Chapter 12

Preparation of Lipid Membrane Surfaces for Molecular
Interaction Studies by Surface Plasmon Resonance
Biosensors
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Abstract

Surface plasmon resonance has become one of the most important techniques for studying bimolecular
interactions. Most of the researchers are using it to study protein—protein interactions, but in recent
years membrane model systems have also become available and this makes it possible to study protein—
membrane interactions as well. In this review chapter we describe possible ways to prepare lipid membrane
surfaces on various sensor chips and some of the experimental considerations one has to take into account
when performing such experiments.
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1. Introduction

Use of optical sensors based on surface plasmon resonance (SPR)
has become the most important tool in molecular interaction
analysis. More than 1,000 scientific papers were published in
2007 using biosensor platforms from 25 different manufacturers
(1). SPR biosensors are used in either qualitative or quantita-
tive mode to determine the binding partners or kinetics and
affinity parameters of the interaction, respectively. The use of
SPR biosensors is not confined only to basic research laborato-
ries, but is also extensively used in medical diagnostics, moni-
toring of environmental samples, food analysis, etc. Traditionally,
most of the references describe interactions, where both bind-
ing partners are proteins, e.g. protein—protein, antigen—antibody,
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peptide-receptor. Even though lipid membranes are important
cell constituents with many associated peripheral and transmem-
brane proteins, only a small fraction of the rich SPR literature
describes interactions of proteins with lipid membranes (1, 2).
This is mainly due to difficulties associated with preparations
of pure and homogeneous membrane protein samples used for
SPR studies. Furthermore, suitable membrane model systems
that could be used on optical biosensors became available only
recently. In this chapter we provide some examples on the kind of
information one can obtain from experiments with SPR biosen-
sors, we give an overview of lipid membrane-mimetic systems
that can be prepared and used on Biacore platforms, and we
discuss briefly some experimental considerations that are partic-
ular for protein-membrane interaction studies. The interested
reader will find more information on protein-membrane inter-
action studies in the following chapters that describe the use of
optical biosensors based on SPR in protein—-membrane interac-
tions (2), in studies of peripheral membrane proteins that asso-
ciate with lipid membranes (3-5), membrane-interacting peptides
(6, 7), or pore-forming toxins (8).

2. Use of SPR
Biosensors

in Protein-
Membrane
Interaction
Studies

The SPR literature on interactions of proteins with membranes
mainly describes the qualitative and quantitative aspects of periph-
eral membrane protein interactions with lipid membranes. Typi-
cally, one can explore lipid specificity of a peripheral membrane
protein by changing the lipid composition of the membrane.
Determination of the rate and affinity constants from sensorgrams
gives additional information about the interaction of proteins
with membranes, especially when the differences between difter-
ent types of membranes or different variants of proteins are sub-
tle. Often researchers wish to examine effects of particular amino
acids on the binding to the membranes (9). Such experiments are
relatively easy to perform when the protein attaches reversibly to
the membranes. However, most of the membrane proteins are
very hydrophobic and may attach non-specifically to the surface
of the chip (see below). Sometimes they further aggregate on
the surface of the membrane and that often leads to irreversible
association with the membranes. A group of peripheral proteins,
protein toxins that generate pores in lipid membranes, actually
assemble on the surface of the membrane in a multi-step mecha-
nism that involves attachment to the lipid membrane, oligomer-
ization in the plane of the membrane, and irreversible insertion
into the membrane (8). It is difficult to interpret the results in
such cases and complex binding models should be applied. These
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models, however, should be used with caution and it is desirable
that some other independent experimental verification of a multi-
step mechanism is provided.

Other studies on membrane structure and function have been
performed by employing SPR-based biosensors and membrane-
mimetic systems. They were, for example, used to study drug—
membrane interactions in preclinical drug discovery (10-14), to
reconstitute transmembrane proteins on the surface of sensor
chips (15, 16), to study the kinetics of removal of particular
lipid components from the membrane by either proteins or other
molecules (17-19), to characterize intact synaptic vesicles (20), to
functionally characterize transmembrane receptors (21, 22). The
described studies indicate that SPR-based biosensors can be used
in versatile experimental set-ups. For example, varying the mem-
brane model (liposomes vs. bilayer, see below) and composition
is one of the basic and yet very informative ways of characterizing
the membrane-binding requirements of the protein of interest.

3. Lipid
Membrane Model
Systems Used in
SPR Biosensors

In a typical protein—-membrane interaction study the membrane
is prepared on the surface of the sensor chip and the protein
of interest is injected across such a surface. Although many dif-
ferent approaches on how to prepare a membrane-mimetic sur-
face have been reported, there are only few general methods (see
Table 12.1 and Fig. 12.1). It is possible to prepare either planar

Table 12.1

Biacore sensor chips that may be used for the prepara-
tion of membrane-mimetic surfaces with key references that
describe their use

Sensor chip Description References

HPA Formation of stable hybrid bilayer (23)
membrane. Only one monolayer is
formed on the surface of the chip

L1 Capture of intact liposomes or other (37-39)
cellular membrane preparations

SA Capture of liposomes that possess (42)
minor amounts of biotin

CM5 Capture of liposomes by antibodies (33)

Gold Capture of liposomes by DNA- (34)

derivatized liposomes
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3.1. Preparation of
Membrane Bilayers

Fig. 12.1. Lipid membrane model systems used in SPR biosensors. (a) Hybrid mem-
brane bilayers formed on the surface of hydrophobic layer of alkanes. These can be
prepared by using a Biacore HPA sensor chip. (b) Tethered membrane bilayers formed
on the surface of a gold chip by the use of thiolipids (light grey). (c—f) Capture of intact
liposomes on the surface of sensor chips. (c) Capturing may be achieved by the biotin—
avidin system, employing low percentage of biotinylated lipids (light grey). (d) Capture
by binding of liposomes to an antibody directed to a lipid component of a membrane
bilayer. (e) Capture by long lipophilic molecules attached to the dextran matrix (Biacore
sensor chip L1). (f) Capture by DNA tethers, which allows formation of a 3D liposomal
matrix. Reprinted from BeseniCar M. et al. (2) with permission from Elsevier.

lipid bilayers or intact liposomes that are captured on the surface
of the sensor chips.

Hybrid bilayer membranes are usually prepared on the surface of
alkanethiol self-assembled monolayers, such as Biacore HPA sen-
sor chips (see Fig. 12.1a). When a solution of small unilamellar
liposomes 1is injected across such a hydrophobic surface, a sta-
ble lipid monolayer is formed. Cooper et al. described the gen-
eral methodology for formation of supported lipid monolayers by
using an HPA sensor chip and this study should be taken as a
starting point, if one has no experience (23). They compared the
monolayer formation when different methods for vesicle prepa-
ration, e.g. extrusion or sonication, different lipids, or different
buffers were used. Bovine serum albumin was used to check
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the quality of the prepared surface. They have also determined
the amount of deposited lipids by using 3H-labelled dipalmi-
toylphosphatidylcholine and found that the correlation of mass of
deposited material with the response observed (RU) is the same
as for proteins (24). So when a monolayer is formed, fully cov-
ering the HPA chip, a response of around 2,200 RU should be
expected, corresponding to a mass of 2.0 ng/mm? (23). Hybrid
bilayer surfaces may be used to study many aspects of protein
interactions with membranes, as highlighted by three examples
by Cooper et al. (23), but it has some disadvantages that pre-
clude its widespread use. They are hard to work with, as they are
very hydrophobic and, more importantly, hybrid bilayers repre-
sent only one monolayer of the lipid membrane and, hence, it
is not possible to use them to study transmembrane proteins in
active form.

There is another model bilayer system encompassing the dis-
advantages of the hybrid bilayers. A stable membrane bilayer
can be tethered on the surface of the gold chip by thiolipids
(25-27). The headgroup of these lipids is linked to a thiol group
by a long flexible linker. This approach first requires the deposi-
tion of thiolipids to form a sparse monolayer. Lipid vesicles are
subsequently injected and a continuous bilayer is formed encom-
passing thiolipids as part of the lipid membrane (se¢ Fig. 12.1b).
In this system both layers of the membrane are fluid and there is
an additional aqueous layer between the membrane and the sen-
sor chip. It is possible to include transmembrane proteins in such
a membrane (26, 28, 29).

Capture of intact liposomes is perhaps the most appealing pos-
sibility and a few different approaches were described in the lit-
erature. Initial studies involved biotin—avidin interactions, where
minor amounts of biotinylated lipid are included in the liposome
(30, 31) (see Fig. 12.1¢).

Liposomes can also be retained on the chip by binding to an
antibody directed against a specific membrane component, such
as lipopolysaccharide (LPS) (32, 33). The paper by MacKenzie
and Hirama gives a detailed description of the quantitative anal-
ysis of the binding affinity for glycolipid receptors. The authors
describe the preparation of liposomes, which include LPS at 1%
(w/w) of the total lipid, the deposition of the liposomes on an
IgG surface, and the binding of an analyte, a bivalent single-chain
Fv (33).

Liposomes may also be captured via DNA tethers; the method
requires the use of a membrane lipid attached to a DNA molecule
(see Fig. 12.1f) (34, 35). This approach allows a construction of
a 3D surface of liposomes on the surface of the dextran layer. It
may find its use in the functional characterization of membrane
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3.3. Capture of Intact
Liposomes by the
Biacore Sensor

Chip L1

proteins embedded in liposomes, as shown recently by Graneli
et al. (36). This is particularly appealing, as the transmembrane
protein is located away from the sensor chip and at the same time
the amount of the protein under study is also increased. Such
method is described in Chapter 16.

By far most of the references in the literature employ sensor chip
L1 for studying protein—-membrane interactions. This sensor chip
possesses lipophilic groups on the surface of the dextran matrix
(see Fig. 12.1e), which efficiently capture intact liposomes. This
chip offers some advantages over other described approaches,
the most appealing being the easy capturing of liposomes and
regeneration of the captured material from the chip, so it may be
reused many times. The novice users are directed to papers that
describe the deposition of the liposomes on L1 sensor chip and
characterization of the so-formed surface (37-39). The advan-
tage of this chip over others is that not only liposomes but also
membrane preparations from cell lysates can be used for immobi-
lization. They will be retained by lipophilic anchors and, hence,
allow studying membrane binding with biologically more relevant
membranes, e.g. binding of pore-forming toxins was studied by
using erythrocyte ghosts (40, 41), binding of various drugs to
vesicles prepared from intestinal brush-border membranes (13),
binding of nanosomes prepared from yeast expressing a mam-
malian odorant receptor (21).

4. Some
Experimental
Considerations

4.1. Baseline

Below are some experimental considerations that we found partic-
ularly important for experiments on SPR biosensors where mem-
brane systems are used.

There are several reasons for the formation of the drift of the
baseline in SPR biosensors, which are extensively covered in
instrument manuals. However, when working with hydrophobic
surfaces, such as hydrophobic chips (HPA sensor chips) or mem-
branes and liposomes, one should take extra care to minimize all
causes that could contribute to the drift formation. One such rea-
son may be the remnants of detergents on the glassware, it com-
mon washing services are used. From our own experience, we
recommend that all glassware is thoroughly cleaned with copious
amounts of distilled water to remove traces of detergents.
Frostell-Karlsson et al. have observed a slight upward drift in
the liposome baseline (14). They have systematically checked for
the causes of the drift (e.g. buffer composition, lipid membrane
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composition, flow rate, liposome injection time, stabilization time
after injection, type of regeneration solution used) and found
out that the most important parameters for minimizing the base-
line drift were a long liposome injection time and additional
time used for stabilization of the surface after the liposome
injection.

A reference cell is used to subtract the contributions of the buffer
to the refractive index and possible unspecific interactions of pro-
teins with the sensor chip. However, hydrophobic molecules may
attach to lipophilic anchors on an L1 sensor chip. This is par-
ticularly valid for membrane proteins, as they possess extensive
hydrophobic surfaces. If it is possible to fully cover the sensor
chip, i.e. the sample cell as well as the reference cell, with the
lipids, so that no anchors are exposed, and if protein of inter-
est may be prepared in running buffer, so that refractive indexes
match, then it is still possible to perform experiments and cor-
rect the sensorgrams with the injections of the buffer. However,
it the chip surface is only partially covered with lipids, then bind-
ing to the lipophilic anchors will be extensive and therefore the
flow cell without lipids cannot be used for referencing, as the
binding may be even better for the latter. Some other systems
that possess a more polar surface should be considered, i.e. a
streptavidin sensor chip (SA sensor chip) or an avidin-covered
chip, as was used for the characterization of mitochondrial kinases
(42,43).

Another way for referencing is to use a lipid membrane for
which the protein of interest has a low affinity. In this way one can
account also for non-specific binding of protein to the lipid mem-
brane. Membranes without or with a small percentage of lipid that
is recognized by the protein are immobilized on the reference and
test flow cell, respectively. Such referencing was used for the pro-
tein domains that specifically bind to phosphorylated variants of
glycerophosphatidylinositol (5).

Liposomes captured on the surface of sensor chips are stable for
hours. If proteins bind weakly and it is possible to remove them
from the liposome surface by buffers with high salt or a change
in pH, one can use such surface for many injections with dif-
ferent concentrations of proteins. However, some proteins bind
irreversibly and it is impossible to remove them from the mem-
branes. This is particularly true for proteins that insert stably
into the membranes. In such cases one should regenerate sen-
sor chips by injections with buffer that contains either detergents
or organic solvents to remove all of the lipids from the surface
of the sensor chip. Most commonly employed and efficient are
solutions of 40 mM N-octyl-B-D-glucopyranoside and 100 mM
NaOH:isopropanol (2:3; v/v).
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5. Conclusions

Optical biosensors are perhaps not so commonly used in mem-
brane biology studies as in some other fields. We believe, how-
ever, that a lot of useful qualitative and quantitative information
about the interactions of proteins or other molecules with mem-
branes may be obtained. Researchers that study various aspects
of membrane biology may benefit tremendously, as highlighted
by the cited examples in this chapter. For example, one can look
into the membrane-binding properties of the protein of interest
without consuming large quantities of the material. Questions can
be answered as, does the protein insert into the membrane, or
does it bind only superficially? Does a rigid membrane mono-
layer suffice for binding or does the protein require membrane
curvature of the liposomes or at least a more fluid membrane
bilayer? What are the pH and salt requirements for the stable
binding? How can one prevent binding and the membranolytic
activity (if there is one)? All these and many more questions
can be answered in quite a short time and with low amounts of
protein.
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