping level and association constants. Decreasing 
the overall concentration of the chelator lipid leads to a significant decrease in binding constants 
in case of binary mixture of liposomes. With POPC containing vesicles, the change in Ka with 
differing chelator lipid density is extremely small.  

Figure A2.5. Curvature dependence of changes in NBD-Rhod FRET using POPC-Ni-NTA 
liposomes. No change in FRET signal is observed across the protein concentration range, 
indicating that membrane deformation does not occur in fluid liposomes due to the availability 
of liposome surface area.  
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Figure A2.6. Calculation of apparent domain sizes by TEMPO quenching of DPH 
fluorescence. The data clearly shows that the relative size of the gel-phase domains increases 
with increasing vesicle diameter. The linear fit between data points is meant to guide the reader.  
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Chapter 3 
Kinetics of histidine tagged protein association to nickel-decorated 

liposome surfaces  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Aspects of this chapter have been reproduced with permission from Raghunath, G.; 

Dyer, R. B., Kinetics of Histidine tagged protein association to nickel-decorated 

liposome surfaces. Langmuir (under review). Copyrights 2019 American Chemical 

Society.  
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3.1 INTRODUCTION  

Regulation of peripheral protein association with the membrane surface plays an 

indispensable role in cell signaling, recognition, division, and several other important 

physiological processes. 1-2 At a molecular level, peripheral membrane protein attachment 

is capable of manipulating the membrane structure, and reciprocally, membrane surfaces 

can control the protein conformation, orientation and oligomerization.3-4 A complex 

relationship between protein binding and the structure of membrane surfaces has been 

observed in a number of biological systems.5-6 For instance, cytochrome c was found to 

induce non-bilayer structures in cardiolipin containing liposomes. Conversely, 

spontaneous curvature of cardiolipin doped vesicles was found to modulate the 

conformational state of the protein, thereby influencing its redox potential.7 Hence, 

understanding the mechanism underlying this complex interplay between peripherally 

bound proteins and membrane surfaces has recently garnered tremendous interest.8-9 

Studying the dynamical nature of such interactions, however, has remained a challenge 

due to the complexity of the interface. Particularly, fundamental details regarding the 

kinetics of protein attachment to membrane surfaces remains elusive, as variables such 

as lipid packing, membrane lateral fluidity and the hydrodynamics of the protein 

structure account for only a few among the many critical factors that affect the binding 

mechanism and lateral organization of the bound proteins.10-11 Hence, there exists a 

persistent demand for model systems that enable quantitative investigation of the kinetics 

of transient membrane-protein interactions.  

A key requirement for such model systems is a conjugation method that emulates the 

transient nature of peripheral protein interaction with membrane surfaces. Nickel-

chelating lipids offer a facile solution to this problem due to the reversibility of the 
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interaction and their widespread availability.12 Additionally, given the ubiquity of 

recombinantly engineered Histidine tags in molecular biology, the nickel-nitrilotriacetic 

acid (Ni-NTA)-6x-His conjugation has been utilized for several applications including but 

not restricted to electrochemistry, 2-D protein crystallization and drug delivery.13-15 

Recently, several investigators have employed nickel containing liposomes to study 

membrane bending triggered by protein crowding16. Vesicle deformation and fission were 

observed at high protein densities using simple model proteins such as a 6xHis-green-

fluorescent protein (GFP), purely through a non-specific colligative mechanism, 

indicating the importance of macromolecular crowding at a protein-membrane 

interface.17-18  

For the above mentioned reasons, several groups have taken interest in characterizing 

protein interactions with Ni-containing liposome surfaces.19-20 A recent study by 

Wasserberg et al, has shown that it is possible to control the orientation of fluorogenic 

proteins relative to a Ni-NTA containing monolayer surface by modifying the positions of 

histidine tags on the protein structure.21 Through MD simulations, they show that 

peripheral electrostatic interactions with the monolayer can influence the orientational 

preference of the bound-protein structures. Despite such comprehensive studies, specific 

details regarding the kinetics of protein association to Ni-NTA containing surfaces remain 

sparse, thus limiting the mechanistic understanding of interfacial binding. One 

consequence has been inconsistent conclusions regarding optimal conditions for stable 

protein immobilization Some groups report a stable protein-lipid interaction at a 

supported lipid bilayer (SLB) interface,22 whereas others report rapid unbinding of the 

protein layer upon mild perturbations.23 Even the studies that have explored the 
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timescales of protein desorption do not provide quantitative rate constants for association 

due to the limited time resolution of their techniques.20  

Additionally, most studies are performed by using a Ni-NTA decorated SLB surface, 

which does not adequately represent the complexity of a protein-liposome interface, 

where membrane structural changes are a common occurrence in biology as a direct 

consequence of transient protein association.24-25 The dearth of mechanistic knowledge 

pertaining to such complex systems greatly inhibit our understanding of physiologically 

relevant processes such as membrane bending triggered by protein crowding. Protein 

hydrodynamics and association to a crowded liposome interface has been identified to be 

important for generating membrane curvature in a number of studies.26 Intrinsically 

disordered proteins were found to 

induce membrane curvature with 

greater efficiency than compact globular 

proteins.27 a-synuclein, for instance has 

been proposed to induce membrane 

curvature through a concerted 

mechanism involving both membrane 

penetration and crowding.28 For these 

reasons, a quantitative approach to 

understanding the association kinetics is 

necessary to further our mechanistic 

knowledge about the nature of his-

tagged protein- liposome interaction. 

Figure 3.1. A schematic of SfGFP 
fluorescence quenching by Dabsyl-PE. 
Both the chelator lipid and the 
surrounding lipid DOPC contain 
unsaturated hydrocarbon tail, resulting in 
liposomes that exist purely in the fluid 
phase. 
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In this chapter, we systematically investigate the association kinetics of a histidine-tagged 

protein to a Ni-NTA decorated liposome, utilizing SfGFP as a model system. We utilized 

the intrinsic fluorescence from histidine-tagged SfGFP as a spectroscopic probe for our 

experiments. SfGFP was the ideal candidate for investigation due to its structural stability 

and the buried nature of the intrinsic GFP chromophore.29 For the quencher, we 

employed the non-fluorescent dark quencher DABSYL-PE,30 incorporated to the vesicles 

at 5 mol% of the total vesicle concentration. The quenching of SfGFP fluorescence upon 

binding to the vesicle surfaces containing the chelator lipid (Ni-NTA-DGS) could then be 

observed both in steady state and time-resolved stopped flow measurements.  

This simple, yet sensitive methodology enabled us to explore a number of experimental 

variables, including membrane composition, lateral fluidity, chelator lipid density, 

protein concentration and protein surface charge and their effects on the protein-

liposome association. We show that the association kinetics is multi-phasic with a fast 

phase preceding slow phases across the wide concentration range investigated. At lower 

concentrations, we find that the fast phase follows a behavior similar to bimolecular 

association with an increase in protein concentrations resulting in an enhancement of 

binding rates. Interestingly, we observe a break in that behavior for the slower phase rate 

constants. While the rate constants do initially increase with increasing protein 

concentrations, they start decreasing once a threshold is reached. Careful investigation of 

the binding kinetics from different experimental conditions, coupled with fluorescence 

anisotropy data leads us to conclude that the protein association to the membrane surface 

occurs through multiple independent, interconvertible conformations with varying 
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protein packing densities. Our studies have yielded novel mechanistic insights into the 

nature of interaction between histidine-tagged proteins and nickel-chelator lipids, and 

emphasizes the importance of considering protein conformation and hydrodynamics 

while designing bioconjugates that utilize similar immobilization strategies.   

3.2 RESULTS AND DISCUSSION 

3.2.1 Equilibrium characterization of liposome-SfGFP interaction. We 

optimized the experimental conditions for association kinetics measurements by 

characterizing the equilibrium association of SfGFP with liposomes. First, using dynamic 

light scattering (DLS) we found a concentration range for which the liposome morphology 

Figure 3.2. Steady state characterization of the liposome-SfGFP interaction. (A) 
Representative DLS intensity distribution and (B) calculated diameters of vesicles 
containing 20 mol% Ni-NTA DGS after incubation with protein samples of varying 
concentrations. Practically no change in vesicle diameter was observed, indicating that 
the membrane structural integrity is maintained. The average of three measurements 
were plotted as open circles and the error bars represent the standard deviation(C) 
Concentration dependent changes in steady state SfGFP fluorescence intensity.  
DF/DFmax was calculated by dividing the decrease in fluorescence at the given 
concentration by the maximal decrease in fluorescence. The data were fit to the Hill 
equation and coefficients are reported in (Table A3.2). Error bars represent the standard 
deviations from triplicate measurements. 

(A) 
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remains (Fig. 3.2). Identification of the ideal concentration regime was important due to 

recent observations from several groups about the possibility of membrane deformation 

under high-concentrations of histidine-tagged proteins and Ni-NTA-DGS containing 

liposomes.  

Using an identical liposome concentration (1 mM) across all measurements (with and 

without the presence of chelator lipids), we observe no change in hydrodynamic diameter 

from DLS measurements. This indicates that the structural integrity of the liposomes was 

preserved, even at higher concentrations of the protein (2µM SfGFP). Once optimal 

conditions were identified, we verified the sensitivity of the SfGFP-Dabsyl fluorophore-

quencher pair by performing equilibrium fluorescence characterization using a 

fluorescence plate reader. Keeping the liposome concentration identical across the wells 

in a 96-well plate, we varied the protein concentration to monitor the concentration 

dependence of the measured fluorescence in a high-throughput fashion. With liposomes 

containing Ni-NTA DGS we observed a strong concentration dependence of the change in 

fluorescence with wells containing the chelator lipids (Fig. 3.2C). To verify the specificity 

of the Ni-NTA and His-tag interaction, we performed control experiments either with 

liposomes void of Ni-NTA DGS or incubation of the bioconjugates with EDTA, a chelator 

known to sequester metal ions from NTA headgroups. Little to no change in fluorescence 

was observed in these control experiments. An apparent dissociation constant (Kd) of 

247.3nM (+/- 45.3)	 was determined from these steady-state fluorescence measurements 

using the Hill-Waud model.31 This value is smaller than expected for traditional histidine-

tag and Ni-NTA interactions.32-33 However, it is consistent with studies that have utilized 

chelator lipids at high densities34 and our own isothermal titration calorimetry (ITC) 

measurements (Figure S3)	  
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3.2.2 Stopped-Flow fluorescence reveals a complex, multi-phasic binding 

kinetics. 

We employed stopped-flow fluorescence to measure the kinetics of interaction between 

the protein and the liposome surface. The starting concentration of the liposomes was 

maintained at 1 mM (DOPC with 20 mol% Ni-NTA DGS and 5mol% Dabsyl PE) and the 

protein concentration was varied from 50 nM to 4 µM. Under these conditions, the net 

concentration of Ni-NTA DGS was consistently maintained at a considerable excess 

relative to the total protein concentration. We observed a time-dependent quenching of 

the fluorescence intensity from the GFP fluorophore upon initiation of the reaction (Fig. 

3.3A), consistent with our observations in the steady state fluorescence measurements.  

Figure 3.3. Stopped flow fluorescence transients of SfGFP fluorescence quenching by 
Ni-NTA DGS and Dabsyl containing liposomes. (A) Normalized fluorescence intensity of 
stopped flow transients and associated bi-exponential fits plotted as a function of time. 
Inset highlights the slowing down of quenching rates at higher SfGFP concentrations. 
(B) Fast phase rate constants plotted as a function of protein concentration. (C) Slow 
phase rate constants plotted as a function of protein concentration. Error bars represent 
standard deviation from three independent measurements. Solid lines are fits meant to 
guide the reader’s eye.	
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We saw little to no quenching from control experiments performed with stock solutions 

comprising of liposomes void of the chelator lipid (Fig. A3.3). This observation confirms 

that fluorescence quenching is a consequence of protein binding to the liposome through 

a specific interaction between the histidine-tag of the protein and the Ni-NTA headgroups 

on the liposome surface. We observed that the stopped flow transients exhibit 

nonexponential fluorescence decay, requiring a bi-exponential function to adequately fit 

the data. Across the concentration range that was sampled, we found that the association 

behavior was characterized by the presence of a fast phase (k1 = 10-20 s-1) and a slower 

phase (k2 = 1–4 s-1). At lower protein concentrations (50 nM – 250 nM), the concentration 

dependence of both the fast and the slow phase rate constants exhibits a bi-molecular 

behavior, with increasing concentrations resulting in an increase in both the fast and the 

slow-phase rate constants. However, we observed that the concentration dependent 

increase in the fast phase rate constants plateaus once a critical concentration (~250 nM) 

is reached (Fig. 3.3B). Surprisingly, at the higher concentration range (500 nM – 2 µM), 

we notice a decrease in the slow-phase rate constants with increasing protein 

concentrations (Fig. 3.3C).  

This observation was puzzling for a number of reasons. First, a decrease in rate constants 

upon increasing reactant concentrations has very little precedent in the literature. A 

notable exception is bacteriophage T7 RNA polymerase, which is believed to undergo 

extensive conformational changes upon interaction with the promoter DNA resulting in 

decreasing rate constants for DNA binding at higher DNA concentrations.35 This scenario 

is unlikely in our experiments as the stability of our super folder construct makes it highly 

unlikely for any major protein structural changes as a result of binding to a liposome 

surface.29 Second, the relative amplitudes obtained from the bi-exponential fits in Figure 
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3.3 indicate that the relative contribution to the fluorescence quenching from the slow-

phase species increases with protein concentration. Interestingly, the relative amplitudes 

from the fast phase decreases simultaneously, with increasing protein concentration 

(Figure A5). This observation implies that despite a decrease in binding rate, the slower-

phase represents the dominant species, particularly at higher protein concentrations. 

Third, the concentration of Ni-NTA-DGS (100 µM) was maintained throughout these 

experiments at a considerable excess relative to the protein concentration (50 nM – 2 µM) 

indicating that the origin of this decrease in rate constants is not a consequence of 

stoichiometric saturation of the available Ni-NTA sites. It is entirely possible that the 

charged nature of the chelator and the quencher lipid headgroups used in this study, could 

lead to additional electrostatic interactions between the periphery of the protein and the 

lipid surface. Wasserberg et al, have found that despite the net negative charge carried by 

fluorogenic proteins such as RFP, the positively charged amino acids on the protein 

surface, can interact with the monolayer. 21 To disrupt such interactions, a high surface 

density of protein at the interface was required. All these factors led us to suspect that the 

possibility that protein crowding at the membrane surface influences the fast and the slow 

binding rates. 

We hypothesized that the anomalous decrease in the protein association rate with 

increasing protein concentration shown in Fig. 3.3C is due to the depletion of accessible 

Ni binding sites on the membrane surface. A number of factors might contribute to the 

accessibility of Ni binding sites and thus to the apparent slowing of the association rate, 

including: (1) exclusion of membrane surface area; (2) His-tag binding to multiple lipid-

Ni-NTA sites (multi-valent binding); (3) protein oligomerization and (4) heterogeneity of 
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the protein orientation relative to the membrane surface. We tested each of these possible 

contributions by varying the chelator lipid density, the lateral mobility of the lipids, the 

protein charge and the protein orientation, to elucidate the molecular origin of the 

concentration dependent decrease in kinetics of protein association to the liposome 

surface.  

3.2.3 The role of chelator lipid density on association kinetics.  

First, we tested whether the unusual concentration dependence of the slow rate is a 

consequence of an area exclusion effect of the protein’s footprint at the liposome 

surface.36 We expect the surface area available for stable immobilization of the protein to 

decrease with higher surface density, since the concentration of the liposomes was 

maintained constant as the protein concentration was increased. Therefore, we 

postulated that the decrease in observed binding rate with increasing protein 

concentration is a consequence of the reduced surface area available for binding. We 

tested this hypothesis by changing the density of the chelator lipid on the liposome surface 

as a means of controlling the protein-surface occupancy and the availability of binding 

surface area for the histidine-tagged protein. A positive correlation between chelator-lipid 

loading and protein surface coverage is well established in the literature.37 Hence, for a 

given lipid composition that does not exhibit phase separation, the total liposome surface 

area available for the protein to bind should increase with decreasing chelator lipid 

density.  
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To generate different densities of the chelator lipid in the liposomes, we maintained a 

constant bulk concentration of the Ni-NTA-DGS (200 µM) and instead varied the amount 

of DOPC (non-chelating lipid) and the DABSYL-PE quencher incorporated in the lipid 

cakes, before hydration and vesicle formation (see Experimental Section). It was critical 

to maintain a constant concentration of the chelator lipids to allow direct comparison of 

the kinetics of protein binding across a range of protein concentrations. Stopped flow 

kinetics were measured for four different chelator lipid densities ranging from 5 mol% Ni-

NTA-DGS to 20 mol% Ni-NTA-DGS as a function of SfGFP concentration (Fig. 3.4). 

Analysis of the stopped flow transients revealed that changing the density of the chelator 

lipids, significantly affects the overall rates of protein association (Figure 3.4A). Both the 

Figure 3.4 Effects of chelator lipid density on protein binding kinetics (A) 
Representative stopped flow transients and associated bi-exponential fits plotted as a 
function of time. Inset represents how the bulk concentration of Ni-NTA-DGS was 
maintained constant, by changing the DOPC concentration. (B) Fast phase rate 
constants plotted as a function of protein concentration. (C) Slow phase rate constants 
plotted as a function of protein concentration. Error bars represent standard deviation 
from three independent measurements. Solid lines are fits meant to guide the reader’s 
eye.  
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slow and the fast phase rate constants were found to increase as a function of increasing 

chelator lipid densities across the range of protein concentration sampled (Figure 3.4B & 

4C). We attributed this increase in observed rates to the slowing down of the dissociation 

rates as a consequence of stronger interaction with the Ni-NTA headgroups due to 

increased chelator density,37 and possible electrostatic interactions between the positively 

charged amino acids present on the surface of the protein, and the negatively charged 

bilayer surface.21 The enhancement in binding affinity by increasing Ni-NTA density has 

been previously observed in the literature20, 37 and subsequently corroborated by our ITC 

measurements (Figure A3.3). 

The unusual trend of decreasing rate constants with increasing protein concentration 

persisted over the full range of chelator lipid doping levels examined (Figure 3.4C). At 

higher protein concentrations (>500 nM), we found that the rate of the slow phase 

decreased linearly, irrespective of the Ni-NTA density. The rate of decrease (kfall) was 

obtained by a linear fit of the the slow-phase rate constants at concentrations >500 nM 

(Figure A3.6). Interestingly, the absolute values for kfall increases as the Ni-NTA density 

is increased, indicating that chelator lipid accessibility and depletion of available 

membrane surface area upon the initial protein binding event might be responsible for 

the unusual slowing of the association kinetics.  

Nye et al reached a similar conclusion from protein desorption studies performed on a 

supported bilayer.20 According to their model, the initial protein binding step is followed 

by the recruitment of multiple chelator lipids, resulting in a stable polyvalent species 

resistant to quick desorption. Hence, at very high protein concentrations, the initial 

binding step can saturate the available binding sites, thereby inhibiting the formation of 

a stable multivalent species, leading to a kinetic trap. Given the lateral fluidity of the lipid 
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membranes containing the chelator lipids, it is possible that the long-range diffusion and 

the ability of the His-tagged protein to recruit multiple chelator lipids might be 

responsible for the unusual concentration dependence of the kinetics.  

3.2.4 Understanding the effects of lipid lateral mobility on association 

kinetics.  

To assess whether the multi-valent nature of the His-tag and Ni-NTA interaction was 

responsible for the unusual kinetics, we measured the dependence of the kinetics on the 

lateral mobility of the lipids in the bilayer. The Nye model postulates His-tag binding of 

multiple lipid-Ni-NTA groups to form a stable poly-valent interaction. This process 

involves an initial monovalent association of the protein to the surface followed by 

recruitment of additional chelator lipids; the second step depends on the lateral mobility 

of lipids within the supported lipid bilayer.22, 38 Therefore, if the unusual association 

kinetics is indeed a consequence of equilibration of the transient monovalent population 

to a stable, multi-valent complex, we reasoned that restricting the lateral mobility of the 

liposome surface should alter the binding kinetics. We used cholesterol to modulate 

systematically the lateral mobility of the liposome surface. The effects of cholesterol 

incorporation in fluid membranes have been studied extensively.39 Incorporation of 

cholesterol into uniform DOPC membranes results in as much as a 50% decrease in the 

lipid lateral diffusion coefficient, relative to the pure DOPC membranes.40 
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To quantify the change in long-range lateral diffusion coefficients upon cholesterol 

incorporation, we performed fluorescence recovery after photobleaching (FRAP) on 

supported lipid bilayers made with cholesterol doping levels ranging from 0 mol% to 30 

mol% containing identical amounts of Ni-NTA-DGS and a fluorescent probe, Rhodamine-

PE (Figure A7). We observed a sharp decrease in the fluorescence recovery times as the 

cholesterol doping level increased, indicating that incorporation of cholesterol in the lipid 

composition results in severe restriction of lateral membrane mobility, as expected.  

Stopped flow transients were acquired with identical protein and liposome 

concentrations as described in previous sections (Figs. 3.3 and 3.4), but with varying 

Figure 3.5. Effects of modulating lateral lipid mobility by changing cholesterol doping 
levels (A) Representative stopped flow transients and associated tri-exponential fits 
plotted as a function of time. Inset represents how the bulk concentration of Ni-NTA-
DGS was maintained constant, with changes occurring only with regards to cholesterol 
density. (B) Fast phase rate constants plotted as a function of protein concentrations. (C) 
Slow phase rate constants plotted as a function of protein concentration. Error bars 
represent standard deviation from three independent measurements. Solid lines are fits 
meant to guide the reader’s eye. 
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cholesterol doping levels (Fig. 3.5). Surprisingly, a significant enhancement (4-fold 

increase at 30 mol% cholesterol doping level) in overall binding rates was observed across 

the concentration range of the protein. The Nye model predicts that restriction of the 

lateral mobility of chelator lipids should produce a decrease in association rate, due to the 

decrease in the overall binding affinity, whereas we observe the opposite trend. To test 

the effect of incorporation of cholesterol in the membrane on the binding affinity of the 

protein, we performed ITC measurements (Figure A3.8). ITC data indicated an increase 

in binding affinity of His-tagged protein to the Ni-NTA surface with increasing cholesterol 

doping levels. This increase is likely due to the ability for cholesterol to alter the thickness 

and the orientation of PC headgroups on a liposome surface.38 Cholesterol is known to 

induce strong re-orientation of surrounding lipids in a bilayer surface apart from 

enhancing the diffusion of surface waters around the bilayer interface.41-42Additionally, 

Blanchette et al. have speculated that the rotational mobility of nitrilotriacetic acid 

moieties can also play a role in increasing the effective density of the chelator lipids.37 

Therefore, it is plausible that cholesterol induced changes in the orientation of the Ni-

NTA, can alter the accessibility of the Ni-chelating headgroups, thereby leading to 

enhanced binding affinity.			

Regardless of the mechanistic origins of the enhanced binding rates from cholesterol 

incorporation, the concentration dependence of slow-phase rate constants continues to 

show a negative trend at high protein concentrations (Fig. 3.5C). The parameter kfall 

obtained by a linear fit to the slow-phase rate constants as a function of concentration, 

provided a measure of the magnitude of this phenomenon (Figure A3.9B). We found that 

the absolute value of kfall increases at higher cholesterol doping levels indicating that the 
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depletion of available protein binding surface area was accelerated by incorporation of 

cholesterol in the vesicle samples.  

 

Since cholesterol can both increase the effective chelator lipid density, as well as modulate 

the long-range mobility of the Ni-functionalized lipids, careful consideration of both 

possible contributions is critical for drawing physically meaningful conclusions. If the 

slow-phase rate constants were a result of chelator lipid recruitment by the monovalent 

bound species of the protein, we would expect such an effect to manifest even at low 

protein concentrations. At low protein concentrations (<250 nM) however, the local 

protein density is very low and the availability of Ni-NTA sites (and overall membrane 

surface area) is abundant. Hence, decreasing the lateral mobility of the lipids by using 

cholesterol should significantly slow down the recruitment of the chelator lipids, but no 

such decrease in association rate was observed at low protein concentrations. Instead, 

both the fast and slow phases exhibit normal biomolecular association kinetics at low 

protein concentrations (Figure A3.9A). Fitting the linear increase in rate constants as a 

function of protein concentration yielded apparent bimolecular association constants 

(kassoc) that were comparable irrespective of the cholesterol doping levels for both the fast 

and the slow phases (Figure A3.9A). This observation almost certainly excludes the 

possibility of long-range receptor recruitment as a plausible explanation for the slowing 

down of the association rates at higher protein densities. Therefore, the trend of 

decreasing association rates at high protein densities must be a consequence of steric 

occlusion of Ni-NTA binding sites from the initial protein binding step. 
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To validate this steric occlusion hypothesis, we modified the divalent cation bound to the 

chelator lipid headgroup. By utilizing Cu (II) instead of Ni (II) as the divalent cation in 

the chelate complex, we were able to enhance the binding affinity43 of His-tag interaction 

with the liposome, without changing the lateral mobility of the surface. Stopped flow 

kinetics with the Cu-NTA doped liposomes revealed an enhancement in overall binding 

rates, with rate constants exceeding those observed with Ni-NTA containing liposome 

samples. However, the slow-phase rate constants decreased at higher protein densities 

(Figure A3.11). This observation further supports our argument that the unusual 

concentration dependence of slow-phase rate constants is a result of decreasing chelator 

lipid accessibility from the initial protein binding step, and not a result of long-range 

chelator lipid recruitment.  

3.2.5 Protein surface charge does not significantly modify the association 

kinetics at high protein densities.   

Another possible mechanism for the anomalous association kinetics is protein 

oligomerization at high densities, given the literature precedent for protein 

oligomerization at a crowded membrane interface.44 To test for this possibility we 

designed control experiments using a super charged variant of SfGFP (-30 GFP, with a 

net charge of -30), which was reported in the literature to have extremely low propensity 

for forming higher-order oligomers or aggregates.45 The -30 GFP was an ideal choice for 

this experiment, as the supercharged variants have identical structural, and fluorogenic 

properties as the SfGFP (net charge -7) with changes only in the overall charge at the 

protein surface. Hence, the electrostatic repulsion at the crowded protein interface should 

inhibit formation of any higher order oligomers. We acquired stopped flow transients for 

-30 SfGFP binding using the same liposome concentration as previously described, while 
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observing the protein binding timescales at higher protein concentrations (>500 nM). 

While the overall time scales of association were found to be different when -30 GFP was 

used instead of SfGFP, the stopped flow transients revealed no major change with regards 

to the trend of decreasing rate constants at high protein densities (Figure A3.12). This 

observation clearly indicates that induced protein oligomerization at very high 

concentrations is not responsible for the unusual association kinetics at high protein 

densities. 

3.2.6 Protein binding to the liposome surface can occur via multiple 

conformations.  

Having eliminated multiple scenarios that could help explain the anomalous binding 

kinetics, we explored the possibility of orientational heterogeneity in protein binding as 

an explanation for the observed behavior. While the relationship between protein 

orientation and protein footprint has received little attention in the literature, it is an 

important factor to consider for proteins that possess non-spherical tertiary folds. In the 

case of SfGFP, analysis of its crystal structure reveals that the beta barrel fold of the 

protein is likely to possess varying footprints on the membrane surface depending on the 

orientation of the structures relative to the membrane surface (Fig. 3.6A).21 Theoretical 

prediction of the available membrane surface area upon protein binding is shown in 

Figure 6A. Assuming a stokes radius of 2.57nm for the end-on conformation, and 3.82nm 

for the side-on conformation, we estimate that protein binding leads to a strong depletion 

of the available membrane surface area under our experimental conditions. 

Hypothetically, if all protein molecules bound to the surface in a side-on mode; we expect 

the saturation of the membrane surface to occur at much lower concentrations owing to 

the higher footprint (Figure 4.6A-Inset). Interestingly, Nye et al. have estimated that the 
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packing density of GFP can vary to a large extent (between 80,000 to 200,000 

molecules/µm2) based on the orientation of the protein relative to the membrane 

surface.20 Protein orientational heterogeneity was also observed in other peripherally 

bound systems such as streptavidin conjugates and their binding interaction with 

membrane surfaces.46 Additionally, experimental exploration of globular proteins on 

monolayer surfaces has revealed that maximal surface density is attained only upon 

reorganization of globular proteins by formation of quasi-crystalline arrays on the 

surface.47 Theoretical studies performed on non-specific adsorbates on planar surfaces 

have suggested that protein binding on a surface can occur via multiple modes – through 

a higher-affinity side-on conformation that leads to higher area exclusion (with lower 

packing capacity) or through a lower affinity end-on conformations that leads to 

decreased area exclusion (with better packing capacity).48-49 The kinetic data from these 

models also reveal that the side-on conformation binds to the surface faster than the end-

on.  
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However, as the protein density increases, the adsorbate flipping rate decreases 

presumably due to restriction of the protein’s conformational freedom. Hence, despite the 

thermodynamic instability of the population (at high surface coverage) present in the 

side-on conformation, the overall protein binding timescales were slower as the adsorbate 

interconversion between orientations would be the rate-limiting step due to the high 

footprint exhibited by the side-on population (Figure 3.6A).48  

 

While this model qualitatively explains a number of our experimental observations, it is 

worthwhile noting that a quantitative application of the model to our experiments was 

challenging for a number of reasons. First, the theoretical analysis by Minton et.al48 was 

performed assuming that the adsorbate and the surface interacted through a non-specific 

mechanism. In our case, we have already proven the specificity of His-tag binding to the 

liposome surface via several control experiments (Fig. 3.2A). Second, the assumption 

Figure 3.6. Protein footprint from alternative conformations can lead to differential 
surface saturation (A) Theoretical estimation of the total available liposome surface area 
upon SfGFP binding in different conformations. The apparent protein footprint from 
both structures were obtained from crystal structures explained in the Experimental 
section (PDB ID 2B3P). (B) Schematic representing the restricted conformational 
sampling as the local density of the proteins increase on the membrane surface. We 
hypothesized that fluorescence anisotropy should decrease further upon increasing 
protein packing, which in turn will decrease the degrees of conformational freedom 
available for the SfGFP to sample. (C) Fluorescence anisotropy describing SfGFP binding 
to lipid membrane surface. Correction for the scrambling of polarized light was 
performed using Teale. Et al’s method (Figure A13).  
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from Minton et al’s previously published work one conformation can bind to the surface 

with a higher binding affinity was based on the binding potential of the interacting 

species. This assumption does not hold true in our experimental conditions, due to the 

specific nature of the protein interaction with the surface. Third, direct measurements of 

the changes in binding affinities between the two interconvertible protein conformations, 

even if existent, is extremely difficult due to experimental constraints. As a result, 

quantification of protein binding kinetics to distinguish the two different orientations was 

not feasible. To mitigate such limitations, we sought a simple, qualitative method to 

measure the change in the protein’s ability to sample multiple conformations upon severe 

area exclusion at high protein densities. 

Fluorescence anisotropy offers a convenient approach to measure changes in fluorophore 

emission transition moment relative to the excitation transition moment.50 The 

technique, by virtue of its sensitivity to changes in the orientation of the fluorophore’s 

excited state owing to molecular rotation and tumbling, has been employed in the 

numerous studies involving protein folding,51-52 protein insertion into lipid 

membranes,48 peripheral membrane interactions and many more.53 If protein binding to 

membrane surfaces occurred with different possible binding orientations as predicted by 

the model of Minton et al., the heterogeneity of binding and thus the fluorescence 

anisotropy should be sensitive to the surface packing density (Fig. 3.6B). The rotation of 

the 100 nm liposomes is slow on the timescale of the fluorescence lifetime and therefore 

does not contribute to any observed reduction of the anisotropy. At low packing densities, 

the protein should be able to adopt multiple side-on conformations. Increasing the 

packing density (by increasing the protein concentration) should produce a more highly 

constrained protein, predominantly in the end-on conformation and hence a larger 
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fluorescence anisotropy. Therefore, it should be possible to employ fluorescence 

anisotropy to detect changes in the average protein orientation on the liposome surface 

caused by a change in surface density.  

Fluorescence anisotropy experiments on proteins bound to liposomes are challenging for 

several reasons. First, protein binding to the membrane surface has a much bigger effect 

on the anisotropy than the subtle difference that arises due to changes in protein 

orientation.48 Second, due to the transient nature of the Ni-NTA – Histidine interaction, 

it is difficult to eliminate the contribution to fluorescence from the bulk, unbound protein. 

Third, light scattering by the liposomes will cause intrinsic depolarization of the excitation 

and the emitted light as reported by Teale. et al.54 We addressed these concerns by careful 

experimental design. We eliminated the contribution to fluorescence emission from the 

bulk, unbound SfGFP, by employing a different divalent metal cation as a chelate 

complex. We first bound the His-tagged SfGFP to chelator lipids containing Co (II) 

instead of Ni (II). The oxidation of Co (II) to Co (III) provides near covalent 

immobilization of histidine tagged proteins as reported in the literature.55 After size 

exclusion, we were able to perform measurements with conjugates only containing the 

liposome-protein complex and eliminate any contribution from the unbound protein in 

solution. We were then able to perform a calibration measurement accounting for the 

changes in anisotropy due to turbidity in the medium, resulting in a correction factor that 

enabled accurate investigation of changes in fluorescence anisotropy.54 
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We performed fluorescence anisotropy on the conjugates by comparing liposomes 

containing lower density of chelator lipid (5 mol% Co-NTA) against higher density of 

chelator lipid (20 mol% Co-NTA). We spanned 

a wide concentration range of the protein from 

150 nM to 2 µM (Fig. 3.6C). At higher protein 

densities, we observed a decrease in 

anisotropy in both the high and the low 

chelator lipid densities. We attributed this 

decrease to homo-FRET, a well-established 

phenomenon observed in numerous 

fluorophores, particularly in the case of 

SfGFP.56 Several studies have utilized this 

effect to study GFP clustering in cells and for 

quantifying the size of lipid membrane 

microdomains.57 Despite artifacts from homo-

FRET, it is evident that, irrespective of the 

concentration of the protein used, there was a 

subtle, yet consistent decrease in fluorescence 

anisotropy when liposomes containing lower 

density of the chelator lipid was used. This 

greater fluorescence depolarization clearly 

demonstrates that when steric crowding is relieved (at lower protein densities), the 

surface bound proteins are able to sample multiple conformations through local 

fluctuations of the GFP orientation on the timescale of the fluorescence lifetime. Thus, 

Figure 3.7. Proposed schematic for 
protein association to lipid surface. (A) 
At low concentrations, SfGFP binding 
to Ni-NTA containing surfaces follow 
mono-exponential binding kinetics due 
to availability of excess membrane 
surface area. (B) At high 
concentrations, SfGFP binding to lipid 
surfaces follow bi-exponential binding 
kinetics due to depletion of available 
binding surface area. 
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the fluorescence anisotropy data provides direct evidence for the idea that protein binding 

to vesicle surface with limited available surface area can occur via multiple orientations. 

As suggested by Minton et al., such orientational heterogeneity might play an important 

role in the relative surface area occupied by the protein structures and can thus affect the 

association kinetics to a great extent (Figure 3.7). The non-specific nature of multi-modal 

binding suggested in the literature is very different from our experimental design and 

hence, warrants discussion. In particular, careful consideration of the timescales of 

protein re-orientation and conformational fluctuations is required for drawing 

meaningful mechanistic conclusions.  We anticipate the protein re-orientation to occur at 

much faster timescales (ns-µs) than the slowing of binding rates observed in our stopped 

flow results in the millisecond-second regime. This indicates that the bound-protein 

complexes have to overcome additional kinetic barriers to achieve equilibrium in longer 

timescales. We propose that side-on conformation of the protein complexes can be 

stabilized by electrostatic contacts between the protein surface and the charged bilayer of 

the liposome surface. Despite the net negative charge of the protein sequence (-7 for 

SfGFP), GFP variants are capable of establishing electrostatic contacts with the negatively 

charged membrane surface independent from the histidine-tag interaction. 21 The 

stabilization of the side-on orientation by such electrostatic contacts can not only saturate 

the membrane surface better than the end-on, but also restricts the accessibility of Ni-

NTA from forming co-ordinate complexes with additional histidine tagged proteins in the 

bulk solution. Hence, at higher protein concentrations, these stabilizing interactions have 

to be broken to accommodate the additional binding of proteins in a conformationally 

constrained end-on conformation.  
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Based on our experimental observations, we conclude that protein binding to a vesicle 

surface occurs multimodally. At lower protein concentrations (Figure 4.7A), the 

availability of free membrane surface area allows for better conformational sampling of 

the membrane-bound protein structures. This leads to bimolecular association kinetics 

as observed in our stopped flow data. However, as the membrane surface begins to 

saturate with increasing protein concentration (Figure 4.7B), the conformational freedom 

of the surface-bound proteins is heavily restricted. Therefore, the flipping of proteins 

from a side-on conformation to a restrictive end-on conformation represents a major 

kinetic bottleneck to complete protein association, leading to the slowing of overall 

binding rates. 

3.3 CONCLUSIONS  

In this work, we provide a thorough and quantitative investigation of the kinetics of 

histidine tagged proteins binding to Ni-NTA surfaces utilizing an array of biophysical 

techniques. Utilizing SfGFP as a model system, we illustrate that the protein binding 

occurs via a complicated multi-step mechanism characterized by a poly-exponential 

fluorescence quenching behavior as observed via stopped flow. Subsequent mechanistic 

investigation reveals that protein binding occurs multimodally with at least two 

independent binding conformations that exhibit different protein footprint at the 

membrane surface. Our results demonstrate that protein association to a liposome 

surface does not always exhibit a simple bimolecular behavior. Instead, careful 

consideration of the available surface area, membrane composition and protein footprint 

are necessary for efficient immobilization of such biomolecular conjugates. This study is 
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valuable for the improvement of conjugation strategies and will pave the way for further 

investigation of mechanisms underlying complex protein-lipid interfaces.  

3.4 EXPERIMENTAL SECTION 

3.4.1 Materials. DOPC, Cholesterol, Dabsyl-PE, NTA-DGS and Ni-NTA-DGS were 

purchased from Avanti Polar Lipids (Alabaster, AL). FITC (5/6 fluorescein 

isothiocyanate) and Rhodamine-PE was purchased from ThermoFisher Scientific 

(Waltham, MA). His-tagged SfGFP was expressed and purified in house from the plasmid 

SfGFP-pBAD. 29 SfGFP-pBAD was a gift from Michael Davidson & Geoffrey Waldo 

(Addgene plasmid #54519; http://n2t.net/addgene:54519; RRID: Addgene_54519). -30 

GFP was expressed and purified from the plasmid- pET-6xHis-(-30) GFP was a gift from 

David Liu (Addgene plasmid # 62936; http://n2t.net/addgene:62936; RRID: 

Addgene_62936). 45 EDTA, Cobalt (II) chloride, and Copper (II) chloride was obtained 

from Sigma-Aldrich (St. Louis, MO). MOPS, Sodium Chloride, and Amicon Ultra-0.5 mL 

centrifugal filters (10kDa MWCO) were obtained from EMD Millipore (Billerica, MA). 

3.4.2 Large unilamellar vesicles preparation. Large unilamellar vesicles (LUVs) 

were prepared by extrusion. Lipid mixtures were dissolved in chloroform and dried under 

a stream of Argon gas on the inner wall of a small vial and then placed under vacuum 

overnight to form stable lipid cakes. For measurements involving different chelator lipid 

densities, we changed the amount of DOPC in the lipid mixtures dissolved in chloroform, 

by keeping the Ni-NTA DGS content the same. For instance, 5mol% Ni-NTA DGS samples 

were made by mixing 200µM Ni-NTA DGS with 4mM DOPC whereas 20mol% Ni-NTA 

DGS samples were made with 200µM Ni-NTA DGS with 800µM DOPC. 5mol% Dabsyl 

PE (in chloroform) was incorporated into the lipid cakes before drying. Lipid cakes were 
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then rehydrated to a final liposome concentration of 1mM with MOPS buffer (50 mM 

MOPS, pH 7.2) for 1 hour at room temperature.  Every 15 minutes, the rehydrated lipid 

solution was vortexed thoroughly, and subsequently subjected to five freeze thaw cycles. 

The resulting multi-lamellar vesicle solutions were then extruded through a 

polycarbonate membrane (pore size 100nm; Whatman/GE Healthcare) 20 times to 

produce a clear solution of liposomes.  

3.4.3 Dynamic light scattering measurements. Micromeritics Corporation’s 

NanoPlus, a particle size analyzer was used to perform dynamic light scattering (DLS) to 

measure the hydrodynamic diameter of the liposomes with and without the presence of 

protein. A final liposome concentration of 500 µM was used in all experiments. A micro-

volume glass cuvette capable of measuring sample volumes as low as 60µL was used for 

all measurements. Optimization of scattering intensity was performed by adjusting the 

cell-center, and by tuning the laser attenuation.  

3.4.4 Steady state fluorescence measurements. Steady state fluorescence 

measurements were performed by using BioTek Cytation 5 multi-mode microplate 

reader. Untreated, clear bottomed flat 96-well plates were used for all experiments. The 

final bulk concentration of Ni-NTA DGS in the liposome samples were maintained at 

100uM, and protein concentrations were changed across the plate by using MOPS buffer 

to dilute a concentrated protein stock solution. Sample excitation was performed at the 

wavelength of 485nm. Quantification of apparent dissociation constants (Figure A2 & 

supplemental table 1) and details of fluorescence anisotropy measurements are described 

in the APPENDIX. 
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3.4.5 Stopped flow fluorescence measurements. The association kinetics of 

protein binding to liposomes were quantified by using SX20 stopped flow apparatus 

(Applied Photophysics, UK).  The starting concentration of the liposomes was maintained 

at 1mM (DOPC with 20mol% Ni-NTA DGS) and the protein concentration was varied 

from 50nM to 4µM. Upon initiation of the stopped-flow, the two solutions were mixed in 

an observation chamber a short deadtime (~ms) and the fluorescence was monitored by 

a Photomultiplier tube (PMT) with a 495nm Long-Pass filter to eliminate any scattering 

of the excitation light (485nm) from reaching the detector. All measurements were 

performed at room temperature and curve fitting was performed using Igor Pro 

(Wavemetrics, Portland, OR) detailed in APPENDIX (Figure A4).   

3.4.6 Theoretical estimation of protein footprint on membrane surfaces. To 

estimate the orientation dependence of the protein footprint on membrane surfaces, we 

considered the morphology of the liposomes. Assuming the liposomes to be spherical, we 

calculated the overall available surface area exhibited by the liposome samples by 

computing the number of lipid molecules per liposome using the following equation 

  

𝑁 =
?@AB<CD

C
E@AB<C7FD

C
G

H
 (1) 

Where D denotes the diameter of the liposome, h denotes the bilayer thickness, and a 

denotes the average molecular headgroup area of the lipid. Assuming a headgroup area 

of 0.71 nm2 for phosphatidylcholine lipids,58 we were able to calculate the surface area per 

liposome, and subsequently, the total available membrane surface area. 

Given that our experimental design involved modulation of the Ni-NTA density, we 

needed to account for the difference in binding affinities of protein binding to the 
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membrane surface as a function of changing chelator lipid densities. Changing the 

binding constants of the complexes will affect the fraction of protein bound to the surface, 

in turn, affecting the fraction coverage. We utilized the binding constants acquired from 

our steady state fluorescence and ITC measurements (Figure A2 & A3) to estimate the 

bound protein fraction. The fraction of proteins bound to the surface was estimated as 

described in the literature briefly summarized as follows.  

𝜽 = [𝑺𝒇𝑮𝑭𝑷]
[𝑺𝒇𝑮𝑭𝑷]E𝑲𝒅

 (2) 

Here, the parameter q represents the fraction of proteins bound to the surface. [SfGFP] 

denotes the concentration of the protein solution and Kd represents the binding affinity 

of His-SfGFP construct to the Ni-NTA DGS decorated liposome surfaces. The parameter 

q, thus enabled for a theoretical estimation of the protein footprint at the membrane 

surface by assuming a stokes radius of 2.5 nm for the protein binding to the surface with 

an end-on conformation and a radius of 3.7 nm for the side-on conformation. The 

assumptions were based on the literature reported values of surface coverage by 

controlled orientation of the RFP b-barrel and from analysis of crystal structures using 

PyMol.29 

3.4.7 Protein expression and purification. All proteins used for the study- SfGFP, 

-30 GFP and EcDHFR were expressed and purified following steps as detailed elsewhere. 

Briefly, all genes were expressed by using E. coli strain BL21(DE3) with Luria-Bertani 

(LB) medium containing 100 µg/mL ampicillin. Care was taken to pick a single ampicillin 

resistant colony that was then inoculated into a 20 mL culture flask containing 5 mL of 

LB (with ampicillin) medium at 37 °C overnight inside a shaker incubator maintained at 

200 rpm. 1 mL of the starter culture was then inoculated into a large conical flask 
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containing 1 L of LB medium with antibiotic and allowed to grow until the optical density 

at 600 nm reached 0.6-1.0. Next, inducer was added to a final concentration of 1 mM. 

Either IPTG or L-Arabinose was used as an inducer depending on the construct of 

interest. The resulting culture was subjected to vigorous shaking in a shaking incubator 

and allowed to grow for at least 6 hours to overnight. The cells were then harvested by 

centrifugation and subjected to cell lysis.  

The pellets were resuspended in a lysis buffer containing 50 mM Tris, 150 mM NaCl, 5 

mM b-Mercaptoethanol, containing protease inhibitor (from tablets of protease inhibitor 

cocktail).  1 mg/mL of Lysozyme was then added to the mixture, stirred on ice for an hour 

and sonicated on ice (Sonic Dissemble model 500, Fisher Scientific, Pittsburgh, PA). The 

lysed cells were then subjected to centrifugation, and the supernatant was filtered and 

purified using HisPrep affinity column on an AKTA FPLC system (GE Healthcare, 

Pittsburgh, PA). The proteins were eluted by using an imidazole gradient to competitively 

unbind the attached proteins to the Ni-NTA column. The eluted protein was subjected to 

desalting and concentrated using an Amicon concentrator with a 10 kDa molecular weight 

cutoff. The protein samples were then buffer exchanged to 50 mM MOPS buffer 

maintained at a pH 7.2. For EcDHFR samples, a small concentration of reducing agent (1 

mM DTT) was added to prevent the possibility of disulfide formation.  

3.4.8 Isothermal Titration Calorimetry. All ITC experiments reported in the 

chapter was performed using a MicroCal VP-ITC in low-feedback mode. A total of 31 

injections were performed, resulting in titration of liposomes stock in the titrator syringe 

into a thoroughly rinsed cell chamber containing the protein sample. A Ni-NTA DGS 

concentration of 350 µM (Total liposome concentration of 1.75 mM in case of 20mol% Ni-
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NTA DGS) was used in all experiments, and the DOPC concentration was varied to 

accommodate changing chelator lipid densities. The protein stock solutions were 

maintained at 9 µM unless otherwise reported. The reference power was maintained at 

10 µCal/sec and the cell temperature (20 °C) was equilibrated for at least 30 minutes. The 

spacing between injections were set 360 seconds and data from the first injection was 

always discarded due to artifacts from dilution. Data analysis was performed by the 

MicroCal Analysis software, and the obtained enthalpograms were fit to one set of sites 

(for sample void of cholesterol) or two set of sites model (for samples containing 

cholesterol) and the coefficients are reported in Table A2.   

3.4.9 Analysis of steady state fluorescence data. Steady state fluorescence 

quenching from SfGFP-liposome interaction was analyzed based on traditional 

fluorometric assays of protein binding to liposomes. Given the complex nature of the 

binding process, we employed the use of the Hill equation as described previously. A 

constant ligand (Ni-NTA DGS) concentration was chosen to eliminate changes to light 

scattering due to increasing liposome presence and the vesicle samples were incubated 

with different protein concentrations.  

DQ
DQ5RS

= [(]T
[(]3

= U
UE(WX [(]Y)⁄ \     (S1) 

Where [P]b, [P]0 represents the bound protein concentration and total protein 

concentrations respectively. Kd here represents the apparent dissociation constant and h 

represents the Hill coefficient. DF and DFmax indicate the fluorescence intensity decrease 

at a given protein concentration, and the maximal intensity decrease, respectively. Given 

that the amount of protein bound must correlate with the decrease in fluorescence, we 

were then able to fit the individual binding isotherms to the Hill equation (Figure A2) to 
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yield apparent dissociation constants that correlate well with the data acquired via ITC. 

The fit coefficients are summarized in Table A1.  

3.4.10 Fluorescence recovery after photobleaching. Lipid lateral mobility 

changes upon addition of Cholesterol was assessed by using Nikon C2 inverted confocal 

microscope using an excitation laser centered at 561 nm and emission captured using a 

lower energy bandpass filter placed in front of a 3-channel standard Photomultiplier tube 

detector system. 0.02 mol% of Rhodamine PE was doped in to the lipid cakes for FRAP 

experiments. The lipid cakes were hydrated, extruded and ultimately supported lipid 

bilayers were formed by spontaneous fusion on plasma cleaned glass surfaces as 

described elsewhere. Time-lapse images were acquired over 420 seconds after 

photobleaching a circular spot of diameters ranging from 10-25 µm. The fluorescence 

recovery transients were subsequently fit to exponential function, enabling us to estimate 

the lipid lateral mobility and the changes in diffusivity upon changing cholesterol 

concentration. 

3.4.11 Preparation of Cu and Co containing liposomes. To change the divalent 

cations bound to the chelator lipid headgroup, we followed protocols described elsewhere. 

Briefly, we doped Ni-free NTA-DGS into DOPC containing lipid cakes at 20 mol% density. 

After liposome extrusion, we incubated the liposome solution in a buffer stock containing 

2-fold molar excess of CuCl2 or CoCl2 and the excess divalent cations were removed from 

solution through several rounds of centrifugal filtration. All liposome samples were 

subjected to dynamic light scattering measurements and we did not observe any 

significant changes in the morphology of the liposomes (data not shown), indicating that 

the addition of divalent cations did not affect the liposomes hydrodynamic diameter.  
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For Co(II) oxidation experiments, we first incubated the Co(II) NTA doped vesicles with 

SfGFP at varying concentrations for at least 2 hours in room temperature to reach 

equilibrium. Once the incubation time was complete, we added 10mM Hydrogen Peroxide 

to all the samples. After an hour, we removed the unbound SfGFP from the samples by 

subjecting them to centrifugal filtration utilizing a 50kDa molecular weight cutoff filter. 

After 3 rounds of filtration, we observed little to no presence of SfGFP in the filtrate 

indicating the successful oxidation of Co(II) to Co(III) and subsequently, immobilization 

of proteins to the surface (data not shown). 

3.4.12 Analysis of stopped flow transients. To obtain the rate constants associated 

with stopped flow transients, we fit the fluorescence decay globally to either bi or tri 

exponential functions. We noticed that, in presence of cholesterol, protein binding to 

liposomes exhibited a tri-exponential behavior with no clear concentration dependent 

trend. While a thorough exploration of these rate constants was beyond the scope of this 

chapter, it is certainly possible that long-range structural effects due to protein binding to 

cholesterol containing liposomes might cause extensive re-arrangement leading to such 

behavior. Regardless, we report the rate constants of the slower phase in supplementary 

Figure A10 for reference.  

To fit the concentration dependence of slow phase rate constants, we fit the rate constants 

to a modified sigmoidal fit as shown in equation S2. The fits were performed purely to 

guide the readers eye, and not to imply any direct physical meaning.  

𝑦 = 𝑏𝑎𝑠𝑒 +	B bHc
UE	d(S\R0efS)/hRi6

D + (𝑎	. 𝑥) + 𝑏  (S2) 
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Where base is the baseline, max represents the maximum value, xhalf represents the 

midpoint of the sigmoidal fit, rate represents the rising rate, a represents the slope of the 

line (negative slope at higher SfGFP concentrations) and b represents the fitting constant.  

3.4.13 Anisotropy correction. To account for the artificial depolarization in 

anisotropy by light scattering in a turbid medium, we performed a correction, by 

accounting for the optical density of the solution in the 96-well plate. We slightly modified 

the protocol followed by Lentz et al. Briefly, to account for the turbidity of the medium, 

we utilized liposomes void of the chelator lipid. Given that the change in chelator lipid 

density was accomplished by varying the total DOPC content, we established a standard 

curve measurement by keeping the SfGFP concentration the same, and by changing the 

liposome concentration across a wide range. This changes the optical density of the 

medium significantly (data not shown). By sampling a wide range of liposome 

concentration, we were able to obtain a correction factor by fitting the anisotropy 

depolarization as a function of increasing concentrations to a linear function by using 

equation (S3)  

𝑟mno = 𝑟p − (	𝑟p. 𝐾. [𝐷𝑂𝑃𝐶])   (S3) 

Where robs is the observed anisotropy, r’ is the extrapolated anisotropy at zero optical 

density and K is the proportionality constant. This correction was used to account for 

scattering induced depolarization of the polarized light for all data presented in Figure 

6C.  
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Appendix 3: Kinetics of histidine tagged protein association to nickel-

decorated liposome surfaces. 

	
Figure A3.1. Ensuring proper formation of liposomes with increasing concentrations of 
Dabsyl PE. (A) Dynamic Light Scattering intensity profile of 1 mM DOPC liposomes containing 
0, 1, 2, 5 mol% Dabsyl PE. (B) Average diameters (Red squares- reported on the axis on the left) 
and polydispersity index of the liposomes (Blue squares- reported on the axis on the right) of the 
vesicle samples with increasing Dabsyl PE loading levels. The vesicles were extruded through a 
100 nm polycarbonate membrane as described in the experimental section, leading to a highly 
monodisperse population.  
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Figure A3.2. Steady state fluorescence binding isotherms. Change in steady state fluorescence 
intensity as a function of increasing SfGFP concentration and associated fits to the Hill equation. 
Increasing the chelator lipid density enhances the apparent dissociation constants as reported in 
Table S1. (A), (B), (C), (D) represent data acquired on liposomes containing 5, 10, 15 and 20 
mol% Ni-NTA DGS respectively.  
 
 
Table A3.1. Coefficients from fits in Figure S2.  

Chelator density 5mol% 10mol% 15mol% 20mol% 
Apparent 

Dissociation 
constant Kd(in nM) 

 
812.04 

 
418.69 

 
302.96 

 
247.29 

Hill coefficient (h) 1.117 0.851 1.22 0.94 
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Figure A3.3. Isothermal titration calorimetry of SfGFP binding to Ni-NTA DGS containing 
liposomes. (A) Representative ITC thermograms obtained by injecting (350 µM Ni-NTA DGS 
liposomes at a 20 mol% density) into the cell chamber containing 9 µM SfGFP. (B) Enthalpograms 
obtained under the same conditions. The solid line represents the associated fit to a single set of 
sites model. (C) Dissociation constants obtained via ITC as a function of increasing chelator lipid 
densities.  

Figure A3.4. Stopped flow transients and their associated fits Representative stopped flow 
fluorescence plotting the decrease in fluorescence intensity as a function of time. 200 µM Ni-NTA 
DGS and 1 µM SfGFP stock solutions were mixed in an observation chamber. (A) Stopped flow 
transient and the associated mono-exponential fit. The residuals reported at the top clearly shows 
that a single exponential is not adequate to describe the fluorescence quenching. (B) Stopped flow 
transient and associated bi-exponential fit. The residuals reported at the top show that a bi-
exponential fit is appropriate for analysis.  
 



 107 

 
Figure A3.5. Relative amplitudes of the two exponential phases obtained from stopped flow 
experiments. (A) represents the relative amplitudes of the fast and the slow phases, for liposomes 
containing 5 mol% Ni-NTA DGS and (B) represents the relative amplitudes of the fast and the 
slow phases for liposomes containing 20 mol% Ni-NTA DGS. As evidenced from the opposing 
trends, the slow phase amplitudes clearly have a bigger contribution to the overall fluorescence 
decay relative to the fast phase, particularly at higher protein concentrations. The fast and the slow 
phase amplitudes were fit to an exponential function to lead the reader’s eye and not to imply any 
direct physical meaning.  

Figure A3.6. Calculation of apparent association constants. (A) Calculation of apparent 
association constants from stopped flow fluorescence data. Bi-exponential rate constants (kfast and 
kslow) at low concentration (<500 nM) data from SfGFP binding to liposomes were fit to a linear 
function to obtain apparent kassoc (nM-1s-1). The apparent association constants were found to increase 
as a function of increasing chelator lipid density, indicating a bimolecular behavior for protein 
binding to liposomes under non-crowding conditions. (B) The slow-phase rates undergo a break 
in bimolecular behavior to exhibit a negative concentration dependence ([SfGFP] > 500 nM). The 
magnitude of this effect was reported by the use of kfall, a parameter obtained by fitting the rate 
constant data for the slow-phases at higher SfGFP concentrations, to a linear function. The 
negative rates are meant to be a qualitative guide and do not imply any direct physical meaning.    
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Figure A3.7. Fluorescence recovery after photobleaching. (A) Representative confocal time-
lapse image at t = 0, after photobleaching a spot at high laser powers. (B) Representative confocal 
image at t = 300 after recovery of the photobleached sample under observation conditions. Both 
images were captured by excitation at 561 nm wavelength, and observation via a bandpass filter 
centered at 582 nm. 0.02mol% of Rhodamine PE was doped into the vesicle composition, and used 
as a fluorescent reporter. (C) Normalized fluorescence intensity plotted as a function of time 
representing the recovery of fluorescence after photobleaching. Clearly, increasing cholesterol 
concentration decreases the lateral mobility of the lipids involved in the formation of the Supported 
lipid bilayer, indicating the restriction of lateral mobility by cholesterol loading. The recovery 
kinetics were fit to a single exponential leading to the calculation of a t1/2(secs) and reported in the 
inset.  
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Figure A3.8. Isothermal titration calorimetry of SfGFP binding to Ni-NTA DGS containing 
liposomes with varying Cholesterol doping levels. (A) Representative ITC thermograms obtained 
by injecting 350 µM Ni-NTA DGS decorated liposomes (10 mol% Cholesterol along with 20 
mol% Ni-NTA DGS) into the cell chamber containing 9 µM SfGFP. Enthalpogram obtained under 
the same conditions is reported in the lower half of the graph. (B) Representative ITC thermograms 
obtained by injecting 350 µM Ni-NTA DGS decorated liposomes (30 mol% Cholesterol along 
with 20 mol% Ni-NTA DGS) into the cell chamber containing 9 µM SfGFP. Enthalpogram 
obtained under the same conditions are reported in the lower half of the graph. Both enthalpograms 
were fit to a two-set of binding sites model and the dissociation constants and stoichiometries are 
listed in Table S2 below. 
  
Table A3.2. Dissociation constants and stoichiometries obtained from fits in Figure S8. 
Cholesterol density 10 mol% 20 mol% 30 mol% 

Kd1 in (nM) 100 nM  71.32 nM  63.29 nM  
Kd2 in (nM) 740 nM 628 nM 591 nM 
Stoichiometry (n1) 1.22 1.30 1.24 
Stoichiometry (n2) 4.40 4.04 4.24 

 
  

10mol% Chol 30mol% Chol 
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Figure A3.9. Calculation of apparent association constants. (A) Calculation of apparent 
association constants from stopped flow fluorescence data. Rate constants from poly exponential 
fits (kfast and kslow) at low concentration (<500 nM) data from SfGFP binding to liposomes were fit 
to a linear function to obtain apparent kassoc (nM-1s-1). (B) The slow-phase rates undergo a break in 
bimolecular behavior to exhibit a negative concentration dependence ([SfGFP] > 500 nM). The 
magnitude of this effect was reported by the use of kfall, a parameter obtained by fitting the rate 
constant data for the slow-phases at higher SfGFP concentrations, to a linear function. The 
negative rates are meant to be a qualitative guide and do not imply any direct physical meaning. 

 
Figure A3.10. Third phase rate constants observed in stopped flow transients with 
liposomes containing cholesterol. Concentration dependence of the slower, third phase rates 
obtained from stopped flow transients and their tri-exponential fits. At 10 mol% cholesterol 
doping levels, we didn’t observe a tri-exponential at SfGFP concentrations below 250 nM. 
However, a tri-exponential fitting function was necessary to describe the fluorescence decay at 
higher cholesterol loading levels.  
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Figure A3.11. Effects of changing divalent cations on the chelator lipid headgroup. Rate 
constants from bi-exponential fits to the stopped flow transients. Upon replacing the divalent 
cation from Ni2+ to Cu2+, we observe a large enhancement in binding rates for both the fast and the 
slow phases. (A) Fast phase rate constants plotted as a function of SfGFP concentration and (B) 
Slow Phase rate constants plotted as a function of SfGFP concentration. Despite enhancement in 
overall binding rates, we continued to observe the trend of decreasing rate constants in the slow 
phase.  
 

Figure A3.12. Effects of changing protein surface charge on binding kinetics. Observed rate 
constants from bi-exponential fits at high protein concentrations (>250 nM) by using -30GFP. (A) 
Fast phase rate constants at 5 mol% Ni-NTA DGS (bottom) and 20 mol% Ni-NTA DGS (top) and 
(B) Slow phase rate constants at 5 mol% Ni-NTA DGS (bottom) and 20 mol% Ni-NTA DGS (top). 
Despite changes in overall binding rates, we observed a clear trend of decreasing slow phase rate 
constants. 
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Figure A3.13. Anisotropy correction for turbid media. Anisotropy (r) of SfGFP fluorescence 
in presence of liposomes void of chelator lipid. By using Ni-free liposomes, we were able to 
account for the increase in turbidity of the optical medium without any major changes to the 
physical environment of the fluorophore. Figure legend denotes the parameters used for anisotropy 
correction. K is the proportionality constant, r’ is the extrapolated anisotropy at zero optical density 
and robs is the observed anisotropy.  
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Chapter 4 

Membrane thinning precedes membrane bending by protein crowding  
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4.1 Introduction: 

As established in the previous chapters, membrane structural changes driven by protein 

crowding is implicated in a number of critical biological processes.1-2 However, 

molecular understanding of the mechanisms that underlie the bending process remains 

rudimentary.3 For example, speculations have been made about how incorporation of 

Ni-NTA-DGS in model membranes can cause artifactual increase in local membrane 

curvature due to its steric bulk. However, the experimental evidence supporting such 

claims are sparse.4 Additionally, we have little to no structural information about what 

protein crowding does to the bilayer integrity apart from causing large-scale 

deformations. For instance, several groups have reported that membrane deformations 

triggered via asymmetric protein partitioning into the outer leaflet of a vesicle surface 

can lead to generation of regions of tight curvature that in turn promote deformation 

and vesicle fission.5 In the case of a-Synuclein, independent reports have observed that 

binding, and subsequent aggregation of the protein on the surface of the lipids can lead 

to lipid displacement, resulting in an overall decrease in the bilayer thickness.6 This 

membrane thinning event, upon insertion of a-Synuclein to the membrane surface is 

also speculated to decrease the bending rigidity of the membranes culminating in the 

formation of tubular structures.7 Despite such studies, several fundamental questions 

still remain. How does protein binding influence the lipid bilayer structure at a 

molecular level? How does protein association overcome the large barrier to membrane 

deformation posed by the bending rigidity of a normal phospholipid bilayer? Does the 

transition from normal vesicles to tubular structures happen in a two-state fashion, or, 

is the transition characterized by the presence of previously unresolved intermediates? 
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Conventionally, to study tubule formation triggered by protein binding, imaging-based 

techniques, such as Giant Vesicle tubulation assay, and micropipette aspiration are 

used.8-9 While these techniques are convenient in reporting on the large-scale 

morphological changes in vesicle structure, phase separation, protein density, and 

surface coverage. they often lack molecular and the temporal resolution required to 

address the issues discussed previously. The lack of methodology presents an implicit 

experimental challenge for analysis of membrane remodeling events, where structural 

data alongside temporal information is needed for the constructing a thorough 

mechanistic picture. The equilibrium FRET assay developed in Chapter 2 provided us 

with a quantitative handle on the membrane deformation process. However, they were 

not utilized completely for performing kinetic studies. We hypothesized that stopped 

flow fluorescence can be used to quantify the membrane bending timescales, by utilizing 

the FRET probes developed in chapter 2. For information about membrane thickness 

and molecular level structural detail, we turned to Small Angle X-Ray Scattering 

(SAXS). Additionally, to account for the uniform distribution of the fluorophores across 

the bilayer leaflet, we employed asymmetric vesicles. Stopped flow analysis of 

asymmetric vesicles enabled for delineating the relative contribution to fluorescence 

changes from the individual leaflets.  

 

We utilized Escherichia coli DHFR (EcDHFR) as a model protein for studying 

membrane expansion upon protein binding. Unlike in Chapter 3, utilizing His-SfGFP for 

the membrane expansion assay will severely complicate the analysis of fluorescence 

signals due to the overlap between the excitation and emission profiles of the 

membrane-associated fluorescent donor (NBD-PE) and the intrinsic GFP fluorophore. 
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EcDHFR offered a convenient alternative, due to its solubility, stability and the presence 

of histidine-tag.10-11 While EcDHFR has a similar stokes radius to SfGFP, it does not 

have any intrinsic chromophores or fluorophores, making it ideal for our FRET assay.  

Stopped flow fluorescence reveals that the membrane expansion process is multi-phasic. 

While a positive phase (kexpansion ~0.6-1.4 sec-1) occurs in the longer time regime 

indicative of the membrane expansion process, we also observe an initial phase 

exhibiting negative amplitude, indicating a previously unresolved process. We 

speculated that the initial phase might be a consequence of enhancement in cross 

bilayer FRET due to the uniform distribution of the donor and the acceptor across the 

bilayer leaflet. SAXS results clearly show that, at protein concentrations above the 

critical deformation concentration (CDC- refer Chapter 2), substantial membrane 

thinning (~3-7% change in thickness) occurs upon protein binding. Interestingly, 

membrane thinning was also found to be strongly dependent on the bulk protein 

concentration. Preparation of Asymmetric Small Unilamellar Vesicles (aSUV) allowed 

us to temporally separate the two processes, leading us to conclude that protein binding 

leads to an initial thinning of the bilayer, subsequently resulting in deformation.  

 

4.2 Results and Discussion 

4.2.1 Equilibrium characterization of liposome deformation driven by 

protein crowding. 

We first sought to identify and optimize the experimental conditions for triggering 

membrane bending by first performing equilibrium fluorescence measurements.  We 

have previously established the experimental conditions for triggering membrane 

remodeling in Chapter 2. Briefly, a steady concentration (0.5 mM) of Small Unilamellar 
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Vesicles (SUVs) extruded through 100nm Polycarbonate membranes, were incubated for 

30 minutes, in solutions containing different concentrations of EcDHFR ranging from 

100nM – 20µM. The composition of the lipids under steady state conditions were 

maintained at 80 mol% DPPC and 20 mol% Ni-NTA-DGS (the chelator lipid) unless 

otherwise mentioned. The loading levels of the fluorophores (NBD-PE and Rhod-PE) 

were both maintained at 0.2mol%.  

 

Concentration dependence of Fdonor/Facceptor data was collected using a 96-well plate 

reader for a high-throughput readout (Figure 4.1A). Spectral data were collected with a 

steady state fluorometer under identical conditions (Figure 4.1A-inset). As seen in Figure 

Figure 4.1. Equilibrium characterization of membrane deformation by protein 
crowding. (A) Ratio of donor fluorescence to acceptor fluorescence plotted as a function 
of protein concentration. Solid line is a sigmoidal fit with a midpoint of ~3.3 µM. Error 
bars represent the errors to the fit. Inset shows representative fluorescence spectra 
(Excitation at 463 nm) of the liposomes before and after addition of 10µM DHFR. NBD 
emission max (533 nm) increases relative to Rhodamine emission (582 nm) upon 
addition of the protein solution indicating substantial dequenching due to membrane 
area expansion. (B) A schematic describing the dequenching of NBD fluorescence upon 
membrane area expansion (C) Representative DLS intensity profile showing substantial 
morphological changes upon protein binding. 	
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4.1A, a strong concentration dependence in relative fluorescence (FDonor/FAcceptor) was 

observed in the measurement, indicating that a critical protein density has to be reached 

at the liposome surface, for fluorescence de-quenching to occur as a result of vesicle 

expansion (Figure 4.2B). Fitting the fluorescence data to a sigmoidal function leads to the 

determination of the critical deformation concentration (CDC) of ~ 3.3 µM.  

As an independent probe for membrane deformation, we performed Dynamic Light 

Scattering (DLS) on the liposome samples with and without the presence of 10µM DHFR 

(Figure 4.1C). As discussed in Chapter 2, careful consideration has to be given when 

analyzing DLS data on samples that possess non-spherical structures. However, we 

reasoned that the change in hydrodynamic drag of the liposomes, upon formation of 

tubules, will change the diffusion coefficients of the structures enough, to provide a 

qualitative handle on large scale structural changes. Using similar concentrations to the 

fluorescence measurements, we observe a large increase in the observed hydrodynamic 

radii of the vesicles, indicating that protein binding above the CDC causes significant 

membrane deformation. 

4.2.2 Stopped flow transients reveal an unresolved intermediate that 

precedes membrane deformation. 

We employed stopped-flow fluorescence to measure the kinetics of membrane 

deformation by protein crowding. The total concentration of lipids was maintained at 1 

mM (DPPC with 20 mol% Ni-NTA DGS and 0.2mol% of NBD PE and Rhodamine-PE) 

and the protein concentration was varied from 5 to 20µM. Under these conditions, the 

bulk concentration of Ni-NTA DGS was maintained at a moderate excess relative to the 
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total protein concentration. However, due to the limited surface area at the vesicle surface 

and phase separation, significant steric crowding is expected.   

We observed a strong time-dependent increase of the FDonor to FAcceptor ratio from protein 

binding upon initiation of the stopped flow (Fig. 4.2A). We observed no major changes in 

control experiments performed with fluid liposome composition, (POPC with Ni-NTA-

DGS) indicating that phase separation between DPPC (gel-phase lipid) and Ni-NTA-DGS 

(fluid-phase lipid) is important for generating steric pressure adequate to trigger 

membrane deformation.  

 

Interestingly, we observed that the stopped flow transients exhibited a complex behavior 

with the faster phase exhibiting a decrease in the FDonor/FAcceptor ratio, initially (<2 

Figure 4.2. Stopped flow fluorescence transients of membrane expansion driven by 
protein crowding. (A) Ratio of donor fluorescence to acceptor fluorescence plotted as a 
function of time. A reproducible negative feature is observed in the early timescale 
indicating the presence of an intermediate. The solid lines represent single exponential 
fits from t=2 seconds. The traces are offset for clarity (B) A schematic of the dequenching 
of NBD fluorescence upon membrane area expansion (C) Rate constants obtained from 
single exponential fits plotted as a function of DHFR concentration. Error bars represent 
standard deviation from three independent measurements. The linear fit is meant to 
guide the reader’s eye.	
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seconds) before it starts increasing at slower timescales (kexpansion ~0.6-1.4 sec-1). The 

increase in the relative fluorescence can be attributed to the time it takes for the bilayer 

to stretch, leading to dequenching of the fluorophores. The slow phase rate constants 

obtained from single exponential fits, increased linearly as a function of increasing 

protein concentration (Figure 4.2C). It is worthwhile noting that the timescales of vesicle 

expansion (7-16 seconds) is more than an order of magnitude slower than the expected 

timescales of protein binding (250-700 milliseconds for the slow-phase of protein 

binding) observed in chapter 3. This shows that protein binding itself is not a rate 

determining step. However, we do expect the protein conformational heterogeneity at the 

interface to modulate the amount of steric pressure generated in a concentration 

dependent fashion. Therefore, the increase in the slow-phase rate constants as a function 

of protein concentration can be attributed to the increase in steric pressure due to 

increasing protein density at the membrane surface.    

While a clear trend was established with the slow phase rate constants, we found it 

challenging to interpret the decrease in relative fluorescence in the earlier timescale (t<2 

seconds). Upon closer examination of the R0 of our FRET pair (~5 nm),12-13 we speculated 

that fluctuations in the lipid bilayer structure might lead to an enhancement in cross-

bilayer FRET. Given that the average thickness of a DPPC bilayer (~4.8 nm) 14 is very 

similar to the R0 of our FRET pair, we suspected that even minor changes to membrane 

thickness upon protein association would lead to a considerable change in FDonor/FAcceptor 

ratio.  

However, to test this hypothesis, a number of factors have to be considered. First, the 

precedence for peripheral protein induced membrane thinning is limited in the literature. 

Many anti-microbial peptides such as Mastoparan,15 Aurein,16 Magainin 2, etc.,17-18 have 
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been found to induce membrane thinning upon binding to model liposomes. a-Synuclein 

has also been found to induce membrane thinning by an aggregation driven lipid 

displacement mechanism.6 However, both a-Synuclein and the anti-microbial peptides 

usually insert into the membranes directly, to cause extreme perturbations to the bilayer 

structure. In our experimental setup, our model proteins bind to the liposome surface 

transiently, and peripherally via the Ni-NTA-His tag interaction.19    

Second, synthetic liposomes prepared via extrusion, sonication and electro formation, 

pose an intrinsic limitation in terms of controlling the symmetry of lipid distribution 

across the bilayer leaflet. This is due to the fact that the self-assembly of the lipid bilayers 

upon hydration of lipid cakes (multi-lamellar structures) is spontaneous, and the 

distribution cannot be controlled experimentally.20-21 Finally, temporally separating the 

membrane thinning and membrane bending is extremely difficult due to the severe lack 

of experimental methodologies that allow us to probe these processes simultaneously.  

4.2.3 Synthesis and characterization of Asymmetric vesicles.  

Asymmetric vesicles (aSUV) offer a facile solution to a number of the aforementioned 

issues. We hypothesized that by gaining control over the distribution of lipids on either 

side of the bilayer leaflet, we can specifically target the FRET pairs to individual leaflets. 

This enables for the deconvolution of the complex stopped flow transients, that is not 

possible in liposomes containing uniform bilayers with equal distribution.  

To synthesize asymmetric vesicles, we chose the catalyzed lipid-exchange method. This 

method relies on methyl-b-cyclodextrin (mbCD) to act as a lipid carrier.22 mbCD is a 

water-soluble oligosaccharide that is characterized by a hydrophilic exterior and a 

hydrophobic core, whose pocket is large enough to adequately fit a lipid chain23-24 (Figure 
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4.3A). By modulating the concentration of mbCD in solution, it has been discovered that 

a reversible mbCD-lipid complex can be formed. This phenomenon, can be manipulated 

to facilitate the exchange of lipids, and target them to a specific leaflet in the bilayer. We 

utilized this method to synthesize and purify asymmetric vesicles containing identical 

lipid compositions as described in section 4.2.1 and 4.2.2 (Experimental section).  

 

 

 

 

 

 

 

 

 

 

 

We characterized the integrity of the purified aSUVs by DLS. Careful measurements of 

DLS were necessary, due to the possible loss in yield upon chemical modifications of 

acceptor lipids due to mbCD treatment and centrifugation. Hence, we devised an 

approach to utilize DLS, to not just report on the changes in hydrodynamic radii of the 

acceptor vesicles upon preparation, but also, to report on the concentration of the vesicles 

once purification is complete (See Experimental Section). Under all conditions tested, we 

Figure 4.3. Synthesis and characterization of asymmetric vesicles. Heavy-donor strategy 
used in this study. The donor MLVs containing sucrose inside the vesicle core enabling 
easy sedimentation upon centrifugation. A brief overview of the protocol followed here 
can be found in the experimental section. The illustration in A) is adapted from Doktorova 
et al.22 B) DLS intensity profile comparing the hydrodynamic radii of template vesicles 
and final synthesized asymmetric vesicles. 	
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noticed that the hydrodynamic diameter shifts by a modest amount (ranging from 2-5%) 

relative to the original size of the acceptor vesicles. This subtle change in the average 

vesicle size, indicates that no major aggregates are found due to donor lipid 

contamination.22  

Once we verified that the purity and the overall integrity of the vesicles are intact, we 

proceeded to quantify the degree of asymmetry exhibited by the aSUVs. The 

quantification of asymmetry is important, as the fraction of fluorophores present in either 

leaflet will determine the fluorophore partitioning efficiency to one bilayer leaflet over the 

other, which in turn will be important in deconvoluting our stopped-flow results. The 

assay was based on the reduction of the fluorophore-NBD, once exposed to the reagent 

sodium hydrosulfite (25mM). In vesicles where NBD was targeted to the inner leaflet, we 

expect limited quenching (Figure 4.4A-blue trace) as the reducing agent cannot penetrate 

the membrane.21 However, upon addition of a detergent (1% Triton-X), the inner 

Figure 4.4. A fluorescence assay to determine the asymmetry of the synthesized liposomes. 
(A) Fluorescence quenching of NBD-PE by the reductant Sodium hydrosulfite (dithionite). 
In this case, NBD-PE was incorporated into the inner bilayer leaflet and POPC containing 
liposomes were used. (Experimental section). After a 24-hour incubation, the vesicles lose 
asymmetry due to lipid flip flop, and behave similarly to uniform vesicles (red trace). (B) A 
simplified schematic describing the assay.  	



 124 

monolayer of the aSUVs get exposed to the reductant, leading to efficient quenching of 

the dye (Figure 4.4A, 4.4B).  

  

As seen in Table 4.1, we were consistently able to achieve 75-81% asymmetry when 

utilizing vesicles in the gel phase (DPPC-Ni-NTA-DGS) and 86-92% asymmetry when 

utilizing vesicles purely in the fluid phase (POPC-Ni-NTA-DGS). This is consistent with 

the previously reported literature values of exchange efficiency obtained by the catalyzed 

lipid-exchange method.22  

4.2.4 Temporal separation of membrane thinning and membrane bending 

events by stopped flow fluorescence.  

Having established a reproducible methodology for the synthesis of asymmetric vesicles, 

we turned our attention to quantifying the kinetics of membrane expansion by employing 

aSUVs. We reasoned that, by targeting our FRET probes to only the outer leaflet, (Figure 

4.5B) any contributions to the fluorescence signal from energy transfer across the bilayer 

leaflets can be avoided. We estimated the aSUV concentration using our DLS based 

method (See Experimental Section). The starting concentration of the liposomes was 

maintained at 1 mM (DPPC with 20 mol% Ni-NTA DGS and 0.2mol% of NBD PE and 

 
Outer-leaflet composition 

 
Inner-leaflet composition 

Calculated % 
Asymmetry 

POPC – Ni-NTA DGS POPC – Ni-NTA DGS (NBD) 86 – 91% 
POPC – Ni-NTA DGS (NBD) POPC – Ni-NTA DGS 87 - 92%  
DPPC – Ni-NTA DGS DPPC – Ni-NTA DGS (NBD) 79 - 81% 
DPPC – Ni-NTA DGS (NBD) DPPC – Ni-NTA DGS 75 - 79% 

Table 4.1. Quantification of asymmetry of the aSUV preparation protocol estimated by 
the fluorescence assay. The percentage asymmetry is calculated by dividing the difference 
in fluorescence signal upon addition of 25mM dithionite by the total fluorescence signal.  	
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Rhodamine-PE) and the protein concentration was varied from 5 to 20µM. As discussed 

previously in Section 4.2.2, the bulk concentration of Ni-NTA DGS was maintained at a 

moderate excess relative to the total protein concentration. However, due to the limited 

surface area at the phase separated vesicle interface, significant steric crowding is 

expected.  

Stopped flow transients reveal a similar time dependent increase in FDonor/FAcceptor ratio 

while using aSUVs, in comparison to uniform vesicles, (Figure 4.5A) with a couple of 

notable exceptions.  

First, the increase in FDonor/FAcceptor ratio in the slower timescales, despite exhibiting 

similar rate constants (~kexpansion ~0.6-1.4 sec-1) appears to be steeper when using aSUVs, 

relative to the normal liposomes. This observation is puzzling as the time constants 

Figure 4.5. Comparison of membrane expansion kinetics of aSUVs vs uniform vesicles 
using stopped-flow fluorescence. (A) Representative stopped flow transients showing the 
ratio of donor fluorescence to acceptor fluorescence plotted as a function of time. 20 µM 
DHFR is used in both the equilibrium fluorescence measurement (Inset) and stopped flow 
measurement. The prominent negative feature is observed in the case of uniform vesicles, is 
greatly diminished in the case of aSUVs. The solid lines represent single exponential fits from 
t=2 seconds. The traces are offset for clarity (B) A schematic of the dequenching of NBD 
fluorescence upon membrane area expansion in case of aSUVs (C) Rate constants obtained 
from single exponential fits plotted as a function of DHFR concentration. Error bars 
represent standard deviation from three independent measurements. The linear fit is meant 
to guide the reader’s eye.	



 126 

should ideally increase as a function of increasing slopes. One possible explanation for 

this observation, is that the presence of a negative feature due to cross-bilayer FRET in 

the uniform vesicles can lead to convolution of the fluorescence transient, particularly at 

the faster timescales (<2 seconds). This might lead to artifacts while fitting the transients 

to an exponential function. Another possibility is that a single exponential is not adequate 

to fit the increase in relative donor fluorescence in the case of aSUVs. (Figure A4.2) It is 

possible that the membrane’s outer leaflet is reporting on expansion events that would be 

difficult to discern by utilizing uniform vesicles. In the case of normal vesicles, the stopped 

flow transients report simultaneously on the expansion of both the leaflets through a 

relative increase in the donor fluorescence, apart from the additional cross-bilayer FRET 

that occurs at early timescales. Both of these hypotheses can be explored by using aSUVs 

with FRET pairs targeted to the inner bilayer leaflet.  

Second, the magnitude of decrease in the relative fluorescence (using aSUVs) in the early 

timescales is extremely low, indicating that the origin of the negative feature in Figure 

4.5A (yellow trace) is indeed due to cross-bilayer energy transfer. This noticeable decrease 

in the amplitude of the negative phase, suggests that the usage of aSUVs have severely 

diminished the quenching of donor fluorescence from cross-bilayer FRET (Figure 5.5B). 

In other words, by virtue of its asymmetry, the FRET pairs found only on the outer leaflet 

of aSUVs, are insensitive to fluctuations in the bilayer thickness upon protein association. 

This observation is interesting for a number of reasons. First, it adds more evidence to 

our initial hypothesis, that the thinning of membrane upon protein binding, indeed, is 

responsible for the initial decrease in FDonor/FAcceptor ratio. Second, this observation 

suggests that the thinning of membranes upon protein association is a kinetic 

intermediate, that can be temporally separated from membrane expansion driven by 
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protein crowding. Third, membrane thinning occurs approximately in similar timescales 

(<4 seconds) as protein binding, indicating at least some temporal overlap between 

slowing of protein association at high densities (as discussed in chapter 3), and to the 

decrease in membrane thickness.  

Interestingly, the idea of membrane thinning being a kinetic intermediate has been 

suggested independently, as a possible mechanism for a-Synuclein induced remodeling 

of membranes.7 The study suggested that protein binding can cause enough disruption to 

the membrane surface, that leads to thinning of the overall membrane thickness. It was 

hypothesized that a-Synuclein might be able to squeeze the bilayer by applying a 

transverse vertical force to the membrane surface, leading to thinning, and subsequently 

lipid interdigitation. Given that membrane bending modulus and the thickness are 

intrinsically related, it is certainly possible that a thinned membrane intermediate can 

lower the energy cost of membrane bending. Our results seem to agree with these 

findings, though the membrane-binding interface is extremely different between both 

scenarios. It is certainly possible that a sudden jump in protein density, due to 

macromolecular association at the crowded protein-membrane interface can lead to 

strong changes in the bilayer structure as suggested by our stopped flow results. However, 

to validate our observations from analyzing aSUV expansion, and to probe molecular level 

changes in the bilayer structure, direct experimental validation of membrane thickness 

changes was necessary to arrive at accurate conclusions.  

4.2.5 Characterization of change in membrane thickness by Small-Angle X-

Ray Scattering.   
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To characterize the change in bilayer thickness upon protein binding to the liposome 

surface, we utilized Small Angle X-Ray Scattering (SAXS). SAXS is a useful methodology 

to study the bilayer structure at a molecular level despite its limited atomic resolution. 

We chose this methodology, because SAXS provides highly accurate and quantitative data 

on the size, shape and structural features of biological samples under relevant solution 

conditions, unlike most other techniques that involve harsh conditions such as freezing 

or drying.25  

Figure 4.6. SAXS diffractograms of 6.5 mM aSUVs under different protein 
concentrations. It can be clearly seen that the minima at the lower Q values gradually 
shifts to higher Q-values with increasing protein concentrations. This indicates a 
significant thinning of the membrane bilayer upon protein binding. 12 scans were signal 
averaged, and reference corrected to yield the final diffractogram and error bars 
represent the standard deviation Inset shows the concentration dependence of change 
in the apparent bilayer thickness. Error bars represent the standard deviation.  	
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SAXS is also an extremely useful tool to study lamellar structures of the liposomes. 

Typical SAXS diffractograms are sensitive to scattering signals that arise from 

transverse and longitudinal fluctuations from the lipid bilayers. Given that our 

liposomes are predominantly uni-lamellar, the scattering profile should ideally be 

diffuse without the presence of any appreciable Bragg’s peaks. 

As seen in Figure 4.6, a diffuse diffraction pattern is observed in case of aSUVs without 

the presence of any protein indicating a unilamellar vesicle structure without any major 

undulations (Black circles). The scattering profile from the lipid bilayer is characterized 

by the presence of the two major minima in the moderate Q ranges. The first minimum 

at Q ~ 0.05 Å-1 is typically indicative of the electron density on the outer leaflet of the 

membrane, whereas the second minimum at the higher Q values (~ 0.2 Å-1) is sensitive 

to the electron density at the inner leaflet of the bilayer. Upon addition of the protein to 

the aSUV samples, we notice a strong shift of the first minimum to higher Q-values 

indicating a significant decrease in the membrane thickness.  

 

It is worthwhile noting that, due to high density of the protein binding to the outer layer 

of the membrane surface, (~ 0.05 Å-1 ) the enhancement in electron density in this 

region complicates interpretation and the estimation of absolute values with regards to 

the bilayer thickness. Hence, for measuring the relative changes, only the changes to the 

hydrocarbon chain and inner headgroup layer of the vesicle will be considered. By 

modeling the SAXS diffractograms using a core-shell model,26 we were able to 

determine the thickness changes of the bilayer as a function of protein concentration 

(Figure 4.6 Inset). We estimate a significant change in the average membrane thickness 

(from ~ 4.5nm to 4.27nm) upon addition of the protein samples. These values are 
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similar to those obtained in literature for a-Synuclein induced reduction in bilayer 

thickness,6 despite our DHFR constructs not partitioning into the membrane directly 

through hydrophobic insertion. Apart from validating our initial interpretation of 

stopped-flow transients, the observation of membrane thinning leads to important 

insights into the mechanistic origins of membrane area expansion triggered by protein 

crowding.  

In particular, the induction of asymmetry in the electron density profiles of the outer 

headgroup layer implies that the bilayer structure is modulated significantly upon 

protein binding. Asymmetric insertion of proteins into the outer leaflet of the bilayer 

surface has been proposed to be a crucial driving force for membrane bending in a 

number of previously established studies.5, 27 It is certainly possible that asymmetric 

crowding of proteins, at very high densities on the outer leaflet of the bilayer surface can 

disrupt the bilayer’s integrity, leading to re-arrangements that cause substantial 

thinning of the bilayer surface. However, it is a hypothesis yet to be tested 

experimentally. 

 

Nonetheless, our observation that membrane thinning precedes membrane bending by 

protein crowding is a significant one. Conventional models that discuss the energy cost 

of membrane bending by protein association seldom consider the changes in bilayer 

thickness upon protein binding.27 As discussed previously in section 4.2.4, the bending 

modulus of the lipid membranes are intrinsically related to the thickness of the bilayer. 

Any minor changes to the bilayer thickness will therefore severely affect the penalty 

associated with bending the membrane. The softening of the host cell membranes upon 

the interaction of HIV has been hypothesized to be critical for pore formation and 
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infectivity.28 Also, a similar hypothesis was proposed for a-Synuclein induced 

remodeling of model membranes. Such studies imply that membrane thinning could be 

adopted universally by other membrane remodeling proteins as well.  

 

4.3 Conclusion: 

In summary, we provide direct experimental evidence to membrane thinning caused by 

protein crowding. By utilizing asymmetric vesicles, we also show that the membrane 

thinning and expansion processes are temporally separated from one another, 

indicating that membrane tubule formation is preceded by the initial membrane 

thinning process. Our results, not only complement previous observations about 

membrane deformation, but also provides a clear kinetic picture of the intermediates 

that precede membrane remodeling by protein association at high densities. We believe 

that the novel insights offered by this study greatly improves our understanding of the 

membrane bending process, and will inspire further quantitative investigation of 

protein crowding as a driver for membrane remodeling. 

4.4 EXPERIMENTAL SECTION 

4.4.1 Materials. DPPC, POPC and Ni-NTA-DGS were purchased from Avanti Polar 

Lipids (Alabaster, AL). NBD-PE and Rhodamine-PE were purchased from ThermoFisher 

Scientific (Waltham, MA). His-tagged DHFR was expressed and purified in house from a 

custom modified plasmid using protocols described in Chapter 3. EDTA, Sucrose, methyl- 

b-Cyclodextrin was obtained from Sigma-Aldrich (St. Louis, MO). MOPS, Sodium 

Chloride, and Amicon Ultra-0.5 mL centrifugal filters (10 kDa MWCO) were obtained 

from EMD Millipore (Billerica, MA). 
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4.4.2 Large unilamellar vesicles preparation. Large unilamellar vesicles (LUVs) 

were prepared by the extrusion method. Lipid mixtures (DPPC, 20 mol% Ni-NTA and 0.2 

mol%  NBD-PE and Rhod-PE) were dissolved in chloroform and dried under a stream of 

Argon gas on the inner wall of a small vial and then placed under vacuum overnight to 

form stable lipid cakes. For uniform liposomes, the lipid cakes were then rehydrated to a 

final liposome concentration of 1mM with MOPS buffer (50 mM MOPS, pH 7.2) for 1 hour 

at room temperature. For formation of acceptor liposomes for aSUV prep, similar 

protocol was followed, with minor changes to the buffer composition (25 mM NaCl). 

Every 15 minutes, the rehydrated lipid solution was vortexed thoroughly, and 

subsequently subjected to five freeze thaw cycles. The resulting multi-lamellar vesicle 

solutions were then extruded through a polycarbonate membrane (pore size 100nm; 

Whatman/GE Healthcare) 20 times to produce a clear solution of liposomes.  

4.4.3 Dynamic light scattering measurements. Micromeritics Corporation’s 

NanoPlus, a particle size analyzer was used to perform dynamic light scattering (DLS) to 

measure the hydrodynamic diameter of the liposomes with and without the presence of 

protein. A final liposome concentration of 1 mM was used in all experiments. A micro-

volume glass cuvette capable of measuring sample volumes as low as 60µL was used for 

all measurements. Optimization of scattering intensity was performed by adjusting the 

cell-center, and by tuning the laser attenuation.  

For quantifying aSUV concentrations upon purification, a standard curve was prepared 

by utilizing a highly monodisperse sample of polystyrene beads with diameters similar to 

the vesicle diameters (100nM). The laser attenuation was maintained constant, and the 

concentration of the beads were varied across a wide range. For a fixed laser attenuation, 
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the intensity of the scattered light correlates with the increasing concentration of the 

particles in the medium (See Appendix). Once the standard curve was constructed, 

liposome samples were measured under identical attenuation settings leading to a reliable 

approximation of the number of liposomes in solution.  

4.4.4 Equilibrium fluorescence measurements. Steady state fluorescence 

measurements were performed by Horiba Fluorometer. A micro-volume cuvette capable 

of measuring solution volumes as low as 150 µL was used for all measurements. The final 

bulk concentration of Ni-NTA DGS in the liposome samples were maintained at 100 uM, 

and the protein solution was added at the reported concentrations. Determination of 

CDC, was performed in a high throughput fashion using BioTek Cytation 5 multi-mode 

microplate reader. Sample excitation was performed at the wavelength of 463 nm. 

Quantification of critical deformation concentration was performed by fitting the change 

in FDonor/FAcceptor ratio as a function of protein concentration, to a sigmoidal function. 

Untreated, clear bottomed flat 96-well plates were used for all experiments. 

Quantification of bilayer asymmetry was performed by measuring the fluorescence 

emission, by manually adding the reductant and detergent at different time points as 

described in section 5.2.3. 

4.4.5 Stopped flow fluorescence measurements. The membrane expansion 

kinetics upon protein binding to liposomes were quantified by using SX20 stopped flow 

apparatus (Applied Photophysics, UK).  The starting concentration of the liposomes was 

maintained at 1mM (DPPC with 20mol% Ni-NTA DGS and 0.2mol% of FRET dyes) and 

the protein concentration was varied from 5 µM to 20 µM. Upon initiation of the 

stopped-flow, the two solutions were mixed in an observation chamber a short deadtime 
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(~ms) and the fluorescence was monitored by a Photomultiplier tube (PMT). For the 

donor fluorescence, a combination of a 495 nm Long-Pass filter along with a 550 nm 

short pass filter was used to eliminate any scattering of the excitation light (463 nm) and 

to eliminate contribution from the acceptor fluorescence from reaching the detector. For 

quantifying the acceptor fluorescence, a 561 nm long pass filter was used. The donor-

fluorescence transients obtained from the stopped flow measurements were divided by 

the acceptor fluorescence transient, leading to the final FDonor/FAcceptor trace (See 

Appendix). All measurements were performed at room temperature and curve fitting 

was performed using Igor Pro (Wavemetrics, Portland, OR). 

4.4.6 Asymmetric vesicle preparation. 

For preparation of aSUVs, a catalyzed lipid exchange protocol was followed as described 

elsewhere. Briefly, the donor vesicles were prepared by hydrating the donor lipid cake 

for at least 1 hour, with 20% w/w solution of sucrose at temperatures above the 

transition temperature of DPPC (>41°C). Donor MLVs were subsequently formed, by 

subjecting the solution to at least 5 freeze thaw cycles. The donor liposomes were then 

diluted by about 20-fold with water, and the supernatant was discarded. The first step of 

lipid exchange was initiated by incubating the donor pellet with mbCD solution. A 

mbCD/lipid ratio of 8:1 was used. After vigorous stirring for 2 hours, the template 

liposomes from section 5.4.2 was added to the donor- mbCD mixture. This mixture was 

gently stirred for at least 30 minutes, and subsequently diluted eightfold with de-ionized 

water, and centrifuged at 20,000 g for 30 minutes. Due to the presence of sucrose in the 

donor lamellae, the donor- mbCD mixtures precipitate at the bottom, leaving only the 

pure aSUVs in the supernatant. This solution was subjected to several rounds of 
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centrifugal filtration for removing the excess mbCD, and subsequently, used for our 

experiments.  

4.4.7 Small Angle X-Ray Scattering measurements. 

The SAXS experiments were performed on a Rigaku BioSAXS-2000 home-source 

system with a HF007 copper rotating anode with a Pilatus 100K Detector. SAXS data 

were collected at a fixed sample-to-detector distance using a silver behenate calibration 

standard. 6.5 mM aSUVs were loaded into the sample using the autosampler 

attachment. For measurements containing protein solutions, a standard reference 

containing equivalent concentrations of protein in buffer free of liposomes were used. At 

least 12 scans of individual samples were averaged and reduced using Rigaku SAXSlab 

data collection and processing software. The software - PRIMUS was used for initial 

analysis. Data fitting, and SLD analysis was performed using our in-house fitting routine 

described elsewhere. 
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Appendix 4: Membrane thinning precedes membrane bending by protein 

crowding. 

Figure A4.1. Determination of aSUV concentration by Dynamic Light Scattering. (A) 3 trials 
of polystyrene-latex beads measured at uniform laser attenuation. The hydrodynamic diameter 
reported, clearly indicates that only the scattering intensity (and, not the stokes radii) is sensitive 
to change in particle concentration (B) Standard curve generated by increasing particle 
concentration and the associated linear fit. We would like to note that all measurements were 
performed only in the linear regime of the standard curve, and the non-linear low concentration 
data was included in the graph purely for the reader’s reference.   
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Figure A4.2. Treatment of the raw fluorescence transients obtained from stopped flow.  
Representative stopped flow fluorescence transients of the donor channel (green) and the acceptor 
channel (red). The two traces were divided to acquire the final FDonor/FAcceptor transient (yellow). 
The solid line signifies a double sigmoidal fit at t>2 seconds. This is purely to guide the reader’s 
attention to the presence of two distinct phases even during the membrane expansion process.    
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Conclusion and Perspectives 
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5.1 Summary. 

5.1.1 Exploring the physicochemical parameters that regulates membrane 

bending driven by protein crowding.  

The single major aim of this dissertation was to perform a fundamental, mechanistic 

investigation of the biophysics underlying membrane bending triggered by protein 

crowding. Crowding induced membrane bending and lipid shape deformations has 

recently caught the attention of many.1-3 The conformational flexibility and 

hydrodynamics of peripherally attached protein complexes have been attributed to be 

responsible for both membrane curvature sensing and curvature generation.4-5 While a 

number of phenomenological observations have been made with regards to these 

systems, a thorough understanding of the role played by various physicochemical 

variables such as vesicle curvature, phase segregation, membrane thickness fluctuation, 

protein surface charge, etc., still remains under-characterized in the literature. 

Understanding the molecular origins of these parameters will be critical to constructing 

a thorough mechanistic picture, and to extrapolate in-vitro observations to biologically 

relevant processes.  

 

To that end, we provide a quantitative biophysical investigation of membrane 

deformation driven by protein crowding. Using a multi-pronged approach, involving a 

combination of both equilibrium and kinetic spectroscopic techniques, we provide 

valuable insights into a number of critical factors that regulates membrane curvature 

generation in a multi-variate fashion. We find that steric pressure generated by the 

protein-unfolding transition of a surface-bound protein complex can lead to membrane 

deformation, by controlled chemical modification of the protein structure (Chapter 1). 
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In Chapter 2, we systematically investigated the coupling between the intrinsic vesicle 

curvature, vesicle phase segregation and the associated membrane bending capacity of 

the bound proteins and protein crowding. Using a spectroscopic approach, we were able 

to provide a quantitative handle on the membrane area expansion by using vesicles 

smaller than 200nm in diameter. We show very clearly, that bending membranes of 

higher mean vesicle curvatures requires a smaller concentration of proteins, than 

deforming vesicles with lower mean curvatures. We further explore the origin of this 

behavior by studying the curvature dependent changes in the liposome phase structure. 

We find that phase segregation of binary mixtures is exacerbated at lower vesicle radii, 

indicating that packing stress leads to favorable partitioning of the fluid lipid domains in 

the areas of extreme curvatures, thereby influencing, albeit, indirectly the spatial 

organization of the bound protein complexes. 

5.1.2 Kinetic intermediates that precede membrane bending. 

Our equilibrium measurements revealed new and novel insights into the 

physicochemical parameters that regulates membrane bending. However, we were able 

to acquire only limited mechanistic detail from steady state measurements. Given that 

protein association, crowding and membrane bending are dynamic processes, temporal 

separation of the critical steps leading to the final deformation of the membrane 

structure was necessary to understand such processes from a fundamental perspective.  

 

In Chapter 3, we explored the kinetics of protein binding to liposome surface containing 

chelator lipids for convenient and reversible immobilization.6 We find that, once steric 

crowding of the proteins occurs, the rate of protein association starts decreasing, 

indicating that major energetic bottlenecks have to be overcome at the protein-lipid 
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interface for the binding process to reach equilibrium. Through carefully constructed 

experiments, we were able to show that protein binding to the liposome surface, 

particularly, at high densities, follows a multi-phasic behavior characterized by protein 

orientational heterogeneity. Our results imply that, even when utilizing model systems 

comprised of chelator lipid- his tag complexes, the conformational flexibility of 

peripherally associated membrane proteins can dynamically regulate the protein density 

at the interface.  

 

In Chapter 4, we explore the kinetics of membrane area expansion process by utilizing a 

spectroscopic approach. We show that membrane bending by area expansion is not a 

simple two-state process, as previously expected.7 Instead, it is characterized by the 

presence of an intermediate that occurs on a timescale that is similar to the timescales of 

protein association as observed in Chapter 3. Using an array of biophysical techniques, 

we prove that thinning of the bilayer membrane is a kinetic intermediate that precedes 

the membrane deformation process. Membrane thinning has been hypothesized to play 

a critical role in membrane remodeling driven by physiologically relevant systems such 

as a-Synuclein.8 However, direct experimental evidence has remained sparse. To our 

knowledge, this is the first report in literature to identify membrane thinning as an 

intermediate that leads to the bending of liposome surfaces. We believe that the 

relevance of this mechanism is far-reaching, and not just restricted to protein crowding 

driven membrane remodeling. Given that the thickness of the lipid bilayer is directly 

related to the bending rigidity of most biological membranes, small changes to the 

overall bilayer thickness by protein association can lead to a reduction of the energy cost 

associated with generating curvature.8-9  
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5.2 Future Outlook 

5.2.1 Kinetics of vesicle fission and fusion. 

A clear understanding of membrane bending kinetics is important for a number of 

reasons. For instance, the first steps of influenza viral invasion into the host cell, is 

characterized by membrane curvature generation by the viral surface protein- 

Hemagglutinin. 9-10 Generation of membrane curvature is a prerequisite for fusion, 

which leads to the viral genetic material being released into the host-cell. A number of 

non-pathological cellular processes, such as vesicle budding, lipid fission, etc., also 

require the generation of extremely high membrane curvatures driven by peripheral and 

integral membrane proteins.11-12 While several crystallographic and steady state 

investigations have been conducted on these complicated machineries, very little is 

known about the dynamics of these systems. Particularly, we know little to nothing 

about the timescales of vesicle fission, or if the fission process has any kinetic 

bottlenecks. Understanding the dynamics of lipid fission and fusion, will therefore 

greatly enhance our knowledge of the factors that control cellular transport, sorting and 

pathology. We believe that our biophysical approach, detailed in Chapters 3 and 4, will 

guide future studies related to more complex biological processes 

5.2.2 Rational design of modular bio-conjugates. 

While the aim of the dissertation was to explore the mechanism of membrane bending 

process, the chelator lipid under study, is also a great platform for immobilization of 

target biomolecules. Lipid based biomaterials and bioconjugates have a unique 

advantage over other nano-carriers, in that, the antibody response against lipid-based 
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particles are often extremely muted. Additionally, liposomes are formed partially by 

self-assembly, opening up a lot of potential for drug delivery and targeting.13 

Our results that explore the coupling between phase-separation and membrane 

curvature, offers new possible ways to modulate the spatial organization of specific 

lipids, and consequentially, conjugated biomolecules. For instance, by careful design, it 

is possible to achieve strong lipid-demixing by compositional variation, leading to 

unique architectures that will arise from self-assembly. Patterned nano-particles have 

been used for carrying out several functions. Recent studies have shown that, by 

producing two-faced Janus nanoparticles,14 it is possible to chemo-osmotically 

accelerate the diffusion of the nano-carriers. With a thoughtful rational design, we can 

accomplish spatial control within a single liposome, to carry out similar functions with 

superlative modularity.  
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