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Abstract

Surface plasmon resonance (SPR) has become one of the most important techniques for studying macromolecular interactions.
The most obvious advantages of SPR over other techniques are: direct and rapid determination of association and dissociation rates of
binding process, no need for labelling of protein or lipids, and small amounts of sample used in the assay (often nM concentrations
of proteins). In biochemistry, SPR is used mainly to study protein–protein interactions. On the other hand, protein–membrane
interactions, although crucial for many cell processes, are less well studied. Recent advances in the preparation of stable membrane-
like surfaces and the commercialisation of sensor chips has enabled widespread use of SPR in protein–membrane interactions.
One of the most popular is Biacore’s L1 sensor chip that allows capture of intact liposomes or even subcellular preparations.
Lipid specificity of protein–membrane interactions can, therefore, be easily studied by manipulating the lipid composition of the
immobilised membrane. The number of published papers has increased steadily in the last few years and the examples include
domains or proteins that participate in cell signalling, pore-forming proteins, membrane-interacting peptides, coagulation factors,
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nzymes, amyloidogenic proteins, prions, etc. This paper gives a brief overview of different membrane-mimetic surfaces that
an be prepared on the surface of SPR chips, properties of liposomes on the surface of L1 chips and some selected examples of
rotein–membrane interactions studied with such system.

2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Surface plasmon resonance (SPR) is now considered
as one of the most important biochemical techniques
for studying molecular interactions (Heyse et al., 1998b;
Lakey and Raggett, 1998; Cho et al., 2001; Xenarios and
Eisenberg, 2001). Since the first introduction of com-
mercial apparatus in 1991 the number of publications
has increased steadily and reached almost 1000 in 2003
alone (Rich and Myszka, 2005) (Fig. 1). More than 90%
of experiments are done with Biacore apparatus and this
platform is the most common device found in laborato-
ries.

The bimolecular interactions are studied at the sur-
face of so-called “sensor chips”. These are glass slides
coated with a very thin layer of gold, where the surface
plasmon resonance occurs. The phenomenon of SPR was
first described early in the 20th century and occurs at the
condition of total internal reflection by thin layers of cer-
tain metals. A polarised laser light is directed through a
medium with high refractive index (often a prism) to a
thin layer of gold that lies on the border with a medium of
low refractive index. At a critical angle of incident light
surface plasmons are generated at the surface of the gold
layer. This absorbs the light and is visible as a decrease
in the intensity of reflected light. The critical angle is
dependant upon the refractive index within a few hun-
dred nanometers of the surface and this changes when
molecules bind to the surface. Hence the fundamental
unit of SPR is the degree of arc. In the Biacore system

Fig. 2. The schematic representation of the sensorgram. A sensorgram
is the curve that shows the response in time. The increase of response
is dependant upon the mass of matter on the surface of the sensor chip.
The sensor chip is equilibrated with buffer before the binding exper-
iment and is washed with buffer between different phases of binding
experiment (white bar). The analyte is injected across the chip at a
fixed concentration for the desired association period (black bar). The
concentration of the protein at the surface of the chip-immobilised
membrane is increased due to protein binding to the membrane and
this results in the increase of the response. After that, the sensor chip
is washed with running buffer and dissociation of the protein from the
membrane is followed as a decrease of response. The ligand surface
must be regenerated if protein is stably attached to the membrane. This
is usually achieved with high salt concentration or low or high pH (grey
bar). If all of the bound protein is removed from the membrane surface,
the next binding experiment can be performed.

face of a sensor chip. The second one, termed the analyte,
is then pumped across the surface via a microfluidic sys-
tem. If interaction between the ligand and analyte occurs,
the refractive index at the surface of the chip changes and
this is viewed as an increase in signal “on-line” (Fig. 2).
The Biacore system uses “resonance units” (equal to a
critical angle shift of 10−4 deg) to describe the increase
of the signal. There is a linear relationship between the
mass of the matter at the surface of the chip and the res-
onance unit (RU) such that 1 RU = 1 pg/mm2 (Stenberg
et al., 1990). As SPR measures the mass concentration
at the surface of the chip, the binding between molecu-
lar partners is observed directly and there is no need to
label molecules with fluorescent or radioactive tags. Fur-
thermore, due to the high sensitivity of the system small
amounts of sample are required, for strongly interacting
proteins nanomolar concentrations may only be needed.

Several Biacore sensor chips have a dextran layer
attached to the surface of the gold chip. This has sev-
eral consequences. Firstly, functional groups for covalent
immobilisation can be attached to the dextran. The orig-
inal sensor chip is CM5, which is carboxymethylated.
one substance, termed the ligand, is attached on the sur-

Fig. 1. The number of papers published in scientific literature describ-
ing experiments which use surface plasmon resonance. The total num-
ber of papers is represented by the line whilst the number of papers
describing experiments involving various lipid and membrane systems
are presented by columns. The data are taken from reviews of Rich and
Myszka (Myszka, 1999; Rich and Myszka, 2000b, 2001, 2002, 2003,
2005).
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Biological molecules are easily covalently attached to
this chip via amino, thiol, aldehyde or carboxyl groups.
Such covalent attachment of ligands to a dextran-layered
sensor chip is probably the most common in Biacore
applications. Secondly, the dextran layer enables high
flexibility and, with little steric hindrance immobilised
molecules behave similarly as in a solution (Day et al.,
2002). Biacore offers a wide range of different sensor
chips that allow many kinds of immobilisation methods.
The most popular are protein–protein, protein–nucleic
acid, protein–carbohydrate, protein–membrane and even
protein-small molecule, such as drugs or other small
molecular weight ligands, interactions. Many excellent
general reviews are available describing SPR and its
use in biochemistry (van der Merwe and Barclay, 1996;
Silin and Plant, 1997; Salamon et al., 1999; Rich and
Myszka, 2000a; Baird and Myszka, 2001; McDonnell,
2001; Cooper, 2003, 2004; Nedelkov and Nelson, 2003;
Karlsson, 2004). Furthermore, there are reviews that
describe the use of SPR in studies of function of
membrane-associated proteins (Cho et al., 2001; Cooper,
2004), membrane-interacting peptides (Mozsolits and
Aguilar, 2002; Mozsolits et al., 2003) or pore-forming
toxins (Anderluh et al., 2003). We will provide status of
SPR in protein–membrane interactions in the last few
years and will briefly describe the preparation of various
membrane-mimetic surfaces by using commercial Bia-

core sensor chips, with particular attention on its widely
used L1 chip.

2. SPR and protein–membrane interactions

First reports of protein–membrane interaction stud-
ies by using home made SPR systems were published
a few years before Biacore introduced the HPA and
L1 chips dedicated for work with lipid systems. Much
of the initial work on use of SPR spectroscopy in
protein–membrane interactions was done by the groups
of Vogel and Salomon and Tollin (Terrettaz et al., 1993;
Lang et al., 1994; Salamon et al., 1994, 1996, 1999).
The pre-requisite was the development of surfaces on
thin gold layer that mimic natural membranes. The two
main approaches for preparation of membrane-mimetic
surfaces are the hybrid bilayer membrane (HBM) and
immobilised membrane bilayers or liposomes (Table 1
and Fig. 3). HBM are formed on a hydrophobic sur-
face that is generated by the deposition of an alkanethiol
self assembled monolayer (SAM) on the gold surface.
Polar lipids, usually in the form of small unilamellar vesi-
cles, spontaneously adsorb to SAM so that acyl chains
are in the contact with the hydrophobic surface and the
polar headgroups are oriented towards solution (Fig. 3A)
(Plant, 1993; Terrettaz et al., 1993; Plant et al., 1995;
Cooper et al., 1998). The HBM are usually very stable
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172 M. Beseničar et al. / Chemistry and Physics of Lipids 141 (2006) 169–178

Fig. 3. Various procedures for preparation of membrane-mimetic surfaces. (A) Supported lipid monolayers created on HPA chip. (B) Lipid bilayers
tethered by thiolipids (“light shade anchored to surface by zig-zag spacer”) on a surface of a gold chip. (C) Immobilisation of liposomes, containing
trace amounts of biotinylated lipid (light shade with attached biotin), by avidin covalently attached to a surface of CM5 chip. (D) Immobilisation
of liposomes, containing trace amounts of lipopolysaccharide (light shade), by LPS-specific antibody covalently attached to a surface of CM5
chip. (E) Immobilised liposomes on the surface of L1 chip with protruding lipophilic groups. (F) Immobilisation of DNA-derivatised liposomes by
hybridisation to DNA tethers attached on a gold chip. DNA tethers were bound to the chip by the avidin–biotin system that is not shown on this
figure.

and resist many regeneration solutions used for release of
adsorbed proteins from the monolayer. Biacore commer-
cialised this hydrophobic sensor surface in 1995 when
they introduced the HPA chip. Although this approach
is very useful, it is not so widely used, because it is quite
hard to work with its extremely hydrophobic surface and
only half a fluid monolayer is formed. Other approaches
with different advantages have been developed instead.

In the very rich SPR literature many different
approaches have been reported, although general meth-
ods are few. A stable membrane bilayer can be tethered
onto the surface of the gold chip with the aid of thiolipids
(Fig. 3B) (Lang et al., 1994; Stora et al., 1999; Hong et
al., 2002; Terrettaz et al., 2002). These have a thiol group,
linked via a hydrophilic linker to the lipid headgroup,
which enables attachment to the gold chip. When lipo-
somes are passed over a sparse monolayer of thiolipids a
continuous bilayer is formed with the thiolipids becom-

ing part of the membrane bilayer. Another approach uses
thio-peptides to tether the membrane. These have a flex-
ible linker comprising a short peptide that possesses at
one end a thiol group and on the other end a lipid (Bunjes
et al., 1997; Knoll et al., 2000). Both systems provide a
well-defined model membrane in which both upper and
lower layers are fluid and with an additional aqueous
layer between the chip and the membrane. Hence, one big
advantage over HBM is that it is possible to include trans-
membrane proteins in an active form. Some examples
of functional proteins reconstituted in tethered bilayer
for SPR study include the G-protein coupled receptor
rhodopsin (Heyse et al., 1998a), OmpF, an outer mem-
brane protein channel from Escherichia coli (Stora et
al., 1999) and the nicotinic acetylcholine receptor from
Torpedo californica (Schmidt et al., 1998).

Finally, it is possible to retain intact liposomes on the
surface of the chip by various means. First approaches
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exploited biotin–avidin interaction. Liposomes contain-
ing trace amounts of biotinylated lipids are stably
retained on a surface of the CM5 chip with cova-
lently attached avidin (Fig. 3C) (Masson et al., 1994;
Stachowiak et al., 1996; Schlattner and Wallimann,
2000a). Other surfaces can also be used for attaching
biotinylated liposomes. Jung et al. (2000) tethered a
mixed monolayer of biotin-terminated and hydroxyl-
terminated poly(ethylene oxide) alkylthiolates on a gold
surface. A flat streptavidin monolayer was formed
on top of the monolayer and this enables a forma-
tion of high-density planar layer of intact liposomes.
MacKenzie similarly exploited tight and stable interac-
tion between lipopolysaccharide and LPS-specific anti-
body (MacKenzie et al., 1997; MacKenzie and Hirama,
2000) (Fig. 3D). Minor amounts of LPS were included
in liposomes that were stably retained on the surface
of anti-LPS antibody coated CM5 chip. Biacore intro-
duced another approach in 2000. They offered an L1 chip
that has lipophilic groups attached on the surface of car-
boxymethylated dextran layer. Here, intact liposomes are
stably retained after the injection (Fig. 3E) (Cooper et al.,
2000; Anderluh et al., 2005a). The introduction of this
chip finally provided quick and reproducible method for
the preparation of bilayer-mimetic system and the num-
ber of publications using this chip has increased steadily
in the last few years (Fig. 1). Recently a DNA based
approach, which may be used to assemble a 3D vesicle
network, has been studied by SPR (Fig. 3F) (Svedhem
et al., 2003; Graneli et al., 2005).
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Fig. 4. Binding experiment on L1 chip. LUV were deposited on L1
chip for 10 min at 1 �l/min in running buffer (usually 140 mM NaCl,
1 mM EDTA, 20 mM Tris–HCl, pH 8.5; large arrow). The concentra-
tion of lipids is between 0.5 and 2 mM. The flow-rate was changed
to 30 �l/min after the deposition and liposomes were washed with
two 1 min consecutive injections of NaOH (thin arrow) and, finally
0.1 mg/ml bovine serum albumine (broken arrow). Liposomes remain
stably attached in this way for several hours. Equinatoxin at a final
1 �M concentration was then injected across the immobilised lipo-
somes (asterisk). The chip can be regenerated at the end of the binding
assay by three consecutive washes with isopropanol:50 mM NaOH 2:3,
mol:mol. Detergent solutions, such as 0.5% SDS or 40 mM octylglu-
copyranoside can also be used. The inset shows part of a flow-cell to
show that intact vesicles are immobilised on the surface of the chip.
Liposomes loaded with calcein were immobilised on the surface of
L1 chip and immediately imaged with fluorescence microscope. (A)
Deposited liposomes. (B) The same surface as in (A), only after immo-
bilisation, 1 �M equinatoxin was injected over the surface for 90 s. An
empty flow-cell is shown for comparison in (C) as a control. Adapted
with permission from Anderluh et al. (2005a).

ble and resist treatment with many solutions, i.e. high
salt, low or high pH, and can be directly used for protein
binding studies. If proteins can be removed completely
from the liposomes at the end of the binding experiment,
then the same surface can be used for hours and different
concentrations of protein can be probed.

The state of the lipids on a chip is an important
determinant of the ability of a protein or a peptide to
interact with the lipid layer (see below). Therefore it is
important to know whether the liposomes are retained
on the surface of L1 chip intact or if they fuse to
form lipid bilayers. The very first characterisation by
Cooper et al. (2000) gave some indications that intact
vesicles could be immobilised. They observed discrete
spots when they imaged, with confocal microscopy, sul-
forhodamine loaded liposomes immobilised on a chip.
Sulforhodamine could only be released with detergent
(CHAPS) treatment. They also observed that liposomes
do not penetrate to a dextran hydrogel, but remained on
the surface. We have recently confirmed their finding
. Retention of intact liposomes on the surface of
n L1 chip

A typical experiment that involves L1 chip is as
ollows (Fig. 4): liposomes are deposited on the sur-
ace of the chip at 0.5–2 mM lipid concentration and
t low flow-rate. Usually a few minutes are enough to
aturate all lipophilic binding sites on the chip. Max-
mal response is in the range of 11,000–12,000 RU,
ut this differs with the lipids used. For example, if
quimolar mixtures of zwitterionic and charged lipids are
sed, such as 1,2-dioleoyl-sn-glycero-3-phosphocholine
DOPC) and 1,2-dioleoyl-sn-glycero-3-[phospho-rac-
1-glycerol)] (DOPG), lower amounts 7000–8000 RU
re retained (Anderluh et al., 2005a). Negative charges
n the liposome surface prevent tight packing on the sur-
ace of the chip. Two-three brief washes with 100 mM
aOH are then used at a higher flow-rate to remove

osely bound vesicles. An injection of bovine serum albu-
in is used finally to cover all non-specific binding sites.
his procedure yields homogeneous surfaces that are sta-
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when characterising calcein loaded immobilised lipo-
somes. Calcein is a fluorescent dye that has low mem-
brane permeability (Dalla Serra and Menestrina, 2003).
It could only be released from the liposomes with treat-
ment with solutions used for regeneration of L1 surface
(in our case isopropanol:50 mM NaOH 2:3, mol:mol)
or by high concentrations of a pore-forming toxin that
bound to the liposome membrane and formed calcein-
permeable pores. In addition, calcein release from the
immobilised liposomes was compared to the release
of calcein from liposomes free in solution, i.e. stirred
in a cuvette setup, and was found to be very similar
(Anderluh et al., 2005a). Other authors also failed to
detect any fluorescence released from immobilised lipo-
somes loaded with fluorescent probes, indicating that
they remained intact (Stahelin and Cho, 2001a). In fact,
this test was also used as a control to show that binding
of particular protein is only to the outer leaflet and that
it does not perturb the liposome structure (Stahelin and
Cho, 2001a). And finally, just recently liposomes immo-
bilised on a L1 chip were imaged by electron microscopy
and found to remain intact (Honing et al., 2005). So
in conclusion, in many cases liposomes stay intact on
the surface of the chip. However, as always in biology,
there are some exceptions, i.e. Erb et al. (2000) have
concluded in their studies that liposomes fuse on the sur-
face of the chip. There are indeed some cases when this
can occur, especially when synthetic saturated lipids are
used, i.e. 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) or conditions that differ from those described in

Wallimann, 2000b; Stahelin and Cho, 2001a), amyloido-
genic proteins (Kremer and Murphy, 2003; Anderluh et
al., 2005b), prions (Critchley et al., 2004), etc.

SPR studies, in general, give both qualitative
and quantitative data on molecular interactions. In
protein–membrane interactions the typical qualitative
study is the description of lipid specificity of a
membrane-binding protein. In many cases the recogni-
tion of particular lipid in the membrane is the key regu-
latory step of protein action, i.e. many pore-forming pro-
teins in the first step of the intoxication mechanism bind
to specific lipid or protein receptors in lipid membranes.
For example, lysenin, a sphingomyelin-specific protein
from earthworm, showed better binding to membranes
when the proportion of sphingomyelin was increased
(Yamaji et al., 1998). HBM were used to show that ostre-
olysin, a pore-forming protein from the edible oyster
mushroom, binds to sphingomyelin/cholesterol mixtures
and to some extent to mixtures of lipids with saturated
side chains and cholesterol, but not if lipids with unsat-
urated side chains were used (Sepčić et al., 2004). As
was shown in this study, the visual inspection of bind-
ing curves can be sufficient grounds upon which to base
clear conclusions, e.g. protein binds to particular lipid
but not at all to some other type. However, sometimes it
is preferable to determine the apparent rate and affinity
constants from sensorgrams, especially when the differ-
ences between different conditions, either different types
of membranes or different variants of protein studied,
are subtle. The affinity constants can be directly deter-
the previous paragraph (Cooper, 2004). It is, therefore,
advisable to test for the state of lipids on the surface of the
chip, if lipids and procedures that differ from published
examples are used.

4. Is it any good?

Most probably, as SPR related literature in
protein–membrane interactions is vast. It is, therefore,
not possible to cite everything here. We tried to encom-
pass the most common examples of its applicability. SPR
was used to monitor the binding of domains or pro-
teins that participate in cell signalling (Bittova et al.,
2001; Stahelin and Cho, 2001b; Stahelin et al., 2002,
2003). It gave very useful information on initial mem-
brane attachment of pore-forming proteins (Puu, 2001;
Yamaji et al., 1998; Chenal et al., 2002; Hong et al.,
2002) and membrane-interacting peptides (Thomas et
al., 1999; Mozsolits et al., 2001; Gaidukov et al., 2003;
Papo and Shai, 2003). In addition, SPR was used to
study binding of coagulation factors (Saenko et al.,
2001), enzymes (Stachowiak et al., 1996; Schlattner and
mined from the equilibrium binding responses over a
range of protein concentrations by fitting the data to
a Langmuir adsorption isotherm. In addition, binding
constants can be determined directly from the kinetics
of the binding data (sensorgrams) by numerical integra-
tion analysis (Myszka, 1997; Karlsson and Falt, 1997;
Schuck, 1997). This is conveniently done by Biacore
BIAevaluation software or other dedicated programs
(Myszka and Morton, 1998) by the use of appropriate
binding model.

Some of the most useful information that SPR can
provide in protein–membrane interactions is the mag-
nitude of effects that particular amino acid side chains
of proteins have on membrane association and dissoci-
ation. Site-directed mutagenesis coupled with structural
information can give detailed information of the pro-
tein binding process. A typical example is the study by
Stahelin and Cho (2001a), where they discussed the role
of ionic, aliphatic and aromatic amino acids in the bind-
ing of phospholipases A2 to immobilised liposomes. Five
different phospholipases, together with several mutants,
were checked for their ability to bind to negatively
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charged and zwitterionic liposomes. On the basis of their
results they proposed a general mechanism for protein
attachment to the membranes. In this model, proteins are
initially brought down to the membranes by electrostatic
interactions or complex interactions between aromatic
residues and zwitterionic membranes. Subsequent pene-
tration of aliphatic and aromatic residues results in firmly
bound protein stabilised primarily by hydrophobic inter-
actions. This model is extended by another step in certain
cases to include additional membrane association. Many
pore-forming proteins change conformation after ini-
tial contact with the membrane to expose parts of the
polypeptide chain, which are transferred to a hydropho-
bic core, usually to form a conductive channel (Chenal
et al., 2002; Hong et al., 2002). These final states of the
protein are remarkably stable structures and it is often
nearly impossible to remove them from the lipid mem-
brane (Anderluh, unpublished observation).

Additional information about the mechanism of
membrane association of protein or peptide can be
obtained when both HPA and L1 chip are used. Due to
structural differences between HBM and immobilised
liposomes, it is possible to differentiate between the
surface adsorption in the former and insertion into the
hydrophobic core of the membrane in the latter. If pro-
tein binds only to the water–lipid interface and binding
is not accompanied with deeper penetration then simi-
lar equilibrium constants should be observed when using
both chips. This was indeed observed in the case of coag-
ulation factor VIII (Saenko et al., 2001). On the other
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ratio of affinity constants was 25, indicating that it clearly
prefers hydrophobic core of the bilayer. Higher affinity
of melittin for lipid preparations on L1 chip was observed
also by Mozsolits and Aguilar (2002). In summary, the
use of SPR and various lipid systems enabled differenti-
ation between different steps in mechanism of action of
membrane-active peptides.

5. Perspectives

Probably the trend of increase of SPR publications
in protein–membrane interactions will increase also in
future. There are however, many other aspects of mem-
brane preparations on Biacore chips and their use in
biochemistry and other related disciplines. For example,
Biacore chips can be used not only to immobilise lipo-
somes prepared from the synthetic lipids, but also other
vesicular preparations from cells (Kim et al., 2004). Just
recently Ferracci et al. (2004) immobilised pure intact
synaptic vesicles on the surface of the Biacore sensor
chip. Such preparations enable the study of intact mem-
brane proteins, i.e. binding of ligands to proteins, protein
profiling, etc. Artificial membranes may not always be
the best system to use for membrane-binding studies and
in such cases vesicular preparations of lipids isolated
from cells or membrane ghosts can be particularly use-
ful. It is possible to immobilise erythrocyte ghosts to the
L1 chip in order to study the binding of various pore-
forming toxins (Anderluh, unpublished observation).
and, if the protein inserts deeper in the membrane and
eeds a transmembrane compartment, then no binding
s observed in HBM, as shown by Rossi et al. (2003)
or adenylate cyclase from Bordetella pertussis which is
ble to translocate across the membranes in the presence
f calcium.

Different binding affinities of certain peptides on
1 or HPA chips have also been observed. For
xample Papo and Shai (2003) studied binding of
againin and melittin to zwitterionic (phosphatidyl-

holine/cholesterol 10/1, w/w) or charged (phos-
hatidylethanolamine/phosphatidylglycerol 7/3, w/w)
ipid mixtures. Binding affinities to different lipid sys-
ems corresponded to the differences in their membrane-
isrupting capabilities. Magainin acts by a detergent-like
echanism, so the ratio of affinity constants between

ilayers and monolayers for zwitterionic membranes
as close to 1, indicating that magainin preferentially

nteracts with the surface of the membranes. In agree-
ent with this it showed 100 times higher affinity for

egatively charged vesicles over zwitterionic ones. In
ontrast, melittin forms transmembrane pores, so the
Recent reports on characterisation of drug–membrane
interactions indicate that SPR will become an important
tool in preclinical drug discovery (Danelian et al., 2000;
Baird et al., 2002; Abdiche and Myszka, 2004; Kim et
al., 2004; Frostell-Karlsson et al., 2005). And finally,
encouraging reports of successful on-chip reconstitution
of transmembrane proteins, such as G-protein coupled
receptors, means that it will be possible to use these
medically important proteins in biosensor applications
(Karlsson and Lofas, 2002; Stenlund et al., 2003) and
that it will probably be possible to prepare in the same
way also other transmembrane proteins. For sure, we will
hear more about SPR in protein–membrane interactions
in the years to come.
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