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ABSTRACT

Membrane proteins are notoriously difficult to investigate in isolation. The focus of this chapter is
the key step following extraction and purification of membrane proteins; namely reconstitution. The
process of reconstitution re-inserts proteins into a lipid bilayer that partly resembles their native
environment. This native environment is vital to the stability of membrane proteins, ensuring that
they undergo vital conformational transitions and maintain optimal interaction with their substrates.
Reconstitution may take many forms and these have been classified into two broad categories.
Symmetric systems enable unfettered access to both sides of a bilayer. Compartment containing
systems contain a lumen and are ideally suited to measurement of transport processes. The
investigator is encouraged to ascertain what aspects of protein function will be undertaken and to
apply the most advantageous reconstitution system or systems. It is important to note that the
process of reconstitution is not subject to defined protocols and requires empirical optimisation to

specific targets.
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1 INTRODUCTION

The outer, or plasma, membrane of cells controls the import and export of nutrients, toxins, endo-
and xenobiotics. It also regulates signalling to other cells or transduction of signals from the external
milieu. The lipid bilayer structure enables it to form an adaptive and highly responsive barrier to the
“outside world”. Many of these key transport and signalling roles are undertaken by membrane
proteins, which belong to a large variety of families. Membrane proteins may be classified as integral,
peripheral, anchored and attached. The prominent functional roles of integral membrane proteins

(IMPs) has led to the oft-quoted statistic that they comprise more than half of all “druggable” targets.

Investigating IMPs in their native cellular environment provides informationon the cellular
consequences of their activities. However, obtaining detailed information‘on their mechanism of
action and their kinetic, or specificity, parameters is not straight-forward in a cellular system.
Membranes provide a highly complex and integrated environment with competing or ancillary
components to maintain organelle integrity and function. Consequently, investigating IMPs in
isolation can provide important information on mechanism and by extension, therapeutic or
translational intervention. Why then, do so many researchers baulk at the idea of isolating IMPs for
functional analysis? There are many factors at play here including the notorious difficulty in
achieving sufficient expression in heterologous systems. IMPs are large proteins and display high
flexibility and unerring instability in‘isolation. With the advent of recombinant DNA technology the
use of affinity purification systems greatly simplified their purification. However, due to their
architecture and insertion within the lipid milieu, IMPs require extraction from their native
environment to enable purification strategies. Extraction, typically by surfactants, is a considerable

bottle-neck that requires much labour intensive empirical investigation.

Once purified, there are an extraordinary range of functional assays to investigate IMP function and
all aspects are catered to. However, IMPs exist and function within a highly regulated or specific
environment. Consequently, following their isolation, IMPs will require re-insertion into a lipid
bilayer environment to undertake their activity. This process, known as reconstitution, may be
considered by some as an art-form. There are very few rules governing reconstitution, the process
remains inscrutable and there are no generic protocols. Reconstitution requires considerable

empirical effort and there is a wealth of experience available in the literature.

This chapter presents the strategies and methods underlying many highly used reconstitution
systems. The processes are from the perspective of reconstituting IMPs belonging to the transporter

sub-class, although the methods are inter-convertible with enzymes and receptors. The slant



towards transporters led to the processes being divided into two categories; symmetric or
compartmental. Advantages and drawbacks for each system are provided and numerous literature
examples of each are cited. Our key message is that investigators will first need to ascertain what
type of mechanistic information they require with the target IMP. This will lead to a decision on the

downstream functional assays and the choice of reconstitution system will become apparent.

2 SYMMETRIC INVESTIGATIVE SYSTEMS
2.1 Detergent Micelle Preparations

In the vast majority of situations the investigation of isolated membrane proteins relies on their
extraction from expression systems including bacteria, yeast, insect or mammalian cells. Detergents
are amphipathic molecules and several distinct classes have been developed over the decades. The
hydrophobic portion of detergents interacts with IMPs to form a micelle structure and the
hydrophilic portion provides water solubility (1). However, putting this system into practice is not as
simple as it sounds. The most effective detergents for solubilisation of a specific protein may not be
the most effective at preserving its structure. Furthermore, detergent compatibility with protein

function must be analysed on a case-by-case basis.

The choice of a specific detergent is also dependent on its physico-chemical properties. For example,
to extract proteins from a membrane, the concentration of detergent must be kept above its critical
micelle concentration (CMC)(1,2). For cost reasons, detergents with low CMC values are more
desirable; however, they.are notoriously difficult to remove prior to downstream functional
assessment of the protein (3). Temperature also affects the extraction process and detergents must
be kept above a critical temperature (Krafft point or critical micelle temperature) to ensure micelle
formation.Itis also advisable to use detergents with shorter alkyl chains since the increase in
hydrophobicity with larger tails renders the detergent less soluble in agueous phase. Generally, non-
ionic detergents, which are characterised by uncharged hydrophilic head groups, are preferred.
These mild detergents tend to disrupt protein-lipid and lipid-lipid interactions rather than intra-
protein interactions (4). Zwitterionic detergents have also gained traction with membrane protein
extraction. These detergents have both positively and negatively charged groups in the hydrophilic
head and have high CMCs. The choice of buffer during solubilisation also plays an important part as

the high salt concentration can lowers the CMC of detergents (5).

During the process of extraction, detergents strip membrane lipids away from proteins, which may
lead to instability and inactivation. To maintain the functionality of the membrane proteins,

exogenous lipids are added during the extraction process resulting in the formation of bicelles



and/or mixed micelles (5). The added lipids solvate the hydrophobic portion of membrane proteins

and thereby render them more stable and functional. Many studies have reported the use of lipids

for increased stability of purified membrane proteins; 1,2-dimyristoyl-sn-glycero-3-phophocholine

(DMPC) for opsins (6), monogalactosyl diacylglycerol (MGDG) for bacteriorhodopsin (7), and

cholesteryl hemisuccinate (CHS) for P-glycoprotein (8). Choosing the “correct” lipid additives is

unfortunately an empirical process.

2.1.1 Method of membrane protein purification and reconstitution with mixed micelles

The example method below describes the process for the extraction and purification of the

multidrug transporter, P-glycoprotein (P-gp)

i)

ii)

iii)

iv)

v)

vi)

Lipid films are prepared from a solution of total E. coli lipid extract and cholesterol 4:1 (w/w)
in chloroform:methanol (2:1). The lipids are stored in sealed vials and the film prepared in
glass test-tubes using gentle evaporation under nitrogen, then residual solvent is removed
by vacuum evaporation (1-2 hr)

The films are re-suspended in solubilisation buffer (20mM MOPS, 200mM NaCl, 20% glycerol
pH 6.8) containing 1% (w/v) n-Dodecyl-B-D-Maltopyranoside (DDM) to a final lipid
concentration of 0.4% (w/v). Re-suspension is achieved by sonication until the solution turns
from cloudy to clear or translucent

Insect cell membranes are resuspended in solubilisation buffer to a final total protein
concentration of 5mg/ml. This protein concentration was selected by prior empirical testing
(9). The mixture. is subsequently treated in a Dounce homogeniser

The suspension is incubated at 4°C for 1-2 hours with gentle stirring and the insoluble
fraction (pellet) removed by ultra-centrifugation. The polyhistidine-tagged P-gp is purified
from the soluble fraction (supernatant) using immobilized metal affinity chromatography
with Ni-NTA resin

The soluble fraction is incubated with Ni-NTA resin for an hour at 4°C on a rocker platform.
The resin is then transferred into a gravity column and washed with buffer (20mM MOPS,
200mM NaCl, 20% glycerol pH 6.8) containing a lower concentration of detergent (0.05%
w/v) and lipid (0.1% w/v) to maintain the mixed micelles. A step-gradient of imidazole (10 to
20 to 80mM) is used to remove contaminants and pure P-gp is eluted in 400mM

The purified P-gp is subsequently reconstituted by adsorption of detergent to SM2 Bio-beads.
The BioBeads are pre-treated sequentially with 10 volume equivalents of H,0, 50%

methanol, 100% methanol, 50% methanol and H,0



vii) The pre-washed BioBeads are added to the purified protein (9) for removal of detergent at
ambient temperature over a 2-3 hr period. Adsorption of detergent by BioBeads is greatly

reduced at 4°C and may take 1-2 days for complete removal

2.1.2 Pros and cons of using detergents

Detergents are a near indispensable first choice to extract membrane proteins; however, there are
some issues associated with their use. Firstly, micelles represent a poor mimetic system of a native
membrane. For example, the alkyl chain length of detergents is lower than membrane lipids and
many proteins require the lateral pressure found in native membranes, which is absent in micelles.
Finally, detergents can destabilise the target protein by disrupting vital internal protein-protein
interactions (10,11). Moreover, screening for a suitable detergent class, protein concentration,
buffer and temperature conditions is a time-consuming process and requires cross-validation of
protein function (12). Finally, the presence of detergent moenomers in the solution can lead to the

aggregation of protein.

Development of novel detergents with the ability to overcome the problems outlined above remains
a continuing objective. The introduction of amphipols (13) has been one of the major advance in this
respect. Amphipols are amphiphilic molecules that surround the hydrophobic transmembrane
portion of membrane proteins, thereby stabilising them. Novel detergents including glucose
neopentyl glycol (GNG), maltose neopentyl glycol (MNG), and calixarene have been developed which
have additional hydrophobic, hydrophilic and aromatic groups to stabilize and solubilize the
membrane proteins at the same time. These detergents have been successfully used to purify
functional transporter proteins (14-16). GNG and MNG have helped determining the high resolution
structures of G-protein coupled receptors (17), aquaporin 2 (18) and Na* pumping pyrophosphatase

(19).

2.2 Membrane protein reconstitution into nanodiscs

Mixed detergent-lipid micelles are an essential element of the purification process for membrane
proteins. X-ray crystallography based structural studies with membrane proteins are amenable to
micelle based systems. However, the function of membrane proteins is frequently impaired in a
micelle system (10). The previous section outlined a method to reconstitute membrane proteins
from micelles to liposomes. Moreover, the use of compartmental systems is discussed in section 3.
Reconstitution into liposomes is affected by the orientation of inserted protein, which may also
affect functional studies. Non-compartment reconstitution systems offer the advantage of complete

access to both faces of a membrane protein and nanodiscs provide one such system.



Sligar and co-workers (20) coined the term “nanodiscs” in 2002 for the structures formed by
reconstitution of an integral membrane protein into phospholipids in the presence of apolipoprotein
Al. Nanodiscs are typically 8-16nm in diameter (21), composed of a discoidal phospholipid bilayer
encircled by a belt made up of two molecules of a helical protein termed “membrane scaffolding
protein” (MSP). MSPs are peptides derived from human serum apolipoprotein A1, typically
consisting of 22 residues forming helical repeats of proline and glycine, although recombinant MSPs
of different sizes are also commercially available. Membrane proteins within nanodiscs are stable
owing to a strong interaction between the hydrophobic residues of the MSP and the acyl chain of
lipids (22,23). The reconstitution of a membrane protein into nanodiscs involves more parameters
than insertion into liposomes. Specific parameters include (a) the stoichiometric ratio of MSP and
lipids to the target membrane protein, and (b) the size of the MSP (24). Ratios for each target
protein need to be optimised empirically. If the ratio is sub-optimal, the size range of the nanodiscs
formed will be broad, and the stability of the membrane protein may be compromised (25). In
addition, larger MSPs tend to generate large nanodiscs that may not be compatible with biophysical

techniques, particularly those involving spectroscopy (26).
2.2.1 Method for reconstituting into nanodiscs
Nanodiscs can be prepared using one of two strategies:

Strategy 1: Detergent extracted proteins are first chromatographically purified and then added

to the mixture of MSP-and lipids at an appropriate ratio

Strategy 2: Cell membrane proteins are solubilised with detergent and then directly added to
the mixture of MSP and lipids in an optimal ratio for set period of time. The target protein within

nanodiscs is subsequently purified by chromatography

The only difference between the two methods is the point at which the purification step is

undertaken and a generic protocol follows (23,27-31):

i) The poly-histidine-tagged recombinant MSPs (e.g. MSP1E3D1) are expressed in E.coli using
an IPTG inducible expression system (24). Our preferred method to harvest the protein is
through physical disruption using a Constant Systems Cell Disruptor at approximately 30 kpsi.

ii) Following centrifugation at 22,000g, the supernatant is collected and the MSP purified by
affinity chromatography using imidazole for washing and elution

iii) Membranes containing the target proteins are solubilised with appropriate detergent and
purified by affinity chromatography. (refer to section 1 for an example procedure)

iv) Alipid film is generated and resuspended in aqueous buffer as described in Section 2.1.1



v) Purified MSP and lipids are added to the purified protein at specific ratios dependent on the
protein. For example, for MalFKG, the optimal molar ratio ) of protein:MSP:lipid is 1:3:60
(28). This step is carried out at 4°C overnight on a rocking platform

vi) Pre-washed SM2 Bio-beads (Section 2.1.1) are added to the mixture for 1-2hr (gentle rocking)
to remove the detergent by adsorption and generate nanodiscs. The beads are then allowed
to settle by gravity and the supernatant is removed

vii) Any protein aggregates formed during the reconstitution process are removed by
centrifugation at 2000g for 5 minutes

viii) A portion of the final suspension is analysed by gel permeation chromatography. Successful
reconstitution into nanodiscs is validated by co-migration of the target protein and MSP

during chromatography

2.2.2 Advantages of Nanodiscs

Nanodiscs offer stability, lateral pressure and the presence of a full length lipid bilayer arrangement,
compared to the more heterogenous environment found in detergent micelles and bicelles. The
monodispersity of nanodisc size is advantageous for spectroscopic studies of target proteins (32). As
mentioned earlier, membrane proteins in.nanodiscs are accessible from both faces and ligand
binding studies show the same binding kinetics as in native membranes. Finally, nanodisc
composition may be precisely manipulated to enable investigation of membrane protein interactions

with surrounding lipids and‘in an area considerably smaller than is possible with liposomes (33).

2.2.3 Limitations of nanodiscs

Similar to the use of detergent micelles and liposomes, the procedure for reconstitution into
nanodiscs requires the use of detergents. As described earlier, there are several possible
disadvantages in the use of detergents for membrane protein structure and function. Second, the
lipid environment generated in nanodiscs, although controlled, is not an exact mimic of the native
lipid bilayer and interaction of proteins with exogenous lipids may differ from that with native lipids.
Another limitation is that the a-helical structure of MSP can interfere with electron paramagnetic
resonance (EPR) and nuclear magnetic resonance (NMR) based assays. Finally, the lack of
compartmentalisation prevents vectorial transport measurements on membrane proteins in

nanodiscs.

2.2.4 Perspectives in nanodisc-mediated reconstitution

Improvements in this technology have focussed on increasing the yield, homogeneity and stability of

membrane proteins in nanodiscs. This has largely been achieved by precisely controlling the lipid



composition and by improving genetically engineered MSPs. Despite these efforts, the fundamental
knowledge elaborating the exact mechanism and kinetics of spontaneous reconstitution of
membrane proteins into nanodiscs and the effect of lipids, temperature and MSPs on nanodisc

formation is not yet fully understood.

The systems described in the previous sections have one common disadvantage; the removal of
native lipids during extraction which in many cases, renders the membrane proteins unstable and
non-functional. Several strategies have been employed to overcome this problem including protein
production in cell-free system (34), genetic engineering of membrane proteins (35) or by reducing
the exposure time with detergent (36). However, the most promising tool to overcome this problem

so far involves the use of styrene maleic acid (SMA) based particles.

2.3 Styrene Maleic Acid Lipid Particles (SMALPs)

Styrene Maleic Acid (SMA) is synthesized by the copolymerization of styrene and maleic acid
anhydride monomers. The anhydride form of SMA (SMAnh) has long been used in the plastic
industry to increase thermal stability of plastic blends. The hydrolysed form is used as a dispersing
agent for water and solvent based inks and coatings to increase heat and water resistance, gloss and
colour development. SMA is also used in cancer chemotherapy to form stable drug-conjugates
(37,38), which has been adapted as a drug delivery system by encapsulating hydrophobic drugs (39).
Co-polymers are available with different ratios of styrene to maleic acid and of different average
molecular weight. Even within a single formulation there may be variations in composition and
molecular weight caused by varying sequences of styrene and maleic acid monomer incorporation

during polymerisation (40).

Knowles and co-workers were the first to report the use of SMA co-polymer for the purification of
PagP.and bacteriorhodopsin (41). The SMA polymer forms a belt around membrane proteins
encapsulating a portion of the lipid bilayer to generate particles of similar structure to nanodiscs but
without the need for detergent at any stage of formation. The different terminology used for these
particles in the literature includes Styrene Maleic Acid Lipid Particles (SMALPs) (41), Lipodisq™

particles (42), or native nanodiscs (43).

Small angle X-ray scattering (SAXS) and small angle neutron scattering (SANS) measurement studies
have shown that SMALPs are disc-shaped with ~10nm diameters and ~4.6nm thickness (44).
Transmission electron microscopy (TEM) showed a population with diameters between 11.1+3.3nm
and 16.0+3.0nm (44). Lipid composition of the native membranes show no effect on the size of the

discs, but it has been suggested that a low polymer to lipid ratio may increase the size of the



particles (45,46). Futhermore, the hydrophobic styrene head penetrates into the tails of a lipid
bilayer (44,47) to interact with the acyl chains of phospholipids in a manner similar to cholesterol
(48). This interaction has been studied by NMR (42) and FTIR spectroscopy (49) and revealed that
the SMA phenyl ring intercalates perpendicular to the plane of lipid between acyl chains. An EPR
study (42) demonstrates that the movement of phospholipid acyl chains is restricted by this

insertion.

There are commercially available variants of SMA polymers based on the styrene to maleic acid ratio.
The most hydrophilic SMA is 1.4:1 and the most hydrophobic is 4:1. The potential of these polymers
to solubilise different membrane proteins has been assessed with the most promising SMA variant
bearing a styrene to maleic acid ratio of 2:1 (50). SMA with a 3:1 ratio has.comparable efficiency to
insert into membranes and both co-polymers display average M, in the range of 7.5-10kDa.
Thermostability of membrane proteins extracted from E.coli using variants of SMA was assessed
using DLS and demonstrated equivalent stability, irrespective of the specific formulation of co-

polymer (51).

SMA has an amphipathic nature due to hydrophobicity of the styrene units and the two hydrophilic
carboxylate groups of maleic acid (52). The carboxylates of maleic acid have pK, values of ~6 and ~10
(53). At neutral pH or above, SMA is protonated and the charge repulsion between carboxylate
groups helps SMA into a coil confirmation which makes it readily soluble in water (40). At low pH on
the other hand, it becomes neutral and assumes low solubility (54). This is a major limitation of using
SMA as it restricts the pH range that can be used during the solubilisation step. The more
hydrophobic the polymer is, the higher the pH it needs to solubilise. For example, a 4:1 ratio of
styrene to maleic acid variant of SMA is only soluble at pH 7-9 whereas the most hydrophilic form of
SMA (1.4:1 styrene to maleic acid) is soluble within range of pH 4-9 (55). The majority of protein

extracting polymer forms are only effective between pH 7 and 8.

2.3.1 Method for preparation of SMA

The first step in purification of membrane proteins is to prepare hydrolysed SMA polymer from its

anhydride form. The generic method includes the following steps:

i) Dissolve SMAnNh pellets in a round bottom flask at 5% (w/v) in deionized water

ii) Heat and reflux the suspension with base; 1M KOH for 4 hours (56) or 1M NaOH for 2 hours
(57,58). This will convert the anhydride units to their acid form containing two deprotonated
carboxyl groups to increase the water solubility. The amount of base to be added can be

controlled in this step in order to make the pH of the precipitated polymer close to 8.0 (59)

10



iii) Once the solution cools down to room temperature, the pH is lowered to <5 with the
addition of concentrated HCI. This causes the polymer to precipitate

iv) The polymer is washed with diluted HCI and then resuspended in 0.6M NaOH/KOH and the
pH adjusted to 8.0

v) The polymer is lyophilised in a freeze dryer and stored at room temperature in a sealed

bottle

2.3.2 Method for isolation and purification of membrane proteins using SMA

SMA has been used to isolate membrane proteins from membranes of bacterial, yeast or insect cells,

or directly from the intact cells (43). The general approach involves:

i) Resuspend the membranes in solubilisation buffer keeping the membrane concentration at
20-40 mg (wet weight)/ml (57). Buffers commonly used for solubilisation include 20-50 mM
of MOPS, HEPES, Tris-HCl and 150-500 mM NaCl, with or without the addition of 10%
glycerol. The key common feature of all these buffers is to use pH 8.0 (57-61)

i) Add 2.5% (w/v) SMA to the resuspended membranes. This may be done from a stock
solution (5% w/v) or by direct addition of the powder form (57). The concentration of SMA
varies according to the target protein and must be empirically optimised. For example,
purification of the nucleoside transporter hRENT1 with SMA above 0.25% (w/v) renders it
non-functional (60)

iii) Optional - Exogenous lipids may be added for tightly packed proteins for ease of extraction
or to increase the stability of the purified proteins. For example, DMPC (di-myristoyl
phosphatidylcholine) was added for extraction of ABCG2 from insect cells (58) and CHS
(cholesteryl hemi-succinate) was added for stabilisation of hENT1 nucleotide transporter (60)

iv) Extraction is carried out at ambient temperature for 1-2 hours with gentle shaking. This has
been reported for most proteins isolated using SMA except for hENT1 nucleotide transporter,
which was incubated at 4°C for 12-18 hours to prevent degradation at higher temperatures
(60)

v) The soluble protein fraction is separated by ultra-centrifugation at 100,000 g for 20-60
minutes, followed by purification using affinity chromatography

vi) Proteins with a poly-histidine tag are incubated with resin bound to either nickel or cobalt
(61) at 100 pl resin per ml of solubilised fraction (51). The binding kinetics for different
proteins may be slow and it is recommended to undertake this step at 4°C with gentle
rotation overnight. Buffer with high salt concentrations may be used to minimize non-

specific binding of SMALPs to the resin (57)

11



vii) Imidazole is used to elute SMALP encapsulated protein from the resin but the concentration
needs optimisation as it may vary widely from that used in detergent based applications.
Typically, the elution concentration of imidazole is greatly reduced with some proteins
eluting at <10mM imidazole (62)

viii) Purified protein may be concentrated using centrifugal filtration for downstream processing

after removal of imidazole with a buffer exchange resin (e.g. PD-10)

2.3.3 Advantages of SMALPs

Various methods for purification of membrane proteins have been developed in the past four
decades and a major concern has been the inherent instability of these proteins. It has been shown
that even mild detergents can disrupt the intramolecular interactions between protein subunits
disturbing the stable confirmation of the protein leading to aggregation and loss of function, even
occasionally to complete inactivation. In addition, detergent micelles, liposomes and nanodiscs are
incompatible with many biophysical techniques (63-66) due to their sizes or light scattering

anomalies.

The use of SMALPs for purification of membrane proteins offers a solution to these problems by
retaining the native lipid environment that helps maintain protein stability and function (43,49,63).
The proteins in SMALPs are accessible from both sides of the bilayer and show comparable ligand
binding affinities to the native membranes. SMALPs encapsulated proteins have provided high
quality spectra in circulardichroism (CD) with minimal background signal and have been used to
study protein dynamics using EPR (65,66). SMA also offers advantages over detergent micelles to
study the structures of large membrane proteins using cryo-electron microscopy (cryo-EM) since the
proteins are:more rigid in SMA and the polymer does not add to the electron density (63) Finally,
attempts havealso been made to study membrane proteins in SMA using NMR (41,46) providing
information on structure of protein. The table below provides an overview of several applications of

SMALPs to investigate membrane proteins.
2.3.4 Limitations of SMALPs

Despite being a promising investigative tool, there are limitations associated with SMALPs. The
optimum pH for SMALPs is 7-8 and at values below this, the polymer precipitates out of solution
rendering the proteins insoluble. This can be a problem for proteins that are stable or active in acidic
environments such as lysosomal PfCRT (pH 6.0) which is responsible for resistance against

antimalarial drugs (67).

12



Table 1: Overview of some of the experimental techniques used to study proteins in SMALPs

Techniques Proteins studied References
E.coli LeuT, (51)
E.coli PagP (41)

Dynamic Light Scattering (DLS) | Bacterial photosynthetic reaction center (59)
Bacteriorhodopsin (65)
KCNE1 (68)
E.coli AcrB trimer (61)
S. cerevisae respiratory complex (69)
P-glycoprotein (63)
Rhodobacter sphaeroides photosynthetic (59)

Transmission and Cryo- reaction center

Electron Microscopy Streptomyces lividans KcsA (43)
PagP (41)
KcsA (43)
Staphylococcus aureus PBP & PBP2a (70)
KCNE1 (68)
Adenosine 2A receptor (A;aR) (49)

. . . PagP, Bacteriorhodopsin (41)

Circular Dichroism
KcsA (43)
P-glycoprotein (63)
MRP1 (Radioligand) (63)
P-glycoprotein (Flourescence) (63)
ABCG2 (Flourescence) (63)

Ligand Binding Assay AcrB (Flourescence) (61)
hENT1 (Radioligand) (60)
BmrA (Flourescence) (51)
KcsA (bilayer electrophysiology) (43)
Photoreaction center (64)
(charge recombination)

Spectroscopy KCNE1 (EPR, NMR) (46)
SecYEG (FRET) (71)
PagP (NMR) (41)

Crystallography HwBR (72)

Similarly SMALPs are sensitive to divalent cations such as calcium and magnesium (51,73). The
possible explanation for this is that the carboxyl group of maleic acid chelates these ions inducing a
confirmation change subsequently leading to precipitation of the polymer. The sensitivity to divalent
cations is an issue for many biochemical assays of protein function (e.g. ATP hydrolysis). Another
limitation is the size of the disc as it is too small to encapsulate large protein complexes. The recent

work on bacterial light harvesting complex1 demonstrated that SMALPs may not accommodate large
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proteins or oligomers (59). However, some studies have suggested that the size of the disc is flexible
(70) and can be exploited for large proteins by targeting the protein to lipid ratio (45,74) and the

ratio of the polymer (75).

Lateral pressure is an important aspect to be taken into consideration as detergents provide little or
no pressure. In contrast, the lateral pressure in SMALPs may be too high and thereby limit
conformational changes (62). For structural studies involving NMR, SMALPs offer some hindrance
due to the heterogeneity of the discs formed, the root cause of which can be the high poly-dispersity
of the polymer itself (76). Finally, SMALPs cannot measure vectorial transport perse. However,
efforts are underway to “transfer” SMALP-encapsulated proteins into proteoliposomes (PLs), which

would enable their use in transport assays (72).
2.3.5 Future Directions in SMA Technology

SMALPs have proven to be a versatile tool in studying membrane proteins albeit with some
drawbacks. Whilst many of the problems may be overcome by optimizing the conditions of
purification, the generation of alternate polymer types offers a considerable benefit. For example, to
improve the issue surrounding SMA polydispersity, the more aliphatic di-isobutylene maleic acid
(DIBMA) co-polymer has been investigated (72). DIBMA has a considerably lower polydispersity
index, which produces less heterogeneity in particle size and has the added advantage of lower UV
absorbance that will enable spectroscopic investigation of proteins. Furthermore, a zwitterionic
series of SMA polymers (z-SMA) has been developed with the ability to tolerate divalent cations in
the low millimolar range (77). The field of biopolymer extraction of membrane proteins should thus
be considered in.its infancy with considerable potential for incorporation of new features to

enhance extraction and stability of encapsulated proteins.

3 COMPARTMENT BASED RECONSTITUTION SYSTEMS

The reconstitution methods in Section 2 provided the means to investigate many aspects of
membrane protein function. However, a two compartment system is required to investigate the
transport (or translocation) activity of IMPs (78). Classically this involves the use of liposomes, self-
closed lipid bilayer vesicles, and their use with IMPs began in the 1970s with the work of Racker and
colleagues (79-81). They reconstituted and demonstrated the activity of both, cytochrome oxidase
from bovine heart mitochondria, and the Ca**-dependant ATPase from the sarcoplasmic reticulum.
Rigaud et al., developed the system further and introduced a number of “guidelines” for the process

of protein reconstitution into liposomes. This inspired the use of PLs to investigate the function of a

14



huge range of IMPs including ion channels and receptors (82-91), enzymes (92-96), and transporters

(8,97-109).

3.1 Small and Large Unilamellar Vesicles

Different sizes of liposomes can be made and those with diameter $<100nm are loosely defined as
small unilamellar vesicles (SUVs), while large unilamellar vesicles (LUVs) have diameters ¢p=100-300
nm (110,111). Both types are made by a variety of techniques including, freeze-thawing, sonication,
extrusion, reverse phase evaporation and/or detergent extraction (99,110). The starting material for
their production are multilamellar vesicles (MLV), which are made by dispersion ofdried lipid films in
an aqueous buffer through extensive vortexing (99,112). The simplest method for SUV production is
via prolonged sonication of MLVs. LUVs are commonly made by extrusionof MLVs through a
polycarbonate filter containing monodispersed pore sizes between 100-400 nm. Factors affecting
the LUV size include the pore size of filters used in extrusion, the number of passes through the filter
(113), lipid composition (114) and the buffer composition (115). Generally, LUVs made with 200nm
filter are more homogeneous and have a lower number of multi-lamellar vesicles in the population

compared to filters with 400nm pores (78).

The size distributions of liposome (or PL) populations may be determined by dynamic light scattering
(78), and the internal volume of liposomes as described (116). Liposomes made by extrusion through
a 200 or 400nm filter produce approximate sizes of $=170£20 nm and ¢$=350+100 nm respectively,
with internal volumes of 0.73+0.04 pl/(mg lipid) and 0.9+0.05 pl/(mg lipid) respectively [Knol and
B.P., unpublished data as cited in (78)].

A generic method to make LUVs is as follows:

i)  A/mixture of lipids from a stock solution in organic solvent is dried under vacuum to form a
lipid film in a glass tube

ii)The dried lipid film is dispersed in aqueous buffer by repeated rounds of vortexing and
sonication until all of the lipid is re-suspended

iii) The lipid suspension then undergoes 10 rounds of freeze-thawing in liquid nitrogen or dry
ice and a heated water bath. This will cause coalescence and the formation of MLVs with
heterogeneous size

iv) MLVs are extruded through a filter with the desired pore size to generate homogeneously

sized unilamellar vesicles (117)

Reconstitution of IMPs following their extraction from cellular membranes by detergent (Section 2.1)

into liposomes remains a difficult task that requires optimisation for each protein MP (118). The
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process of reconstitution begins by mixing detergent-solubilised purified IMPs with lipids; the latter
consisting of mixed detergent lipid micelles or detergent-destabilised preformed vesicles. This
generates a mix of lipid-detergent and lipid-detergent-protein micelles (117,119,120). The
subsequent removal of detergent leads to the incorporation of the IMP into vesicles
(3,78,99,117,119). The mechanism of reconstitution by detergent removal is still not fully
understood and the current view has not drifted far from that of Rigaud et al. (120). During
detergent removal, a critical point is reached where the protein cannot be stabilised in detergent
containing micells. At this point, the protein may either precipitate or spontaneously associate with
the available lipids and form PLs (119). The reconstitution efficiency depends/on a number of factors;
(i) the initial detergent concentration, (ii) the type of detergent used (121,122), (iii) the membrane
protein of interest, (iv) the composition of lipids, (v) the rate of detergentremoval, and (vi) the ionic
conditions (117). For a more comprehensive review of IMP reconstitution into liposomes, the reader

is directed to the review by Rigaud et al. (120).

Detergent removal can be achieved by a variety of methods (refer to Table 2 for details) including
dilution, gel filtration, dialysis or adsorption to polystyrene beads (3,78,117). Dilution, gel filtration
and dialysis techniques work best for detergents with a high CMC (78,111). Gel filtration and dilution
techniques require additional steps post detergent removal to concentrate the protein (117).
Adsorption with polystyrene beads on the other hand, is effective for detergents with a low CMC
such as DDM or TX-100 (78,111). The adsorption capacity of the beads is 0.2-0.45 mmol detergent
per gram of wet beads and although lipids and proteins may also be adsorbed, this is typically two
orders of magnitude lower than detergent (123). This is related to the size of the mixed micelles,
which are larger than the pore size of the beads. Consequently, adsorption of micelles occurs only to
the surface of the beads whereas monomeric detergent is also adsorbed into the beads. Binding of
lipids may also be kept to a minimum by maintaining a low bead-to-detergent ratio in the first step

of reconstitution to promote the higher affinity interaction with detergent (117).

Following reconstitution two populations of liposomes will exist; PLs and empty liposomes, which
may be separated by gradient separation as they have different densities (117). PLs (d=1.03-1.05
g/cm’) are denser than empty liposomes (124) and the two populations may be separated with a
discontinuous gradient such as sucrose (83,100). The latter is readily removed by dialysis or

repetitive dilution-concentration cycles (117).
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Table 2: Methods of detergent removal

Method Method Description Notes References
Advantages:
e detergent removal rate may
Detergent free dilution buffer . bmea;or:::iltlzfthe PL
_— is added to lower the )
Dilution . formation (117,225)
detergent concentration. PLs Disadvantages:
form when [detergent]<CMC
e cannot remove all detergent
e heterogeneous and dilute
samples
Advantages:
Separates monomer and e fast, simple, efficientand
mixed micelles from PLs based rep;oduciblle. (83,88,90,1
Gel filtration on the difference in size. Disadvantages: ’26’) ’
Elution in a detergent free .
buffer e dilute sample
e maylose lipids in the resin
Advantages:
e gentleprocess suitable for
labile or unstable molecules
The lipid/detergent/protein in liposomes
Dialysis mix is dialysed against e inexpensive and simple (84,89,90,1
detergent-free bufferina Disadvantages: 01)
dialysis bag e no control over detergent
removal rate
e poor reproducibility and
long time scale
A physical adsorptlon method. Advantages:
The hydrophobic detergent e fast (minutes-hours)
Adsorption to | tails bind to the hydrophobic
polystyrene surface of the beads. * control :)f detergent (;()1(;’712102’;2
beads Polystyrene beads are Disar;vrgr?;/;g;?e A27-129)
removed by filtration, ] o
centrifugation or gravity *  minor loss of lipids

A relatively recent approach to IMP reconstitution uses organic solvents or oil mixed with water to

create water-in-oil (W/0) microdroplets that are coated by phospholipids. The hydrophilic heads of

the phospholipids reside in the water phase and the tails orientate to the oil/organic phase. This

procedure has primarily been used for monolayer and planar lipid bilayer applications; however, it

has been adapted for liposomes. The W/O microdroplets may be extended to form LUVs using a

droplet-transfer method (130). A major advantage of this method is the ability to produce different

lipid compositions in the outer and inner leaflets of the liposome and to orientate the reconstituted

IMP within the liposomes (131).

3.1.1 Applications of IMP reconstitution into LUVs/SUVs
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Reconstitution of IMPs into SUVs and LUVs permits the direct measurement of substrate
translocation. Typically this is often done using substrates containing isotopic, radioactive,
fluorescent or photoaffinity moieties (78,89,102,108,109,111). For example, fluorescent voltage
sensitive dyes were used to monitor function of the Ca**-ATPase and of Maxi-K potassium channels
(83,117) and its intermediate steps including substrate binding and coupling to energy production.
Radioisotope assays are highly sensitive and provide the advantage of quantifying substrate
accumulation in absolute units, which enables determination of transport stoichiometry and flux
capacity. Fluorescent assays enable real-time measurements of transport rates but are typically

depicted as “relative transport measurements”.

The process of transmembrane transport involves numerous intermediate steps including substrate
association and dissociation, energy provision, bioenergetic coupling and conformational transitions.
Proteins reconstitued into LUVs and SUVs are amenable to such measurements. For example,
nucleotide hydrolysis is essential for substrate translocation by the ATP Binding Cassette (ABC)
transporter family. There have been many assays used to'measure the hydolysis of ATP by
reconstituted ABC transporters including luciferin-luciferase assays (132), malachite green-

molybdate assays (97,133) or variations thereof (8,98,134).

A specific advantage of SUVs and LUVs is their high membrane curvature which can be exploited to
study curvature-dependent effects that influence protein-membrane interactions (135-137). Protein
function once reconstituted (for example of Rhodopsin, G proteins, pro-apoptotic Bcl-2 proteins and
t-Bid, phosphocholine cytidyltransferase (CT) and P protein kinase C (PKC) (92-96,138)), has been
found to be sensitive to the membrane curvature of liposomes. Furthermore, different
phospholipids may cause curvature stress changes in liposomes (139) and curvature stress has been
suggested to affect the free energy and folding of IMPs (140). Unfortunately, this high membrane
curvatureiis a limitation in using SUVs and LUVs to study trans-leaflet lipid transporter IMPs (i.e.
flippase and floppase activity). This is due to the fact that vectorial movement of lipids between PL

bilayer leaflets increases the surface tension that may inactivate the IMP (141,142).

3.1.2 Disadvantages of reconstitution into LUVs/SUVs

Reconstitution into SUV and LUV-type proteoliposomes has led to a large accumulation of
information on the structure and function of IMPs (143). However, there are some limitations to the
technique such as the difficulty in controlling the size of PLs formed during reconstitution.
Reconstitution into pre-formed liposomes of defined size can help, but the addition of IMPs in

detergent micelles to pre-formed liposomes may alter their size. In addition, further treatments
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during PL formation (e.g. sonication, freeze-thawing) can also change their size (117). It is also
difficult to control the amount and orientation of the reconstituted IMPs in the PLs (144), which has
been reported to cause aggregation (119). The orientation of reconstituted IMP is difficult to predict
and seems to be unique to each protein and specific set of reconstitution conditions. For example,
80% of the reconstituted Ca’**-ATPase was outward facing (100) whereas 70% of the Maxi-K

potassium channel (BK), was orientated inside-out (83).

Another limitation in their use to investigate the molecular mechanisms of IMPs, is the small size and
internal volume of SUVs and LUVs (118,143). Structural and functional analysis through optical
microscopy techniques is not possible in SUVs and LUVs since manipulation of the vesicles (e.g. with
pipettes, tweezers, electrodes or atomic force microscopy) is difficult (143). In particular, the small
internal volume of SUVs and LUVs is a limiting factor for transport assays investigating the substrate
translocation activity of IMPs. The concentration of transported substances accumulating inside the

vesicle may rapidly reach high molarity and thereby inhibit transporter efficiency (118).

3.2 Giant Unilamellar Vesicles (GUVs)

With diameters ranging from 1-200um (111,118,143,145-147), Giant Unilamellar Vesicles (GUVs) are
similar in size to eukaryotic cells (148). The large size of GUVs renders techniques such as
micromanipulation with optical tweezers or micropipettes, and direct observation by
optical/fluorescence microscopy, possible (118,143,147). GUVs containing IMPs allow
characterisation by the same techniques as in SUVs and LUVs (without the small size and volume
limitation), as well as'by confocal microscopy, fluorecence correlation spectroscopy and patch
clamping (78). Due to their size, GUVs display lower membrane curvature (110) that is similar to cells

and thereby enables measurent of lipid translocase activity (143,149).

3.2.1 Advantages of using GUVs

Like SUVs and LUVs, GUVs provide compartmentation to allow measurement of vectorial transport
by IMPs. However, they are more flexible and display an internal volume similar to that of cells (146)
and are therefore considered promising cell mimetic system (148,150). The GUV membrane may
comprise a single or a mixture of lipid classes (145) allowing their use in investigations into the
function, shape, mechanical and chemical properties of complex biological membranes (145). They
have been produced to contain IMPs (120,143,151-155), fragments from a natural cell membranes

(156,157) and soluble components within their lumen (158-160).

GUVs have been used to investigate many biological functions such as adhesion (143,146,161-164),

fusion and fission (143), the effects of local delivery and interactions of biologically active substances
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(165), DNA-lipid interactions (166), endo and exocytosis (167-169), antimicrobial peptides (170),
antibody binding (171), and cell division (172). They may be used to investigate properties of lipid
membranes (118), cell functions that involve the lipid membrane (148), biochemical reactions and
self-assembly processes that occur on the membrane (146). More specifically, single molecule
techniques such as fluorescence correlation microscopy have been employed with the GUV model to
investigate lipid mobility (143,173), membrane dynamics and ordered lipid microdomains
(156,173,174). Fluorescent imaging has been used to observe lateral membrane organisation (175)
and the micropipette aspiration technique has been employed with GUVs as cell membrane models
(176,177). The bending stiffness of lipid bilayers and the free enrgies of interactions between
membranes as well as membrane deformities (143), lipid membrane phase transitions (178) and

membrane flickering (145,179) have also been investigated using GUVs.

The formation of GUVs with soluble proteins or nucleic acids in the lumen is well established
(158,180-182). On the other hand, reconstitution of functional IMPs into GUVs is less advanced,
mainly due to the harsh methods for GUV formation (refer to section 3.2.2 and 3.2.3) (111,143).
However, methods for GUV formation and GUV membranes themselves, can be designed to

incorporate MPs (146) and this is currently an active research area (118,148,153,183-185).

3.2.2 Preparation of GUVs

In general, there are four main methods for the formation of GUVs, (i) dehydration-rehydration, (ii)
electroformation, (iii) microfluidic injection and (iv) emulsion based. Each of these methods is

discussed below and Figure 1 provides a comparative summary.

3.2.2.1 Method of GUV formation by dehydration-rehydration

Introduced in 1969 by Reeves and Dowben (186) then modified in 1996 (187), this was the first
method established for GUV formation. Briefly, lipid deposits (from lipids dissolved in solvent,
membranes or preformed liposomes) are dehydrated on a support surface, for example glass,
forming stacks of lipid bilayers (186,188). GUVs grow by swelling when they are rehydrated by
exposure to aqueous solution (146,186,187,189-191). The GUVs form spontaneously via membrane
fusion which is facilitated by osmotic pressure, electrostatic interactions and hydrophobic effects as

water enters the dried lamellar structures (111,192).

Temperature is an important factor in this method at each step since it is essential that the lipids are
in the correct phase (either liquid crystalline or gel) (147). Unfortunately, this method does not

produce a high yield of high quality GUVs (147). The yield can be increased by the addition of
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charged lipids (187) especially 10-25% (w/w) anionic lipids or alternatively, 10mM Mg** may be
added to neutral lipids after pre-wetting (193). The addition of charged lipids has the added
advantage of enabling the use of buffers at physiological ionic strength (147) that otherwise impede

GUV formation.

Advantages of this method include the ability to prepare GUVs in a large range of buffer
compositions, including buffers with high ionic strengths (143). However, there are several
disadvantages to the method as well. The yield is low compared to other GUV forming methods, and
the process has a long time scale in the range of days (194). Additionally, due to the uncontrolled
rehydration step, the process forms predominantly multilamellar with very few unilamellar vesicles

and the population formed is heterogeneous in size (143,145,188).
3.2.2.2 Method of GUV formation by electroformation

Now the most common method for GUV formation (195,196), electroformation was introduced in
1986 by Angelova and Dimitrov (196). A high yield of GUVs can be achieved if dehydrated lipid
deposits are rehydrated in the presence of an alternating current (AC) electric field
(155,195,197,198). The method is based on electro-osmosis and the ability of lipids to self-organise
in aqueous solution (146). In additionto the high yield and quality of GUVs formed (110), this
method also generates more unilamellar GUVs with more homogeneity in size $~20um (range from
~5-150um (199)) compared to the dehydration-rehydration method (143,195). It has a reduced
timeframe and does not use the high temperatures used in dehydration-rehydration that damage
biological components (146). The GUV formation during electroformation may be monitored by

fluorescence microscopy (78).

The process of electroformation also requies dehydrated lipid deposits on a solid support, although
in this case the support is a homogeneous conductive surface (146). Most commonly used are
indium tin oxide (ITO) coated glass electrodes, although platinum (Pt) or titanium electrodes may
also be used. The lipid films are rehydrated (usually with a sucrose solution) and an alternating
current (AC) electric field is applied to the electrodes (110). Upon addition of the rehydration buffer,
the chamber should be sealed and the AC electric field applied immediately in order to avoid any
spontaneous, uncontrolled swelling (200). The AC electric field is applied to the electroformation cell
with either (i) a function or pulse generator, or, (ii) a generator able to produce sgaure or sinusoidal
voltages at different frequencies (200). Formation of larger GUVs is facilitated by rehydration with an

AC electric field where the amplitude voltage increases incrementally (143). Lowering the AC
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frequency (Hz) and raising the voltage helps the GUVs become spherical and separate from the

electrodes (143).

Electroformation of GUVs has three stages; a growing, a swelling and a rebounding stage (200,201).
In the first growing stage, the AC electric field amplitude is increased stepwise to a maximum point
while the frequency remains fixed. Generally, GUVs will have started to form within 20-30 minutes.
A strong electric field is needed at this stage in order that the growing vesicles develop and maintain
a spherical shape (200,201). The swelling stage is the point at which the GUVs increase in size while
the electric field parameters are kept constant. This stage is optional when making GUVs at low
salinity since the amplitude is increased very slowly to its maxumum in the growing stage, which
allows time for the GUVs to grow in size. In other conditions however, the swelling stage is essential
to control the final size of the vesicles. If the field amplitude is rapidly increased to maximum in the
growing stage and the swelling stage is omitted, the GUVs formed will be small (5-10um) (200,201).
In the final electroformation step, the rebounding stage, the electric field frequency is decreased to
promote vesicle closure and to prepare them for future detachment from the electrodes. At the end
of electroformation, the formed GUVs can be left on the electrodes or can be detached easily by

gentle tapping (200,201).

The two main parameters to consider in electroformation are the electrode material, and the
applied electric field parameters (147). The use of high voltages, or the wrong choice of electrode
for the specific conditions.may lead to degradation of lipids by hydrolysis (147). A disadvantage of
the commonly used ITO-coated electrodes is that they can be unstable at the voltages usually used
in electroformation (200,202) and the resultant decomposition may cause lipid peroxidation (147).
This problem.can be circumvented by using cylindrical platinum electrodes (200), or titanium
electrodes that decrease lysolipid formation (147). The AC electric field parameters can impede,
rather than assist, with GUV formation if compatible preparative conditions are not used (111). In
the original electroformation technique (196), the preparative conditions that could be used were
limited. Even buffers with low ionic strength, or the presence of charged lipids, inhibited GUV
formation (110,147) thereby limiting the addition of physiological salt buffers to the external

medium until completion of electroformation (110).

This limitation was overcome by varying the voltage and frequency of the electric field and the
method could be optimised to form GUVs under a range of different conditions. Methods have been
developed to form GUVs using electroformation in different electrolyte-containing buffers at
physiological ionic strengths. Physiological temperatures and a range of lipid mixtures (e.g. anionic,

zwitterionic) or native membranes have also been implemented (143,145,157,201,203). In general,
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the amplitude of AC electric field used ranges between 1.5-5V and the initial frequency used in the
electroformation process is ~¥10-20Hz (110). A lower field amplitude is preferable for charged lipids
and a higher frequency helps GUV formation in physiological salt buffers (110,157). For examples of
relevant electroformation parameters depending on the medium used for rehydration and more
specifically those relevant in low and high salinity buffers at pH 7.4, the reader is directed to tables in

references (200,201).

The dehydration-rehydration and electroformation methods described above, can be used to readily
incorporate cargo into GUVs. However, the techniques are beset with a significant drawback related
to the difficulty in removal of non-encapsulated cargo. The removal is readily achieved with the
sturdier SUVs/LUVs by ultrafiltration, size-exclusion chromatography or dialysis. Unfortunately, GUVs
are not amenable to these procedures and so they are inefficient at removing the un-encapsulated

cargo (110).

3.2.2.3 GUV formation by microfluidic jetting and emulsion-based methods

Although used less frequently, microfluidic jetting and emulsion-based methods provide alternatives
to generate GUVs. These two methods are efficient at forming GUVs with encapsulated compounds

or asymmetric membranes (158,204,205).

Microfluidic jetting involves controlled jets of fluid directed at a planar lipid bilayer or a droplet
interface bilayer. The jet causes the bilayer to deform and a small section to break off and produce a
vesicle filled with the solution from the jet (146,206). This method has been demonstrated to form

homogeneous populations of GUVs in the range of $=100-200um (146).

Emulsion-based methods such as double-emulsion templating (207), involve the transfer of lipid
stabilised water-in-oil droplets through an oil-water interface. The lipid droplets are pushed through
the oil=lipid interface by the flow passing through a glass microcapillary microfluidic device (146).
The lipid droplet “picks up” another lipid monolayer during the transfer to form a complete bilayer
and leave the GUV in water (110). Vesicles can be collected from the emulsions by evaporating or
using dialysis to remove the solvent (146). GUVs with diameters in the range 20-150um can be made

using this method (146,207).
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Figure 1: Overview of main methods for GUV formation
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3.2.2.2 Perspectives of GUV formation

Since the initial reports of producing GUVs, much progress has been made with methods for their
formation and led to improvements in design possibilities. These improvements include controlling
GUV sizes and using physiological buffer systems in their formation (146). GUVs have also been
generated with passive or active components incorporated within the vesicle lumen and the first
report of enzyme encapsulation was reported in 1970 (212). Formation of complex GUV membranes
from binary and tertiary lipid mixtures as well as from natural lipid extracts in orderto study
membrane heterogeneity has been achieved (145,154,157,173,175,213-216). GUVs made from
natural lipid extracts (154,157,216) were found to maintain the natural cell membrane asymmetry.
This feature has been notoriously difficult to generate when starting from solubilised synthetic lipids
due to their propensity to mix homogeneously in artificial systems (146). There are a few reports of

asymmetric GUVs produced from synthetic lipids that are stable for 4-24hr (205,217).

3.2.3 Reconstitution of IMPs into GUVs

A major design improvement with GUVs has been the ability to reconstitute IMPs into the vesicle
membrane. Initially, the harsh methods for the production of GUVs, rendered their ability to
investigate IMPs difficult (143). The main barrier to functional IMP incorporation was the
dehydration step in the general methods used for GUV formation (dehydration-rehydration and
electroformation) (111,143). A number of novel approaches to the existing methods have been used
to generate proteo-GUVs or to insert IMPs into preformed GUVs. The work of Rigaud et al. 1988
outlining detergent-mediated protein insertion into LUVs has been instrumental in devising
strategies for reconstitution of IMPs into GUVs (122). In particular, several methods use PLs as the

starting material for GUV formation (78,111,146).

3.2.3.1 Variations on existing methods for reconstituting IMPs into GUVs

As mentioned above, the key change to the existing methods of GUV formation to allow for the
incorporation of IMPs has been to use reconstituted proteins as the starting material
(78,143,185,195,201,210,218). Moreover, using lipid deposits from PL dispersions as the starting
material for GUV formation has proven to be advantageous for electroformation (200,201) since the
amount of lipid on the electrodes is better defined and due to their propensity to make well-

orientated membrane stacks (143,200,201).

The dehydration step in these methods remained a problem. As the PLs are dehydrated, the

transition temperature increases by 70-80°C (219) causing the lipids to go from liquid crystalline to a
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gel phase, which induces lateral phase seperation. Consequently, the IMPs may denature, aggregate
and/or lose activity (111,146). A practical example of the affect of dehydration on IMPs was shown
by Girard et al. (143). Their preliminary experiments (prior to their succesful reconstitution of Ca**-
ATPase and bacteriorhodopsin into GUVs) showed that complete dehydration of the PLs under high
vacuum caused a decrease in the activity of these proteins. The loss in activity is excacerbated when
using single molecule assays (e.g. fluorescence correlation spectroscopy, fluorescence resonance

energy transfer and atomic force microscopy) with GUVs to investigate IMP function (111).

A common variation to the method is to use stabilising agents (in particular sucrose) during the
dehydration step or in the rehydration buffer. Addition of sucrose (as little as 20-100mg/g lipid may
suffice (111)) helps to stabilise the protein and maintain its activity during the sequence of
dehydration and rehydration (78). Sucrose prevents lipid phase transitions from liquid crystaline to
gel phase (dehydration) and back (hydration) by keeping the transition temperature of the
membrane low (219). This reduces protein aggregation, and hydrogen bonding between sucrose and
the polar groups of the amino-acid residues stabilise the protein (78,111). Unfortunately, adding
sucrose may also inhibit membrane fusion (220). Therefore, the concentration of sucrose must be
optimised to maintain protein activity (20-100mg/g lipid) while still allowing membrane fusion
(<0.86 g/g lipid) (218). Other dissacharides, such as trehalose, have also been used to stabilise
proteins during the dehydration and rehydration steps (111,218). Another strategy to promote
retention of protein functionis to switch from complete to partial dehydration of the starting

material (143).

With these variations in place, many IMPs have been succesfully inserted and studied in GUVs. These
include; Ca**-ATPase and bacteriorhodopsin (143), a flippase from yeast endoplasmic reticulum
(149), glycophorin and a K* channel (221,222), and many more (111,143,153,183,185,223). It has
also’beenshown that IMPs and glycosphingolipids retain their natural orientation post

electroformation in GUVs produced from native membranes (157).
3.2.3.1 New methods for MP incorporation into GUVs

Although the methods described above have been used succesfully to reconstitue a number of IMPs
into GUVs, the techniques still require that the protein is able to withstand partial drying. Some new
methods for the incorporation of IMPs into GUVs have also been developed and are summarised in

Figure 2. Our focus will be on those using fusion techniques and detergent removal.

3.2.3.3 Fusion techniques
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The fusion methods that will be presented here include peptide-induced fusion of PLs with
preformed GUVs, and the fusion of oppositely charged vesicles. Reconstitution of IMPs into GUVs by
peptide-induced fusion involves mixing PLs containing fusogenic peptides (e.g WAE covalently
attached to the LUVs) with preformed GUVs. This method has been used to reconstitute
bacteriorhodopsin into GUVs in order to investigate the function, dynamics and aggregation states
of the protein (184,224). The primary disadvantages to this technique are the laborious process of
anchoring the fusion peptide and the presence of fusion peptides in the IMP containing GUVs

(111,143,146).

Figure 2: New methods for IMP incorporation into GUVs
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Another strategy is to initiate fusion between oppositely charged GUVs (225,226), although these
studies used high levels of cationic lipids to achieve fusion. The approach was modified by Biner et
al. (118), using less harsh conditions to achieve fusion of positively charged SUVs containing IMPs

with empty GUVs containing negatively charged lipids. Their technique fused oppositely charged PLs
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to co-reconstitute bos oxidase and ATP synthase from E. coli as well as the ATP synthase and
cytochrome c oxidase from Rhodobacter sphaeroides, into unilamellar liposomes of varying sizes
(100nm-50um) (118). This method was also used to co-reconstitute bos oxidase and ATP synthase,
which were labelled with different fluorophores, into GUVs. Fluorescent microscopy confirmed that
both proteins were incorporated into the same GUV membrane and protein function was confirmed
by measuring ATP synthesis. Taking the method one step further; SUVs containing fluorescently
labelled cytochrome c oxidase, the Na*/H" antiporter NapA and the green light-activated H* pump
proteorhodopsin, were mixed and then incubated with GUVs. GUVs containing all three proteins
were then confirmed by fluorescence microscopy. It was observed that the fusion rate was
dependent on the percentage of charged lipids present, positively charged lipids needed to be
present in both leaflets for complete vesicle fusion, and that fusion of the‘inner leaflet of the bilayer
provided the rate limiting step. The fusion seems to be a two-step process involving the breakage

and then fusion of the inner leaflets driven by an electrostaticinteraction.

This method is promising as it is a simple, mild, non-destructive and detergent free way to
reconstitute into GUVs, and the controlled fusion of protein containing SUVs with GUVs also ensures
the orientation of the proteins are maintained in the GUVs. As in most methods, the ideal conditions
(in this case the lipid composition) need to be estimated for each different IMP. A potential
drawback is that some target IMPs may not be incompatible with cationic lipids, which do not occur
in biological systems. Moreover, the lipid composition of the vesicles cannot be freely chosen so the
method is incompatible for experiments where the influence of the lipid composition is being

investigated.

3.2.3.4 Detergent based approaches to IMP reconstitution into GUVs

Other new techniques to reconstitute IMPs into GUVs were developed by Dezi et al. (148).
Detergents are used to either directly incorporate proteins solubilised in detergent micelles
(mimicking detergent reconstitution into preformed SUVs/LUVs), or to fuse PLs or purified native

vesicles with pre-formed GUVs.

For the direct incorporation of solubilised proteins, GUVs were formed in the presence of detergent
concentrations above the CMC but below levels that would solubilise the vesicles. The purified IMP
(in mixed detergent-lipid-protein micelles) are mixed with the detergent treated GUVs. The
detergent was then removed with Bio Beads causing the proteins to be inserted by transfer from the

mixed micelles into the GUV membrane, without needing holes to form (78,120,227). This strategy
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avoided protein aggregation as seen in previous studies when trying to incorporate proteins at

detergent concentrations below the CMC (228,229).

Several detergents (e.g. Triton X-100) have been shown to induce fusion of lipid LUVs, PLs or native
membranes when added at solubilising concentrations (230-232). Mixing GUVs with native vesicles
or PLs and increasing the detergent concentration resulted in fusion and insertion of IMPs into GUVs
(148). The extent of fusion increased with the detergent concentration until GUV were solubilised by

the surfactant (148).

Using these methods, Dezi et al. directly incorporated the light-induced proton pump,
bacteriorhodopsin, and the E. coli outer mem protein, FhuA, into preformed GUVs, and
reconstituted the bacterial heterodimeric ABC efflux transporter, BmrC/BmrD, into GUVs by fusion
from PLs (148). In all cases they verified activity of the reconstituted protein. These methods have
many advantages for the reconstitution of MPs into GUVs."The main advantage is that the GUVs can
be made using well-established electroformation techniques, usually too harsh for IMPs, enabling
the formation of GUVs with different lipid compositions and with encapsulated materials.
Furthermore, making GUVs with solubilising concentrations of detergent present increased the ionic
permeability of the GUV. Consequently, GUVs could be formed in a sucrose solution (this forms
more GUVs than salt solutions (201)), and a buffer exchange step introduced post-formation to
exchange the internal and external contents. The detergent present helps to protect the GUVs from
osmotic shocks during buffer exchange, but also allows large encapsulated molecules (proteins or
DNA) to remain inside the vesicles. Both the direct incorporation and fusion techniques were
detergent dependant and not related to the specific protein or lipids present. Therefore, these
methods could be used to co-reconstitute functionally coupled IMPs (233). The fusion of liposomes
to GUVs also offers the potential that the internal contents of a liposome could be delivered to GUVs

with an IMP already reconstituted within them and expand the list of potential experiment types.

Another new method has been developed which circumvents the use of detergents, fusion peptides
and a dehydration step (234). In this technique, GUVs are made by electroformation while PLs are
assembled in the commercial Rapid Translation System. This system is a cell-free protein expression
system based on T7 RNA polymerase and an optimised E. coli lysate (235). Transfer of proteins from
the PLs to the GUVs happens spontaneously in this method. One disadvantage however, is that the
cell-free protein express system cannot make post translational modifications so the protein quality

and relevance for comparison with the natural biological protein is limited (146).

3.2.3.5 Perspectives with GUVs

29



Reconstitution of IMPs into GUVs offer a number of advantages for functional assessment; for
example, assays on lipid translocase activity that are not possible in SUV/LUV systems. However,
methods to use GUVs are considerably more comnplex or labour intensive than simpler
reconstitution approaches. If the experimentor decides on using this syste, it is important to
consider the target protein being investigated and the conditions needed for to preserve its
function. Different methods for GUV foramation and MP reconstitution have conditions that they
are best suited to and therefore, each set of conditions and IMP will need its own specific method

(146,157,201,236).
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TITLE: Methods of reconstitution to investigate membrane protein function
HIGHLIGHTS:

e Integral membrane proteins require a lipid environment for full function

e Membrane proteins may be reconstituted into a variety of lipid systems

e Symmetric reconstitution systems provide access to both sides of a membrane
protein

e Compartment based reconstitution systems enable measurement of vectorial
substrate movement

e The type of reconstitution system will depend on the nature of the functional activity
and will require considerable optimisation
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