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Abstract

Protein-protein, protein-ligand and protein-lipid interactions are fundamental to most of the physiological processes. Membrane proteins
are particularly very important in this regard as most of the marketed drugs and those under clinical trials target these proteins either
activating or inhibiting their activity thus reflecting theirimportance in human health and disease. This perceived importance warrants
the detailed analysis of the process to understand and elucidate the underlying mechanisms behind the process. However, there are
significant constraints like lack of high resolution structure, difficulty in getting the sufficientamount of purified protein and crystallization.
The advancement in surface chemistry, coupled with modified sensor chips with improvised surface chemistry where lipid bilayer can
be created thus, mimicking the native membrane environment have greatly facilitated and revolutionized the kinetic and equilibrium
analysis of such interactions. Additional advantages offered by plasmon resonance based techniques include, high sensitivity, accuracy,
label free analysis, lesser protein requirement etc. This review highlights the membrane protein interactions with their specific ligands
with special emphasis on G-Protein Coupled Receptors (GPCRs), optimized protocols to study such interactions, associated challenges
and advantages and disadvantages of each protocols and finally future road map of such studies.
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INTRODUCTION

Surface plasmon resonance

Membrane protein interaction studies: Protein-protein
interactions are fundamental to most of the physiological
processes. Understanding the nature and mechanism of such
interactions is crucial to biological research. Membrane
proteins are the major molecular targets for most of the
validated drugs and also the upcoming drugs. In this
respect, development of surface chemistry enabling the
immobilization of lipid bilayers and determination of
protein-membrane interactions in real time has made Surface
Plasmon Resonance (SPR) aninvaluable tool. Surface analytical
tools like SPR is a preferred method of choice for label free
analysis for kinetics and affinity of bimolecular binding
(protein-ligand) events in real time. It offers high detection
sensitivity of bimolecularinteractions compared to traditional
biomedical methods. Most important step in SPR mediated
study involvesimmobilization of reactants on the chip surface,
which becomes a limitation for transmembrane proteins
due to their susceptibility to the surroundings. The SPR
spectroscopy is a powerful technique for the study of ligand
binding interactions with membrane proteins. To achieve
this, transmembrane proteins need to be incorporated in a
structure where it can reside in its native like environment.
Multilayered supported liposomes offer such environmentand
are used toimmobilize transmembrane proteins onto the chip
surface tofacilitate SPR based detection. Recently, biomimetic
membrane model systems have been developed to study
protein-membrane interactions as well'.

With the introduction of new improvised instruments
and modified sensor chip chemistries, SPR is finding new
applications for molecular interaction studies on larger scale.
Availability of kinetic and thermodynamic data of bimolecular
interaction helps in elucidating macromolecular binding
events and mechanism of molecular recognition. The existing
optical biosensing platforms like SPR can be integrated
with other assays thus ensuring portability and enhanced
functional efficiency?. The SPR since its development is
consistently improvised and modified for its widespread
application that ranges from ligand screening, immunology,
cell biology, signal transduction, nucleotide-nucleotide,
nucleotide-protein,  protein-protein and  protein-lipid
interactions?.

Further, advent of protocols to synthesize stable
membrane like surfaces coupled with commercialization of
sensor chips has facilitated the study of protein-membrane
interactions via SPR.L1 sensor chip from Biacore is particularly
important owing to its ability to capture intact liposomes or

847

subcellular preparations. This allows analyzing the lipid
specificity of protein-membrane interactions by manipulating
the lipid composition of the immobilized membrane. This
opens up the enormous future possibility for studies involving
domains or proteins that participate in cell signalling,
pore-forming proteins, membrane-interacting peptides,
coagulation factors, enzymes, amyloidogenic proteins and
prions, etc*S.

This review analyzes the protocols and associated
constraints related to the synthesis and study of membrane
proteins like GPCRs whose interactions with specific ligands
have been characterized already. It also describes the latest
advances and improvisations in SPRs in relation to membrane
protein-ligand interactions and future trajectory leading to the
discovery of new drugs.

G-PROTEIN COUPLED RECEPTORS (GPCRs)

Biosensing based on plasmon resonance have opened a
flood gate for the investigation of G-Protein Coupled
Receptors (GPCRs) binding with its ligands. The GPCR
superfamily constitutes one of the largest protein family in
mammals with more than 800 coding sequences reported in
the human genome' (Fig. 1). Over 50 % of marketed drugs
either activates or inhibits these proteins. Therefore, it
becomesimperative to understand mechanism behind signal
transduction and protein-ligand interactions as it will have
direct bearing to the different aspects of health and disease.
However, the information available for the same is grossly
inadequate citing their perceived importance in human health
and disease. Thisis partly due to the limitationsin getting their
high resolution structure, low abundance naturally coupled
with difficulty in their purification in significant amount from
tissue derived or recombinant protein derived vector and
crystallization are some of the serious roadblocks in achieving
their full potential for human benefits. This is where plasmon
resonance based techniques, which are highly sensitive,
non-invasive, require very little amount of protein becomesaall
the more important for studies related to the membrane

GPCR superfamily

(791 genes)
ClassA ClassB ClassC Others
(662) (15) (22) (92

N

Endogenous ligand/orphan Olfactory/phermone
(271) (391)

Fig. 1: Schematics of GPCRs classification (Bjarnadottir et a/%)
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Fig. 2: Alpha helical structure of GPCR (Retrieved from open source of Wikipedia)

protein-ligand interactions. Plasmon resonance based
techniques also offer the advantage of test protein or analyte
to be in lipid bilayers. This mimics the native membrane
environment and provide the mostideal setup for the kinetics
and equilibrium analysis of protein-ligand, protein-protein and
protein-lipid interactions’.

PROTOCOLS: MEMBRANE PROTEIN INTERACTIONS

Membrane immobilization

Biomimetic membranes constitutionon the sensor surface:
Knowledge about the nature and mechanism of interactions
occurring with membrane bound receptors like ligand-gated

ion channels, GPCRs, antibody receptors and cytokine
receptors are important for drug discovery process (Fig. 2, 3).
Among these, GPCRs are very crucial as majority of the drugs
target them. To understand the mechanism of these
interactions, these must be probed /7 vivo or in the facile
biomimetic membrane system’?. Currently available
techniques rely on the soluble form of the receptorin solution
phase for kinetic analysis of molecular recognition event,
which is more suitable for receptors with single
transmembrane domain. This is a big limitation as membrane
receptors have substantial hydrophobic domain, different
tertiary structures and binding affinities in solution. Other
limitations include inability to analyze ligand induced signal
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cascades and complex membrane proteins. To circumvent
these roadblocks, techniques were required that allow
membrane-ligand interactions analysis in their near native
membrane environment. Many biophysical techniques
like patch clamping, magic-angle-spinning  NMR,
fluorescence-correlation spectroscopy, Fluorescence
Resonance Energy Transfer (FRET) and analytical
ultracentrifugation was applied to the study of binding to
whole cells, membrane protoplasts and proteoliposomes.
However, surface-related processes like interactions with
membrane receptors are difficult to study with bulk
techniques. Also, these techniques require high concentration
of protein which is difficult to obtain. Therefore, the need of
the hour is to devise a protocol that enables quantitative
analysis of affinity and kinetics of interactions by recreating or
immobilizing biomimetic membranes on the sensor surface.

Fig. 3: Schematic illustration depicting structural features
important to the biological functions of GPCRs
(Retrieved from open source of Wikipedia)
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Supported lipid monolayers/bilayers: This simplest protocol
for immobilization of membrane on the sensor surface
involves adsorption of lipid onto a hydrophobic surface.
This leads to the formation of supported monolayer with
hydrophobic acyl chains contacting the hydrophobic surface
and polar head groups of lipid facing the solution®. These
hybrid bilayers formation involves modification of surface
chemistry through physisorbed monolayer of fatty acid salts
or a chemisorbed monolayer of alkyl chains linked to the
support via functional groups or a hydrophobic hairy-rod
polymer (Fig. 4, 5). However, this protocol is confined to the
receptors attached to the outer leaflet of native membrane
and to the cases where analyte binds to the lipid. The hybrid
bilayer membranes composed of SAM and lipid monolayer
provide excellent system to study the molecular interactions
on the membrane surface. However, these cannot be use to
insert transmembrane domain in active form. Reason could
be inherent rigidity of layers having high proportion of
hydrophobic and polar regions. Attachment to the solid
surface leaves no space for water that is required for structure
and function of membrane proteins. Another limitation is the
inability to hold the transmembrane domain with significant
cytosolic or extracellular domains. Vogel and group have
pioneered the study analyzing the interaction of cholera toxin
B subunitwith the cell-surface ganglioside GM1' using optical
biosensors'®',

Surface of mammalian cell is studded with membrane
bound receptor molecules. These naturally occurring
receptors provides an insightinto exploring the protocolsand
methodologies to transport polar drug candidates across
membrane bilayers, a process of huge significance in
medicinal chemistry'>'3, In such scenario, artificial membrane
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Fig. 4: Schematic of capture and reconstitution of GPCRs on a sensor chip surface. Reproduced with permission from Patching?
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Fig. 5: SPR setup for quantifying membrane protein-ligand binding (a) Nanopores in a gold film and (b) Surface plasmon

resonance microscopy with intact living cells

(i) Schematic illustration of the experimental set-up, (i) SPR image of a cell, (iii) Fluorescence image of a cell, (iv) Bright-field image of a cell. Reproduced with
permission from? (Picture A was modified from Tawa and Morigaki'” and B was modified from Wang et a/.'%)

receptors are composed of covalent attachment of the
recognition motif to a lipid or steroid derivative that is
incorporated in a synthetic membrane. The recognition motif
is displayed above the membrane surface to bind to the
target™'®. Another alternative could be the provision of
binding pocket inside the membrane layer, a strategy utilized
by transmembrane pore forming peptide. However, synthetic
pocketinside the membrane bilayer poses problem for natural
system including poor solubility, non-specific localization in
membrane bilayer or reduced affinity for target'%.

Deep cavitands: Deep cavitands are mimetic proteins that
provide a cavity for selective and specific recognition of target
molecules based on similar charge distributions. Diffusion
NMR and 1D NMR have been employed to study the host:
Guest properties of cavitands. Results show the specific
binding in the presence of lipids above the critical micelle
concentration?"?. Prominent technique for such studies are
confined to fluorescence microscopy but the advent of SPR,
a label free, simple protocol to monitor the events on
membrane in real time has greatly revolutionized such type of
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studies. Availability of calcinated nanoglassified gold surface
has facilitated the direct assembly of supported membranes
on the sensor surface enabling the relevant analysis and
measurement thereof. Binding interactions of lectins and
bacterial toxins were analyzed with calcinated gold chips?.
However, measuring small molecules via SPR in supported
membrane is plagued with lower sensitivity as low molecular
weight compounds are small enough to generate quantifiable
refractive index variations. Also, the recognition event might
getdisplaced from the surface and affinity comes in millimolar
range than micro- or nanomolar range?*32,

In a study by Liu et a/3, binding interactions of small
molecules with cavitand incorporated in biomimetic
supported lipid bilayer membrane were analyzed by SPR
spectroscopy and fluorescence microscopy. Results show
that cavitand has retained its host properties and show
selectivity for guest/substrate (choline) and no competitive
inclusion of substrate in membrane bilayer is observed
with binding affinity in millimolar range. Therefore,
membrane-cavitand-guest system can be used to sense
proteins on the membrane surface.
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Fig. 7: Schematic illustration of a DNA tethered lipid bilayers. Chung et a/'” (Retrieved from open source of Wikipedia)

Lipid transfer proteins: Lipid transfer proteins plays
important role in plasma where they are associated with
lipoprotein differentiation and maturation and also lipid
metabolism and membrane biosynthesis. The SPR can
measure the binding interactions of unmodified natural lipids
with lipid transfer protein and provide the quantitative data
on kinetics and affinity of interactions. In a study, biotinylated
sterol career protein, a lipid transfer protein was genetically
engineered with C-terminal biotinylated tag for expression.
This was done to facilitate binding with streptavidin coated
SPR chip. Biotinylated sterol career protein was immobilized
on the streptavidin SPR sensor chip. This was followed by
kinetics and affinity measurements for the analytes oleic acid,
linoleic acid, cholesterol and fluorophore (NBD)-derivatized
cholesterol. This standard protocol can be applied to other
transfer proteins as well after appropriate protein
engineering3*,

Proteoliposomes: The SPR coupled with proteoliposomes as
affinity elements has provided a powerful and highly sensitive
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alternative for multiple analyte detection. One crucial issue in
utilizing such platform is to maintain the functionality of the
immobilized protein on the sensor surface that is determined
by the appropriate choice of lipids and surfectants involved in
the membrane reconstitution. In the previous study Olguin’s
group has used TLR5-proteoliposomes as screening affinity
elements of bacterial flagellin. In the later part of study they
had altered the immobilization condition of TLR5 to assess the
effect of fluidity of membrane and size of the liposomes for
their use as affinity elements for novel biosensing applications.
Here, this group has used preformed liposomes with lipid
composition of POPC, POPC-DMPC and POPC-POPE and
surfactants OG, Triton X100 and DDM. The kinetic and affinity
analysis by SPR has revealed that fluidity and size of liposomes
are important determinants for affinity measurements®.

Tethered lipid membranes: This method involves covalent
attachment of membranes to solid support via lipid polar head
groups or amphiphilic copolymers at some distance from the
surface (Fig. 6, 7). Lang et a/* have developed tethered lipid
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membranes on the gold surface utilizing a thiolipid with a
hydrophilic oligoethoxy spacer between the lipid head group
and the anchoring sulphur groups. Bilayers were formed
from the thiolipid monolayers through the self assembly of
phospholipids using lipid vesicles or mixed micelle dilution
with the advantages of robustness and longevity. Besides,
spacer acts as elastic buffer decoupling the lipid layer from the
solid support. Hydrophilicity of spacer allows the interface of
water film between spacer and solid support essential for
maintaining the functionality of GPCR inserted into these
layers. These tethered bilayers were studied by SPR, Surface
Plasmon Fluorescence Spectroscopy (SPFS), resonant-mirror,
waveguide techniques and electrical measurements for the
conducting surface like metals, Indium-tin oxide and
conducting polymers. This system was utilized for the
reconstitution of membrane proteins like rhodopsin to study
receptor and transducin interaction*.

Naumann et a/*, have used peptide spacer for bilayer
deposition and incorporation of FOF1-ATPases. Cornell et a/*
have included membrane-spanning thiophospholipid to
increase stability and analyze channel conductance. Similarly,
SPR was utilized to monitor the incorporation of 7orpedo
californica acetylcholine receptor into a thiopeptide
supported lipid bilayer by fusion of receptor proteoliposomes
with a gold-supported thiopeptide lipid monolayer.
Williams et a/* introduced one step process of bilayer
formation as well as anchoring by spreading phospholipid
vesicles on gold surfaces having immobilized cholesterol
derivativesinvariable densities*. Thisinvolved incubating the
surface with mixed lipid vesicles consisting of fraction of lipids
with surface-active head groups. This was reported for mixed
thiolipid/phospholipid vesicles on bare gold and mixed
vesicles from succinimidyl-conjugated dialkylamine and
phospholipid on cysteinamine-covered gold. Recently,
His-tagged lipids as anchor lipids were introduced for
reversible coupling to metal-chelating surfaces®.

Self assembled solid-supported lipid membrane: This
system uses a teflon spacer to support bilayers over a prism
surface, of a SPR/PWR sensor, where GPCRs are inserted and
signalingisinvestigated*. The generation of a self-assembled
solid-supported lipid membrane follows Montal-Mueller-Rudin
protocol*. This protocol involves spreading a lipid bilayer
across Teflon orifice separating the silica waveguide surface
from the aqueous phase in the PWR cell. The hydrophilic SiO,
surface with thin water layer* attracts the polar groups of the
lipid molecules with the hydrocarbon chains oriented towards
the bulk lipid phase leading to the orientation of lipid
molecules. Addition of buffer into the sample compartment of
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PWR cell induces the formation of plateau-Gibbs border that
anchors the membrane to the Teflon spacer allowing
membrane flexibility.

The SPR and PWR can be used to monitor the
conformational changes of GPCRs such as rhodopsin®#,
the Human Delta Opioid Receptor (hDOR)**2 and the
B-adrenergic receptor in real time fashion®* followed by
insertion into the bilayer and ligand binding. SPR and PWR
were also utilized to monitor the binding interactions of
phosphatidylserine (PS) synthase®*> and penetratin>* with
lipid membranes.

Tanvir et a/> have done the characterization of thin films
on solid supports like gold mica, macroporous aluminium
oxide using SPR, Atomic Force Microscopy (AFM) and
Environmental Scanning Electron Microscopy (ESEM).
Commercially available macroporous aluminium oxide
membranes with a high surface area permits the retention of
a high amount of microsomal membranes. Functionality of
microsomal film was tested by analyzing the activities of
phases | and Il enzymes. Microsomals are reusable for the
same or different substrate after washing with appropriate
buffer®s.

CELL SIGNALLING

Signal transduction studies via SPR: Rhodopsin (a GPCR) is
widely used in plasmon resonance studies owing to its
biophysically and chemically well characterized signal cascade
and availability of purified components in large amount.
Tollin’s group®® have initiated the SPR based investigation of
rhodopsin. These studies involved octyglucoside-solubilized
receptor incorporated into a solid-supported lipid bilayer.
Variation in SPR signal was found to correlate with the
variation in pH leading to the formation of light induced
metarhodopsin Il. Transducin binding to rhodopsin was
monitored and results show tight binding in positively
cooperative manner®’8,

Solid-supported lipid bilayers to study GPCRs signal
transduction pathways: Solid-supported lipid bilayers
constitute a good model system for surface plasmon studies
of GPCRs signal transduction pathways. Such model system
provides a fluid environment for inward and outward
movement of lipids. The lipid membrane systems are simple
to prepare and remain stable. This technique can be extended
tothelipid-proteininteraction studies. Protein can be inserted
into the bilayer via N or C terminus and do not require
chemical modification. Bilayer can be easily removed from the
surface and surface can be reused many times followed by
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washing with appropriate detergent*®4°, However, the main
disadvantage with the systemis the possibility of denaturation
of membrane protein thus cessation of mobility due to paucity
of space and surface irregularity of the silica surface.

Rhodopsin (GPCR):

A case study: Heyse and group have devised novel strategy
for the immobilization of rhodopsin, a GPCR. Here, bilayer of
lipid on the gold sensor surface separated by phospholipid
monolayer provides a suitable matrix to reconstitute a
transmembrane protein in functionally active form. This results
in rhodopsin distribution in phospholipid bilayer while
transducin (a G protein) confined to both mono and bilayer.
Binding interactions of rhodopsin with transducin resembles
with those of native system indicating restoration of
functionality of rhodopsin in supported membranes. Diffusion
of transducin follows a gradient from monolayer to bilayer
resulting in displacement of mass and protein monitored by
one dimensional SPRimaging (SPRi). This methodology could
be applied to other GPCRs as well.

In another study, rhodopsin was immobilized on a
biotinylated sensor surface covered with SAM. This resulted in
a uniform orientation with the intracellular domain pointing
away from the surface thus, optimizing the interaction with G
protein. Micropattern of the receptor was created using
microcontact printing®4>° to pattern the SAM with respect
to the biotinylated thiols resulting in micropattern of
streptavidin. Afterimmobilization of the receptor and washing
with detergent, a Supported Lipid Bilayer (SLB)® was formed by
micellar dilution® followed by addition of G-protein. The
activity of the receptor was detected through SPR signal,
observed upon addition of GTP to the proteolipid film. This
was consistent with the dissociation of the G-protein followed
by a reassociation signal with G-protein relaxing to its resting
state by hydrolysis of the bound GTP. In these studies the
capability of rhodopsin to bind its ligand, retinal was also
investigated in patterned (receptor free zones for enhanced
sensitivity), oriented and functional manner that facilitates
surface-sensitive detection. Micropatterning was done
utilizing microcontact printing to pattern the SAM related to
biotinylated thiols. The glycosylation site of rhodopsin was
utilized for biotinylation. This confines the biotin tag to
extracellular receptors resulting in the uniform orientation84°,
The sensor chip was composed of SAM having biotinylated
thiols and hydroxy-undecanethiol (HTA) for streptavidin
binding®4*, Receptor immobilization was followed by
washing with detergentand supported lipid bilayer formation
induced by micellar dilution® and finally the addition of G
protein®4, The SPR was employed to analyze the binding of
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receptor after addition of GTP to the proteolipid film. This was
consistent with the disassociation of G protein followed by
reassociation with G protein in its resting state on hydrolysis
of GTP. The SPR was also utilized to analyze the binding of
rhodopsin with retinal, which involved conversion of
rhodopsin to opsin by repeated flashes followed by the
addition of 11-cis- or 9-cis-retinal for binding reaction. The
reconstituted receptor G protein show good binding activity
and stability thus validating the utility of the system?®4°,

GPCR immobilization on CM5 sensor chip: Karlsson and
Lofas® provided a simple protocol for immobilization and
reconstitution of GPCRs on CM5 sensor chip surface.
Detergent soluble receptor was coupled to the chip surface
viaamine coupling by the injection of lipid/detergent-protein
micelles over the chip surface indicating an optimal ratio of
lipid to detergent for optimal protein capture. This was
followed by the removal of detergent through flow of
detergent free water. This methodology is simple and rapid
and suitable for rapid screen or array assays. The only
disadvantage is the formation of mixed population of
receptors due to amine coupling. Stenlund et a/®" have
successfully immobilized chemokine receptors CXR4 and
CCR5 with a C-terminal C9 tag on CM5 chip modified with
hydrophobic alkane groups and the monoclonal antibody
ID4 (binds specifically C9 tag). Detergent solublized
receptors were immobilized on the chip surface followed
by reconstitution in lipid environment. Binding with
conformational dependent antibodies and binding with
chemokine revealed the native conformation of the receptor.

SPR spectroscopy to monitor receptor assembly: The SPR
spectroscopy was used to monitor the fusion of nicotinic
acetyl-choline receptor from the electric organ of 7orpedo
calffornica incorporated into a thiopeptide supported lipid
bilayer invloving fusion of liposomes with reconstituted
receptoronto a gold-supported thiopeptide lipid monolayers2,
SPR was also utilized to monitor the binding with the
antagonist a-bungarotoxin. Surface plasmon fluorescence
spectroscopy was employed to monitor the binding of the
monoclonal and fluorescent labeled polyclonal antibodies.
These binding assays reveal successful incorporation of
receptor in the lipid bilayers2.

Yildiz et a/®® have described the protocol for superficial
assembly of biomimetic membranes for expression and
insertion of membrane proteins. This was achieved in a 3-step
protocol, i.e, printing of alpha-laminin peptide on gold;
covalent coupling of lipid anchors to the peptide and spread
of lipid vesicle to form a complete bilayer. This system was
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characterized by Contact Angle (CA) goniometry, SPR
spectroscopy and SPRi. Functionality of proposed system was
analyzed by incorporation of Cytochrome bo(3) ubiquinol
oxidase (Cyt-bo(3)) into biomimetic membrane by /in vitro
expression technique monitored by Surface Plasmon
Enhanced Fluorescence Spectroscopy (SPFS). Such system
provides an attractive alternative for membrane protein
insertion and characterization supported by planar
membranes tethered by a-laminin peptide cushion layers.

Intact cell based SPR: Intact cell based SPR provides a
powerful tool for the discovery of drugs against membrane
receptors on pathological cells. This involves a simple chip
chemistry having epidermal carcinoma as an analyte against
Epidermal Growth Factor (EGF) immobilized on the sensor
chip generating a SPR signal. Analyte (epidermal carcinoma)
with suspension of EGF has competitively reduced the SPR
signals indicating specific interactions of immobilized EGF
with the extracellular region of its receptor, which is highly
expressed on the surface of the A431 cells®.

EEM+PCA coupled interaction analysis: A combine of
fluorescence-based Excitation-Emission Matrix (EEM) and
Principal Component Analysis (PCA) was utilized to study the
interaction between natural colloidal/particulate and proteins.
The SPR was used to validate the approach based on fibre
optic based surface fluorescence measurements. This has the
potential of elucidating variety of physiochemical phenomena
like membrane fouling, adsorption of bacteria onto surfaces
and various applications of nanoparticles in nanomedicine
and nanotoxicology®.

Receptor-mediated  signaling activated
intracellular signalling molecules onto Receptor-Induced
Signaling Complexes (RISC) at the cytoplasmic surface of the
cell membrane. This process is governed by protein-protein,
protein-lipid interactions and protein  acylation®.
Mozsolits et al%’ have described the use of SPR for such
studies.

recruits

Supported Bilayer Membranes (SBMs)

A cell mimics system: Supported Bilayer Membranes (SBMs)
formed on glass substrates provides an ideal cell mimicking
model system useful for biosensing applications. Stability of
such system against the damage by air or chemical is crucial
in determining its biosensing application. Han et a/®® have
analyzed the stability criteria of seven SBMs against air or
chemical damage (surfactants, organic solvents and
dehydration) using SPR spectroscopy on nano-glass
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substrates in real time. These SBMs were composed of
phosphatidylcholine and DOPC+including single-component,
mixed, protein-reinforced SBMs (rSBMs) and protein-tethered
bilayer membranes (ptBLMs). Results show that PC
membranes can be removed by low concentrations of
surfactants and also dehydration while DOPC+ is relatively
stable towards air damage and nonionic surfactant owing to
favorable electrostaticinteraction between thesilicate surface
and the lipid head group. Cholesterol doping of PC'simproves
the lipid membrane packing thus providing protection against
dehydration damage. Similarly, rSBMs and ptBLMs were found
to be susceptible to damage by low concentrations of ionic
and nonionic surfactants though these demonstrated
improved stability against air damage. Nanoglass SPR has
shown promise for its future biosensing applications®.

Supported membrane array lipid-protein interactions:
Wang et a/* have devised supported membrane array using
photolithography for label-free detection of lipid-protein
interactions. The SPRi in conjunction with lipid microarray
were utilized to study the binding of phosphoinositides and
their phosphorylated derivatives (PIPs) with proteins. A
number of lipid compositions have been tested for the
robustness of resulting membranes when undergoing
dehydration and rehydration procedures. DOPC+/PEG-PE
system gave the best results in terms of sensitivity, suitability
and recovery as depicted by SPR sensograms. The air-stable
array devised by Wang et a/® provides a simple and
effective protocol for the construction of functional
membrane surfaces for screening applications and possibility
of label free study of membrane proteins and lipid-membrane
interactions®.

Polymer-supported bilayers: The protocol utilizing polymer
supported bilayers involves coating of the surface with a
flexible polymer to circumvent roughness of the surface thus
providing a cushion between surface and the membrane. This
resembles a cytoskeleton that anchors plasma membrane of
the cell. The stability of such system can be enhanced by
covalently linking the polymer support to the substarte’. This
involves chemical grafting to a surface of carboxymethyl
dextran that is modified with alkyl chains’', coupling of
lipopolymers having functional hydrophobic head groups to
the surface; and copolymers having disulphide to anchor the
polymer to a gold surface® Such membrane surface can be
used for extremely rapid functional reconstitution of
membrane fragments and detergent-solubilized on-a-chip
GPCRs”%,
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Membrane arrays: Hovis and Boxer’? have pioneered the
concept of membrane arrays using the microcontact printing
process to create interface between PDMS and planar
supported lipid bilayer. This replaces the adsorbed lipid
at the interface area used to fill with blocking agent like
Bovine Serum Albumin (BSA). Boden et a/’”® have
synthesized SAM of hydroxyl- and cholesterol terminating
thiols to capture lipid bilayers that can be arrayed using
microcontact printing.

Integral Membrane Proteins (IMP): Integral Membrane
Proteins (IMP) are pharmacologically important biomolecules.
About 25% of human genes encode these proteins and one
half of pharmaceutical drugs target membrane proteins.
Despite their perceived importance not much have been done
to reveal their functional and structural studies. This is partly
due to the requirement of these proteins in highly purified
form and yield. Also, the requirement of a biological
membrane or biomimetic medium to support their structure
and function hinders their structural and functional studies.
Requirement of IMP in high yield can be met by large scale
production in misfolded form followed by /in vitro folding.
However, folding is not easy to achieve as it involves folding
of extra-membrane domain and a transmembrane domain,
latter being most difficult. Study by Shenkarev et a/’* have
shown the potential of alternative membrane mimicking
medium, i.e., Lipid Protein Nanodiscs (LPN) to achieve the
folding of recombinant IMPs. The LPN contains a lipid bilayer
and two copies of apolipoproteins and Membrane Scaffold
Proteins (MSP). The IMPs obtained by the membrane-targeted
expression in a folded state and extracted under
non-denaturing conditions by mild detergents can be
reconstructed into the LPNs without loss in the functional
activity’>’. The IMP/LPN complexes ensures long term stability
for the enclosed proteins’76. These results establish beyond
doubt that lipid composition of LPNs are key to determine
efficient folding of IMPs.

Peptide membrane interaction: The interactions between
peptides and membranes form a key mechanism of cellular
events such as protein trafficking, cellular signaling and
ion-channelformation. Biophysical techniques are available to
characterize peptide membrane interaction but they lack in
depicting the affinity of peptides to the variety of membrane
systems. The advent of SPR spectroscopy has largely
circumvented thisissue and is recently applied to the study of
biomembrane systems using single and bilayered liposome
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chemistries thus providing an invaluable tool for increasing
our understanding of membrane-peptide structure and
function®’.

Antimicrobial peptides: Antimicrobial peptides can be a
crucial candidate forits use as antibacterial drug/therapy. This
is particularly important in wake of increasing drug/antibiotic
resistance escalating into ‘superbug’. However, analyzing
interaction is not easy due to complex nature of interaction of
antimicrobial peptides and cell membrane and also the
variability in the mechanism of interaction. Hall and Aguilar”
have described the SPR based study of Melittin, an
antimicrobial peptide.

Most Antimicrobial Peptides (AMPs) usually act by
disrupting the lipid bilayers. In a study by Nascimento et a/’®
Magainin | (Magl) was studied with respect to its interaction
with phospholipid layers coated or uncoated with synperonic
(Synp) via the combine of Cyclic Voltammetry (CV),
Electrochemical Impedance Spectroscopy (EIS) and SPR.
Results show that Synp plays the role of sealant after the
disruption of lipid membrane with Magl. This study has
demonstrated the significance of triblock copolymer to
stabilize liposomes to act as drug delivery vehicle for Magl?®.

Wilkop et a/”® have studied the interactions of bacterial
toxin streptolysin O (SLO) and cholesterol-containing
membranes using Electrochemical Impedance (El) and SPR
spectroscopy. The EI monitored the fusion of cholesterol to
gold sensor surface modified with Hexyl Thioctate (HT) and
charge transfer of resulting lipid membrane, while SPR
spectroscopy characterized the bilayer membrane, i.e.,
monitoring the lipid deposition, incubation with SLO. Results
showed that hexyl acetate surface chemistry allows partial
insertion of toxins into membrane. This study has valuable
applications in nanotransport channel construction for
biosensing applications’.

Tethered membrane array: A combination of tethered
membrane array technology with SPRi offers an attractive
solution to study membrane protein for rapid drug screening.
Microfabrication approach was utilized to synthesize lipid
membrane array in PDMS microchip to facilitate label free
analysis of lipid-protein interactions in conjunction with SPRi.
This microchannel equipped platform allowed multiplexed
detection, i.e, carrying out multiple measurements
simultaneously with high sensing interface reproducibility.
This study has utilized lipid-conjugated receptors as model
systems for protein binding analysis and interaction of
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phosphatidylinositol (PIP) with biotin or avidin for array
measurements. The results show that the lipid membrane
can be removed effectively by non-ionic surfactant like
Triton X-100 while the SPR detection signal was enhanced
(400%) by layer-by-layer amplification strategy utilizing
biotinylated antibody, NeutrAvidin and biotinylated
anti-avidin and the signal for protein binding on the
membrane® (Fig. 7).

Singledomain antibodies (sdAbs): Single domain antibodies
(sdAbs) are crucial for therapeutic and diagnostic applications
owing to its small size and low structural complexity when
compared to conventional antibodies. This helps in their
production as recombinant fusion proteins in range of
forms. In a study by Walper et a/®', C-terminal fusions and
immobilization strategies (direct covalent attachment and
affinity immobilization) for two sdAbs (standard sdAb
monomers, biotinylated monomers and fusion constructs
of alkaline phosphatase dimers and streptavidin core
tetramers) were compared using SPR. Results show that
sdAb-streptavidin core tetramer provided the highest
density of active molecules followed by the sdAb-alkaline
phosphatase followed by site-specific biotinylated monomer?®'.

Exosomes

Diagnosticmarkers for health disorders: The SPR can also be
utilized for determining the concentration of exosomes in
biological fluids. Exosomes are cell secreted, nanometer-sized
extracellular vesicles crucial for intercellular communication,
important diagnostic markers for health disorders and could
have potential application in drug delivery and gene therapy.
In a study by Rupert et a/®, concentration of human mast cell
secreted exosomes carrying the tetraspanin membrane
protein CD63 were determined by measuring their
diffusion-limited binding rate to an anti-CD63 antibodies
immobilized on SPR sensor surface. Actual concentration was
determined by transforming the SPR signal into surface-bound
mass, where increase in mass uptake over time was related to
the exosome concentration in solution. Accuracy of the
concentration was better than £50%%,

Nanodiscs and Liposomes as membrane mimics:
Proverbio eta/® have characterized the binding of the human
endothelin receptors to ligands in different membrane
environments and lipid types like nanodiscs and liposomes
(Fig. 5). The binding interaction was analyzed through SPR.
The highest value was obtained in association with nanodiscs.
This setup could be utilized for rapid /n vitro screening®.
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SPRfor toxicological assays: The SPR was applied to monitor
the biological activity of Botulinum neurotoxins A and B
(BoNT/A and B) to screen for potential inhibitors. The BoNT/A
and B are neurotoxins and highly pathogenic, have perceived
potential to act as a therapeutic agents. SPR was used to
measure membrane vesicle capture by antibodies against
SNAP-25 and VAMP-2, an intracellular presynaptic protein
located in synaptic vesicle. The BoNT/A and B neurotoxin
cleaves these proteins to block the neurotransmission. The
SPR based analysis revealed the toxin activity of BONT/A and
B and its activity by using MAb specific to the epitopes on the
toxin generated by proteolytic cleavage. Results obtained
were powerful enough to establish this technique as a
standard procedure and could replace the /n vivo mouse
assay. The SPR has potential to replace animal models as a
worthy alternative for toxicological assays®.

DNA proteininteraction: The SPRcan also be utilized to study
the qualitative and quantitative interactions of single-stranded
DNA (ssDNA) binding protein, (SSB)-heterologous protein,
providing details of equilibrium and kinetic parameters of the
interaction. In one such study, biotinylated ssDNA was
immobilized onto the chip surface bound by SSB before
analyte was added to the SSB coated sensor chip®. Spin
coating protocol was applied for coating very thin film on
prism for SPRi application. Results have validated the cost
benefit of the protocol with the advantages of rapid film
formation at low temperature without requiring a vacuum
system®s,

SPR and SPR-SPFS to monitor lipid membrane assembly:
The SPR and SPR-SPFS were used to monitor the adsorption
and reorganization of phospholipid vesicles / lipid membrane
assembly on solid substrates. The distance dependency
between gold surface and fluorophore due to excitation
energy transfer was utilized to obtain information about
physiochemical properties of adsorbed membrane and
topography. Thus, the combine of SPR and SPR-SPFS provides
invaluable information to monitor the lipid membrane
assembly on solid substrates. In this combine SPR, SPR-SPFS,
SPR provides the information about the membrane thickness
adsorbed on the solid surface down to subnanometer range
while SPFS provides the information about the topography
and physiochemical properties and also the lateral mobility of
the membrane associated molecules of adsorbed membrane
(Fig. 8). Different fluorescence based techniques like FRAP can
be readily combined with SPR and SPFS. This combined
platform can be integrated with microscopic imaging
system®,
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Fig. 8: Instrumental setups of SPR-SPFS combine (Reproduced from Tawa and Morigaki'®’)

In this study, substrate supported planar lipid bilayers
forms the universal system for the fundamental studies related
to biological membrane like cell-cell recognition in immune
system®; cell adhesion® and reconstitution of membrane
proteins®92, However, the formation of planar bilayer by
vesicle fusion process is complicated and a reliable tools or
technique is required to monitor the process. Currently
available tool for such type of study like impedance
spectroscopy, ellipsometry®, quartz crystal microbalance
with dissipation monitoring (QCM-D)*** and atomic force
microscopy (AFM)** have enhanced our understanding for
the process but the complex interplay of various factors that
leads to the self-assembly process and the physiochemical
attributes of membrane are poorly understood. However,
SPR and SPFS combine has significantly improved our
understanding about the process coupled with higher
sensitivity and detection limit®*'%, The distance dependency
between gold surface and fluorophore due to excitation
energy transfer could be utilized to obtain information about
physiochemical properties of adsorbed membrane and

topography.

CONSTRAINTS FOR MEMBRANE PROTEIN-LIGAND
STUDIES USING SURFACE PLASMON

Effects of the immobilization of reactants on sensor chip:
The immobilization of reactants on the sensor chip surface
may alter or interfere with the binding characteristics like
conformational changes in the binding pocket or steric
obstruction of the binding partner. There might be a
possibility of macromolecular oligomerization upon
immobilization. Non specificimmobilization**% method may
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lead to the mixed population with variable orientations and
affinity, thus broadening the binding isotherm in equilibrium
data. This will lead to erroneous characterization of binding
kinetics as multi-exponential binding-progress curves.

Steric clashes: Increase in the concentration of immobilized
partner at the sensor surface will lead to the steric hindrance
in binding to neighboring binding site and excluded volume
effect. This will broaden the binding isotherm curve of the
equilibrium data. However, altering the density ofimmobilized
binding site can do away with the effects of steric
hindrance>61%7,

Mass transport and bulk effects: Mass-transport-limited
binding that occurs due to binding between the analyte in the
solution and receptor/ligand on the sensor surface is an
important cause of concern. This usually happens when the
binding of analyte to the ligand happens relatively faster than
the diffusion of analyte from the solution. This will also lead to
the enhanced rebinding of analyte in disassociation phase due
to analyte binding to free receptor before going back to the
solution. This phenomenon is integral to the analyte with
faster diffusion rate and faster association rate. This could
be minimized by immobilizing low level of receptors and
using fast flow rates. By including mass transport rate
constant into fitness algorithm, binding data can be
correctly analyzed excluding mass transport limited binding.
Carboxymethyl-dextran hydrogel can significantly retard the
diffusion of analyte to the sensor surface. However,in aqueous
media carboxymethyl-dextran hydrogel may inflate the
hydrogel altering the mass distribution in the evanescent field
near the surface>6'%7,



Int. J. Pharmacol, 13 (7): 846-863, 2017

PLASMON-WAVEGUIDE RESONANCE (PWR)
SPECTROSCOPY

Plasmon-Waveguide Resonance (PWR) spectroscopy is similar
to SPR and utilizes refractive index anisotropy that indicates
variationin mass distribution and hence changesin molecular
orientation and conformation. This involves overlaying
dielectric (silica) on the silver surface thereby narrowing
surface plasmon and waveguide excitation modes coupled
with line widths. This produces resonances from p and
s-polarized excitations permitting direct measurements of
anisotropy. The dielectric layer protects the metal layer from
chemical and mechanical effects. Optical properties of
dielectric layer can be altered to allow the alteration in the
relative bandwidths of resonances from p and s-polarized light
and the sensitivity of the measurement*®.

Integral membrane proteins such as GPCRs, growth factor
receptors, ion channels are anisotropic structures and so
difficult to study the conformational changes and other
dynamic properties in response to ligand binding and signal
transduction. Plasmon-Waveguide Resonance (PWR)
spectroscopy, a variant of SPR spectrometry facilitates label
free kinetics and affinity analysis of integral membrane
proteins incorporated into a supported lipid bilayer with high
sensitivity and dynamic range while maintaining the receptors
in membrane environment. This throws light on the kinetics
and thermodynamics of the conformational changes
associated with ligand binding to GPCRs, G proteins and other
downstream effectors in signal transduction with a high
potential for studying membrane signaling and drug
development!®. In a study by Tollin’s group™, cloned
delta-opioid receptor from human brain was incorporated into
alipid bilayer to determine the affinity. The affinity determined
using PWR was found to be consistent with those determined
by standard binding procedures using membranes or
whole cells containing the receptors. This study has also
demonstrated the dynamics of GTP/GDP exchange coupled
with type of ligand pre bound to the receptor and thus
affecting the G protein binding affinity®'-1%,

The PWR was recently applied to monitor the effects of
lipid composition on lightinduced conformational changes of
rhodopsin due to binding and activation of transducin (G,),
simultaneously measuring the exchange of GDP to GTP*4,
This enables the simultaneous measurement of mass
density and conformational changes associated with lipid
modulation following GPCR activation and signal
transduction events. This is particularly important for GPCRs
for which the technique of flash photolysis cannot be applied
for similar measurements. Also, the lipid composition of
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bilayer dependent activation of GPCR for binding to G protein
has important implications for receptor activity*” 1%,

The PWR spectroscopy was also utilized to elucidate the
mechanisms of signal transduction pathways for the human
delta opioid (hDOR) receptor. The study involved purified
and detergent-solubilized receptor incorporated onto a
solid-supported lipid bilayer thus activating the receptor,
which recognizes the different class of ligands with varying
affinity  providing additional information on the
conformational changes of the proteolipid system upon
binding to different class of ligands. These informations are
possible due to the ability of PWR to differentiate between
mass and conformational changes in anisotropic films due
to doping of silica on the sensor surface*. Different
conformational states observed upon ligand binding were
further analyzed by extrapolation of optical parameters and
fitting of PWR spectra to the theoretical curves. Results
show that agonist binding causes increase in thickness and
molecular packing density of the membrane due to the mass
movement occurring perpendicular to the plane of
bilayer48,49,54,105‘

Interaction of G protein with hDOR bound to different
types of ligands was monitored using similar set up as above®.
PWR revealed the interaction of different G protein subtypes
with hDOR thus providing information on the relative
contribution of these in the signal transduction pathway. This
has shown significant diversity and specificity with respect to
the binding of ligand activated receptors and different G
protein subtypes and rule out any possible correlation
between G protein affinity to the ligand receptor and its ability
for GDP/GDT exchange. PWR also elucidated the mechanism
leading to side effects of drugs. For instance, some ligands
may choose specific G protein subtype over others leading to
altered signaling pathways and hence, unwanted side effects.
However, by designing ligands specific to desired pathways
this can be avoided. The PWR therefore, is integral to the drug
design and screening protocol giving new insights into the
way physiological and pharmacological effects are exerted by
drug.

In a similar study, interactions of the a subunit and By
dimer with hDOR was investigated. Results show that
presence of a subunit increases the affinity of By dimer for
hDOR in cooperative manner and vice versa®®°. This indicates
the important biological role each subunit has to play in
specific signaling pathway producing distinct metabolic
effects. These informations have important implications*#in
thwarting the potential side effects of drugs under trial. This
may also elucidate the mechanism of drug action and its
effects on human physiological system.
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CONCLUSION AND FUTURE PERSPECTIVES

Plasmon resonance based protocols have revolutionized
the research involving membrane protein-ligand interaction
analysis particularly those involving GPCRs, which constitute
a very important superfamily of proteins. This was aptly
complimented by the advantages of techniques including
creation of native membrane environment on the sensor
surface, higher sensitivity, low protein requirement,
non-invasive procedure involving label free kinetics and
equilibrium analysis of interactions thus providing information
on the affinity of peptides with different membrane proteins,
a distinct advantage over other biophysical techniques.
Integration of Membrane array technology with SPR imaging
has taken the rapid drug screening to a new level. The SPR has
also emerged as a preferred alternative for animal models
required for toxicological assays. In backdrop of innumerable
advantages, SPR based protocols have its share of pitfalls like
conformational changes, steric hindrance, macromolecular
oligomerization upon immobilization to the sensor surface. In
addition, there are issues related to mass-transport and bulk
effects. SPR based protocols need to be improvised to plug
these loopholes to realized the full potential of this technique.

SIGNIFICANCE STATEMENT

«  Thisreview reports the significance of protein interactions
to understand the physiological processes

« Interactions involving G-Protein Coupled Receptors
(GPCRs) are important because these are target for
several drugs and drug candidates in clinical trials

»  GPCRs however, are difficult to purify and study in their
native form thus hampering their study

«  Surface Plasmon Resonance (SPR) with the advantage of
requiring minimal amount of protein, facility to re-create
membrane mimetic environment provides the added
advantages that facilitates their study

« This review elucidates the standardized protocols for
GPCR study, interactions with native binding partners,
limitations and advantages of each protocol and future of
SPR mediated GPCRs study for their role as potential drug
candidates.

ACKNOWLEDGMENT

Author acknowledges the support from his organization
and inputs from different sources.

859

REFERENCES

Fredriksson, R.,M.C. Lagerstrom, L.G.Lundinand H.B. Schioth,
2003.The G-protein-coupled receptorsin the human genome
form five main families. Phylogenetic analysis, paralogon
groups and fingerprints. Mol. Pharmacol., 63: 1256-1272.
McDonnell, J.M., 2001. Surface plasmon resonance: Towards
anunderstanding of the mechanisms of biological molecular
recognition. Curr. Opin. Chem. Biol., 5: 572-577.

Patching, S.G, 2014. Surface plasmon resonance
spectroscopy  for  characterisation of membrane
protein-ligand interactions and its potential for drug
discovery. Biochimica Biophysica Acta (BBA)-Biomembr.,
1838:43-55.

Besenicar, M., P. Macek, J.H. Lakey and G. Anderluh, 2006.
Surface plasmon resonance in protein-membrane
interactions. Chem. Phys. Lipids, 141: 169-178.

Besenicar, M.P. and G. Anderluh, 2010. Preparation of lipid
membrane surfaces for molecular interaction studies by
surface plasmon resonance biosensors. Surface Plasmon
Resonance: Meth. Protocols, 627: 191-200.

Graneli, A., 2010. Incorporation of a transmembrane protein
into a supported 3D-matrix of liposomes for SPR studies.
Methods Mol. Biol., 627: 237-248.

Williams, C., 2000. Biotechnology match making: Screening
orphan ligands and receptors. Curr. Opin. Biotechnol.,
11:42-46.

Sackmann, E.and M. Tanaka, 2000. Supported membranes on
soft polymer cushions: Fabrication, characterization and
applications. Trends Biotechnol., 18: 58-64.

Terrettaz, S., T. Stora, C. Duschl and H. Vogel, 1993. Protein
binding to supported lipid membranes: Investigation of the
cholera toxin-ganglioside interaction by simultaneous
impedance spectroscopy and surface plasmon resonance.
Langmuir, 9: 1361-1369.

Athanassopoulou, N., R.J. Davies, P.R. Edwards, D. Yeung and
C.H. Maule, 1999. Cholera toxin and Gy,: A model membrane
study with IAsys. Biochem. Soc. Trans., 27: 340-343.

. Puu, G. and I. Gustafson, 1997. Planar lipid bilayers on solid

supports from liposomes-factors of importance for kinetics
and stability. Biochim. Biophys. Acta-Biomembranes,
1327:149-161.

Overington, J.P., B. Al-Lazikani and A.L. Hopkins, 2006.
How many drug targets are there? Nat. Rev. Drug Discov.,
5:993-996.

Conner,S.D.and S.L. Schmid, 2003. Regulated portals of entry
into the cell. Nature, 422: 37-44.

Boonyarattanakalin, S., S.E. Martin, S.A. Dykstra and
B.R.Peterson, 2004. Synthetic mimics of small mammalian cell
surface receptors. J. Am. Chem. Soc., 126: 16379-16386.



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Int. J. Pharmacol, 13 (7): 846-863, 2017

Boonyarattanakalin, S., S.E. Martin, Q. Sun and B.R. Peterson,
2006. A synthetic mimic of human Fc receptors: Defined
chemical modification of cell surfaces enables efficient
endocytic uptake of human immunoglobulin-G.
J. Am. Chem. Soc., 128: 11463-11470.

Boonyarattanakalin, S., J. Hu, S.A. Dykstra-Rummel, A. August
and B.R. Peterson, 2007. Endocytic delivery of vancomycin
mediated by a synthetic cell surface receptor: Rescue of
bacterially infected mammalian cells and tissue targeting
in vivo.J. Am. Chem. Soc., 129: 268-269.

Bertozzi, C.R.and L.L.Kiessling, 2001. Chemical glycobiology.
Science, 291: 2357-2364.

MacKenzie, K.R., 2006. Folding and stability of a-helical
integral membrane proteins. Chem. Rev., 106: 1931-1977.
Cho, W. and R.\V. Stahelin, 2005. Membrane-protein
interactions in cell signaling and membrane trafficking.
Annu. Rev. Biophys. Biomol. Struct., 34: 119-151.

Biros, S.M. and J. Rebek Jr., 2007. Structure and binding
properties of water-soluble cavitands and capsules.
Chem. Soc. Rev., 36: 93-104.

Hooley, R.J. and J. Rebek Jr,, 2009. Chemistry and catalysis in
functional cavitands. Chem. Biol., 16: 255-264.

Hof, F., L. Trembleau, E.C. Ullrich and J. Rebek Jr., 2003.
Acetylcholine recognition by a deep, biomimetic pocket.
Angewandte Chemie Int. Edn., 115:3258-3261.

Menozzi, E., H. Onagi, A.L. Rheingold and J. Rebek Jr., 2005.
Extended cavitands of nanoscale dimensions. Eur. J. Org.
Chem., 2005: 3633-3636.

Hooley, RJ, S.M. Biros and J. Rebek Jr., 2006. Normal
hydrocarbons tumble rapidly in a deep, water-soluble
cavitand. Chem. Commun., 5: 509-510.

Hooley, R.J., H.J.Van Anda and J. Rebek Jr., 2007. Extraction of
hydrophobic speciesinto a water-soluble synthetic receptor.
J. Am. Chem. Soc., 129: 13464-13473.

Gibb, C.L.D. and B.C. Gibb, 2004. Well-defined, organic
nanoenvironments in water: The hydrophobic effect drives a
capsular assembly. J. Am. Chem. Soc., 126: 11408-11409.
Trembleau, L. and J. Rebek Jr., 2004. Interactions between a
surfactant and cavitand in water blur distinctions between
host and guest. Chem. Commun., 1: 58-59.

Castellana, E.T. and P.S. Cremer, 2006. Solid supported lipid
bilayers: From biophysical studies to sensor design.
Surf. Sci. Rep., 61: 429-444.

Daly, S.M., M. Grassi, S.K. Shenoy, F. Ugozzoliand E. Dalcanale,
2007. Supramolecular Surface Plasmon Resonance (SPR)

sensors  for organophosphorus  vapor  detection.
J. Mater. Chem., 17: 1809-1818.
Guerrini, L, JV. Garcia-Ramos, C. Domingo and

S. Sanchez-Cortes, 2009. Nanosensors based on viologen
functionalized silver nanoparticles: Few molecules
surface-enhanced Raman spectroscopy detection of
polycyclic aromatic hydrocarbons in interparticle hot spots.
Anal. Chem,, 81: 1418-1425.

860

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Nikolelis, D.P., S.S.E. Petropoulou and G. Theoharis, 2003.
Biosensors for the rapid repetitive detection of adrenaline
using stabilized Bilayer Lipid Membranes (BLMs) with
incorporated Calix[4]resorcinarene receptor. Electroanalysis,
15:1616-1624.

Rekharsky, M.V, T. Mori, C. Yang, Y.H. Ko and
N. Selvapalam et al, 2007. A synthetic host-guest
system achieves avidin-biotin affinity by overcoming
enthalpy-entropy compensation. Proc. Natl. Acad. Sci,
104: 20737-20742.

Liu, Y., P. Liao, Q. Cheng and R.J. Hooley, 2010. Protein
and small molecule recognition properties of deep
cavitands in a supported lipid membrane determined by
calcination-enhanced SPR spectroscopy. J. Am. Chem. Soc.,
132:10383-10390.

Kernstock, R.M. and A.W. Girotti, 2007. Lipid transfer protein
binding of unmodified natural lipids as assessed by
surface plasmon resonance methodology. Anal. Biochem.,
365:111-121.

Seedorf, U., P. Ellinghaus and J.R. Nofer, 2000. Sterol carrier
protein-2. Biochim. Biophys. Acta-Mol. Cell Biol. Lipids,
1486: 45-54.

Stein, O. and Y. Stein, 2005. Lipid transfer proteins (LTP) and
atherosclerosis. Atherosclerosis, 178: 217-230.

Gallegos, A.M., B.P. Atshaves, S.M. Storey, O. Starodub and
A.D. Petrescu et al, 2001. Gene structure, intracellular
localization and functional roles of sterol carrier protein-2.
Prog. Lipid Res., 40: 498-563.

Stolowich, N.J., A.D. Petrescu, H. Huang, G.G. Martin, A.l. Scott
and F. Schroeder, 2002. Sterol carrier protein-2: Structure
reveals function. Cell. Mol. Life Sci., 59: 193-212.

Olguin, Y., L.G.Carrascosa, L.M. Lechuga and M. Young, 2014.
The effects of lipids and surfactants on TLR5-proteoliposome
functionality for flagellin detection using surface plasmon
resonance biosensing. Talanta, 126: 136-144.

Lang, H., CM. Duschl and H. Vogel, 1994. A new class of
thiolipids for the attachment of lipid bilayers on gold
surfaces. Langmuir, 10: 197-210.

Ernst, O.P., C. Bieri, H. Vogel and K.P. Hofmann, 2000. Intrinsic
biophysical monitors of transducin activation: Fluorescence,
UV-visible spectroscopy, light scattering and evanescent field
techniques. Methods Enzymol., 315: 471-4809.

Naumann, R., A.Jonczyk, R. Kopp, J. van Esch, H. Ringsdorf,
W. Knoll and P. Graber, 1995. Incorporation of membrane
proteinsin solid-supported lipid layers. Angewandte Chemie
Int. Edn., 34: 2056-2058.

Cornell, B.A., V.L.B. Braach-Maksvytis, L.G. King, P.D.J. Osman,
B. Raguse, L. Wieczorek and R.J. Pace, 1997. A biosensor that
uses ion-channel switches. Nature, 387: 580-583.

Williams, L.M., S.D. Evans, T.M. Flynn, A. Marsh, P.F. Knowles,
R.J. Bushby and N. Boden, 1997. Kinetics of the unrolling of
small unilamellar phospholipid vesicles onto self-assembled
monolayers. Langmuir, 13: 751-757.



45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Int. J. Pharmacol, 13 (7): 846-863, 2017

Stora, T, Z. Dienes, H. Vogel and C. Duschl, 2000.
Histidine-tagged amphiphiles for the reversible formation of
lipid bilayer aggregates on chelator-functionalized gold
surfaces. Langmuir, 16: 5471-5478.

Salamon, Z., H.A. Macleod and G. Tollin, 1997. Coupled
plasmon-waveguide resonators: A new spectroscopic tool
for probing proteolipid film structure and properties.
Biophys. J., 73: 2791-2797.

Gee, M.L, TW. Healy and L.R. White, 1990. Hydrophobicity
effects in the condensation of water films on quartz.
J. Colloid Interface Sci., 140: 450-465.

Alves, I.D., S.M. Cowell, Z. Salamon, S. Devanathan, G. Tollin
and V.J. Hruby, 2004. Different structural states of the
proteolipid membrane are produced by ligand binding to the
human d-opioid receptor as shown by plasmon-waveguide
resonance spectroscopy. Mol. Pharmacol., 65: 1248-1257.
Alves, 1D, KA. Ciano, V. Boguslavski, E. Varga and
Z. Salamon et al, 2004. Selectivity, cooperativity and
reciprocity in theinteractions between the 8-opioid receptor,
its ligands and G-proteins. J. Biol. Chem., 279: 44673-44682.
Salamon, Z., G. Lindblom, L. Rilfors, K. Linde and G. Tollin,
2000. Interaction of phosphatidylserine synthase from £ coli
with lipid bilayers: Coupled plasmon-waveguide resonance
spectroscopy studies. Biophys. J., 78: 1400-1412.

Salamon, Z,, S. Cowell, E. Varga, H.l. Yamamura, V.J. Hruby
and G. Tollin, 2000. Plasmon resonance studies of
agonist/antagonist binding to the human §-opioid receptor:
New structural insights into receptor-ligand interactions.
Biophys. J., 79: 2463-2474.

Alves, I.D., Z. Salamon, E. Varga, H.l. Yamamura, G. Tollin and
V.J. Hruby, 2003. Direct observation of G-protein binding to
the human &-opioid receptor using plasmon-waveguide
resonance spectroscopy. J. Biol. Chem., 278: 48890-48897.
Devanathan, S., Z. Yao, Z. Salamon, B. Kobilka and G. Tollin,
2004. Plasmon-waveguide resonance studies of ligand
binding to the human B2-adrenergic receptor. Biochemistry,
43:3280-3288.

Salamon, Z, G. Lindblom and G. Tollin, 2003.
Plasmon-waveguide resonance and impedance spectroscopy
studies of the interaction between penetratin and supported
lipid bilayer membranes. Biophys. J., 84: 1796-1807.

Tanvir, S, J. Pantigny, S. Morandat and S. Pulvin, 2009.
Development of immobilization technique for liver
microsomes. Colloids Surf. B: Biointerfaces, 68: 178-183.
Tollin, G., Z. Salamon and V.. Hruby, 2003. Techniques:
Plasmon-waveguide resonance (PWR) spectroscopy as a tool
to study ligand-GPCR interactions. Trends Pharmacol. Sci.,
24:655-659.

Botelho, AV, N.J. Gibson, R.L. Thurmond, Y. Wang and
M.F. Brown, 2002. Conformational energetics of rhodopsin
modulated by nonlamellar-forming lipids. Biochemistry,
41:6354-6368.

861

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Palczewski, K., T. Kumasaka, T. Hori, C.A. Behnke and
H. Motoshima et a/, 2000. Crystal structure of rhodopsin:
AG protein-coupled receptor. Science, 289: 739-745.

Xia, Y. and G.M. Whitesides, 1998. Soft lithography.
Angewandte Chemie Int. Edn., 37: 550-575.

Karlsson, O.P. and S. Lofas, 2002. Flow-mediated on-surface
reconstitution of G-protein coupled receptors forapplications
in surface plasmon resonance biosensors. Anal. Biochem.,
300: 132-138.

Stenlund, P., G.J. Babcock, J. Sodroski and D.G. Myszka, 2003.
Capture and reconstitution of G protein-coupled receptors on
a biosensor surface. Anal. Biochem., 316: 243-250.
Spinke, J., J. Yang, H. Wolf, M. Liley, H. Ringsdorf and W. Knoll,
1992. Polymer-supported bilayer on a solid substrate.
Biophys. J., 63: 1667-1671.

Yildiz, A.A., UH. Yildiz, B. Liedberg and E.K. Sinner, 2013.
Biomimetic membrane platform: Fabrication, characterization
and applications. Colloids Surf. B: Biointerfaces, 103: 510-516.
Mizuguchi, T., H. Uchimura, H. Kataoka, K. Akaji, Y. Kiso and
K. Saito, 2012. Intact-cell-based surface plasmon resonance
measurements for ligand affinity evaluation of a membrane
receptor. Anal. Biochem., 420: 185-187.

Peiris, R.H.,N.Ignagni,H.Budman, C. Moresoliand R.L. Legge,
2012. Characterizing natural colloidal/particulate-protein
interactions using fluorescence-based techniques and
principal component analysis. Talanta, 99: 457-463.
Mozsolits, H., W.G. Thomas and M.. Aguilar, 2003.
Surface plasmon resonance spectroscopy in the study of
membrane-mediated cell signalling. J. Pept. Sci., 9: 77-89.
Mozsolits, H. and M.l. Aguilar, 2002. Surface plasmon
resonance spectroscopy: An emerging tool for the study of
peptide-membrane interactions. Peptide Sci., 66: 3-18.

Han, J.H, J.D. Taylor, KS. Phillips, X. Wang, P. Feng and
Q. Cheng, 2008. Characterizing stability properties of
supported bilayer membranes on nanoglassified substrates
using surface plasmon resonance. Langmuir, 24: 8127-8133.
Wang, Z., T. Wilkop, J.H. Han, Y. Dong, M.J. Linman and Q.
Cheng, 2008. Development of air-stable, supported
membrane arrays with photolithography for study of
phosphoinositide-protein interactions using surface plasmon
resonance imaging. Anal. Chem., 80: 6397-6404.

Wong, J.Y.,J. Majewski, M. Seitz, C.K. Park, J.N.Israelachviliand
G.S. Smith, 1999. Polymer-cushioned bilayers. I. A structural
study of various preparation methods using neutron
reflectometry. Biophys. J., 77: 1445-1457.

Cooper, M.A.,, A. Hansson, S. Lofas and D.H. Williams, 2000. A
vesicle capture sensor chip for kinetic analysis of interactions
with  membrane-bound receptors. Anal. Biochem,,
277:196-205.

Hovis, J.S. and S.G. Boxer, 2001. Patterning and composition
arrays of supported lipid bilayers by microcontact printing.
Langmuir, 17: 3400-3405.



73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Int. J. Pharmacol, 13 (7): 846-863, 2017

Boden, N., R.J. Bushby, S. Clarkson, S.D. Evans, P.F. Knowles
and A. Marsh, 1997. The design and synthesis of simple
molecular tethers for binding biomembranes to a gold
surface. Tetrahedron, 53: 10939-10952.

Shenkarev, Z.0., EN. Lyukmanova, [.O. Butenko,
L.E. Petrovskaya and A.S. Paramonov et al, 2013.
Lipid—protein nanodiscs promote in vitro folding of
transmembrane domains of multi-helical and multimeric
membrane proteins. Biochim. Biophys. Acta-Biomembranes,
1828: 776-784.

Nath, A, W.M. Atkins and S.G. Sligar, 2007. Applications of
phospholipid bilayer nanodiscs in the study of membranes
and membrane proteins. Biochemistry, 46: 2059-2069.
Bayburt, TH. and S.G. Sligar, 2010. Membrane protein
assembly into nanodiscs. FEBS Lett., 584: 1721-1727.

Hall, K. and M.l. Aguilar, 2010. Surface plasmon resonance
spectroscopy for studying the membrane binding of
antimicrobial peptides. Methods Mol. Biol., 627: 213-223.
Nascimento, J.M., O.L.Franco, M.D. Oliveiraand C.A. Andrade,
2012. Evaluation of Magainin | interactions with lipid
membranes: An optical and electrochemical study.
Chem. Phys. Lipids, 165: 537-544.

Wilkop, T., D.Xuand Q. Cheng, 2007. Characterization of pore
formation by streptolysin O on supported lipid membranes
by impedance spectroscopy and surface plasmon resonance
spectroscopy. Langmuir, 23: 1403-1409.

Taylor, J.D., M.J. Linman, T. Wilkop and Q. Cheng, 2009.
Regenerable tethered bilayer lipid membrane arrays for
multiplexed label-free analysis of lipid-proteininteractions on
poly (dimethylsiloxane) microchips using SPR imaging.
Anal. Chem., 81: 1146-1153.

Walper, S.A.,, P.AB. Lee, ER. Goldman and G.P. Anderson,
2013. Comparison of single domain antibody immobilization
strategies evaluated by surface plasmon resonance.
J. Immunol. Meth., 388: 68-77.

Rupert, D.LM., C. Lasser, M. Eldh, S. Block and
V.P. Zhdanov et al, 2014. Determination of exosome
concentration in solution using surface plasmon resonance
spectroscopy. Anal. Chem., 86: 5929-5936.

Proverbio, D., C. Roos, M. Beyermann, E. Orban, V. Dotsch and
F. Bernhard, 2013. Functional properties of cell-free
expressed human endothelin A and endothelin B
receptors in  artificial membrane  environments.
Biochim. Biophys. Acta-Biomembranes, 1828: 2182-2192.
Marconi, S., G. Ferracci, M. Berthomieu, S. Kozaki and
R. Miquelis et al, 2008. A protein chip membrane-capture
assay for botulinum neurotoxin activity. Toxicol. Applied
Pharmacol., 233: 439-446.

Page, ANN. and N.P. George, 2012. Methods for analysis of
SSB-protein interactions by SPR. Methods Mol. Biol.,
922:169-174.

862

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Son, JH. D.H. Lee, YJ. Cho and MH. Lee, 2012. Very
thin spin-coated silver films via transparent silver ink for
surface plasmon resonance sensor applications. J. Nanosci.
Nanotechnol., 12: 5827-5829.

Morigaki, K. and K. Tawa, 2006. Vesicle fusion studied by
surface plasmon resonance and surface plasmon
fluorescence spectroscopy. Biophys. J., 91: 1380-1387.
Groves, J.T.and M.L. Dustin, 2003. Supported planar bilayers
in studies on immune cell adhesion and communication.
J. Immunol. Methods, 278: 19-32.

Sivasankar, S., B. Gumbiner and D. Leckband, 2001. Direct
measurements of multiple adhesive alignments and
unbinding trajectories between cadherin extracellular
domains. Biophys. J., 80: 1758-1768.

Wagner, M.L. and LK. Tamm, 2000. Tethered
polymer-supported planar lipid bilayers for reconstitution of
integral membrane proteins: Silane-polyethyleneglycol-lipid
as a cushion and covalent linker. Biophys. J,
79: 1400-1414.

Tanaka, M., A.P.Wong, F. Rehfeldt, M. Tutus and S. Kaufmann,
2004. Selective deposition of native cell membranes on
biocompatible micropatterns. J. Am. Chem. Soc,
126:3257-3260.

Giess, F., M.G. Friedrich, J. Heberle, R.L. Naumann and
W. Knoll, 2004. The protein-tethered lipid bilayer: A novel
mimic of the biological membrane. Biophys. J.,87:3213-3220.
Benes, M, D. Billy, A. Benda, H. Speijer, M. Hof and
W.T. Hermens, 2004. Surface-dependent transitions during
self-assembly of phospholipid membranes on mica, silicaand
glass. Langmuir, 20: 10129-10137.

Reimhult, E., F. Hook and B. Kasemo, 2002. Vesicle adsorption
on Si0, and TiO,: Dependence on vesicle size. J. Chem. Phys.,
117:7401-7404.

Richter, R., A. Mukhopadhyay and A. Brisson, 2003. Pathways
of lipid vesicle deposition on solid surfaces: A combined
QCM-D and AFM study. Biophys. J., 85: 3035-3047.
Reviakine, I. and A. Brisson, 2000. Formation of supported
phospholipid  bilayers  from  unilamellar  vesicles
investigated by atomic force microscopy. Langmuir,
16: 1806-1815.

Muresan, A.S. and K.Y.C. Lee, 2001. Shape evolution of lipid
bilayer patches adsorbed on mica: An atomic force
microscopy study. J. Phys. Chem. B, 105: 852-855.
Schonherr, H., JM. Johnson, P. Lenz, CW. Frank and
S.G. Boxer, 2004. Vesicle adsorption and lipid bilayer
formation on glass studied by atomic force microscopy.
Langmuir, 20: 11600-11606.

Liebermann, T. and W. Knoll, 2000. Surface-plasmon
field-enhanced fluorescence spectroscopy. Colloids Surf.
A: Physicochem. Eng. Aspects, 171: 115-130.



100.

101.

102.

103.

104.

Int. J. Pharmacol, 13 (7): 846-863, 2017

Liebermann, T., W. Knoll, P. Sluka and R. Herrmann, 2000.
Complement  hybridization ~ from  solution  to
surface-attached probe-oligonucleotides observed by
surface-plasmon-field-enhanced fluorescence spectroscopy.
Colloids Surf. A: Physicochem. Eng. Aspects, 169: 337-350.
Tollin, G, Z. Salamon, S. Cowell and V.J. Hruby, 2003.
Plasmon-waveguide resonance spectroscopy: A new tool for
investigating signal transduction by G-protein coupled
receptors. Life Sci., 73: 3307-3311.

Salamon, Z., G. Tollin, I. Alves and V. Hruby, 2009. Plasmon
resonance methods in membrane protein biology:
Applications to GPCR signaling. Methods Enzymol.,
461:123-146.

Hruby, V.J., . Alves, S. Cowell, Z. Salamon and G. Tollin, 2010.
Use of plasmon waveguide resonance (PWR) spectroscopy for
examining binding, signaling and lipid domain partitioning
of membrane proteins. Life Sci., 86: 569-574.

Simons, K. and D. Toomre, 2000. Lipid rafts and signal
transduction. Nat. Rev. Mol. Cell Biol., 1: 31-39.

863

105.

106.

107.

108.

109.

Salamon, Z. and G. Tollin, 2004. Graphical analysis of mass
and anisotropy changes observed by plasmon-waveguide
resonance spectroscopy can provide useful insights into
membrane protein function. Biophys. J., 86: 2508-2516.
Bjarnadottir, T.K, D.E.Gloriam, S.H. Hellstrand, H.Kristiansson,
R. Fredriksson and H.B. Schioth, 2006. Comprehensive
repertoire and phylogenetic analysis of the G protein-coupled
receptors in human and mouse. Genomics, 88: 263-273.
Tawa, K. and K. Morigaki, 2005. Substrate-supported
phospholipid membranes studied by surface plasmon
resonance and surface plasmon fluorescence spectroscopy.
Biophys. J., 89: 2750-2758.

Wang, W., Y. Yang, S. Wang, V.J. Nagaraj, Q. Liu, J. Wu and
N.Tao, 2012. Label-free measuring and mapping of binding
kinetics of membrane proteins in single living cells.
Nat. Chem., 4: 846-853.

Chung, M., RD. Lowe, Y.H.M. Chan, P.V. Ganesan and
S.G. Boxer, 2009. DNA-tethered membranes formed by giant
vesicle rupture. J. Struct. Biol., 168: 190-199.



	IJP.pdf
	Page 1




