WO 2014/096324 PCT/EP2013/077612
1

Lipid membrane enveloped particles with membrane proteins

The present invention relates to model lipid bilayers and
membrane proteins supported therein.

Membrane proteins play a key role in every living cell,
which is indicated by the large amount of genes of an organism
encoding membrane proteins. 20-30% of the genes of an organism
encode for membrane proteins. These proteins are the key factors
in the cell’s metabolism, for example in cell-cell interaction,
signal transduction, and transport of ions and nutrients. Conse-
quently, membrane proteins are the target of about 60% of all
pharmaceuticals. However, mechanistic details of membrane pro-
teins are sometimes hard to access, particularly when the role
of the membrane/water interface is not negligible. Biomimetic
membrane systems have been developed ranging from liposomes into
which membrane proteins have been reconstituted to planar lipid
bilayers or tethered bilayer lipid membranes.

Contrary to this fundamental role in biology, accessibility
of membrane proteins by experimental techniques remains chal-
lenging. Structural as well as functional characterization of
membrane proteins is difficult due to their amphiphilic proper-
ties. An experimental challenge is the sensitivity of membrane
proteins to degeneration as soon as they are removed from the
native lipid bilayer and solubilized with the help of deter-
gents. To mimic the native lipid environment, solubilized mem-
brane proteins are re-integrated (reconstituted) in artificial
lipid bilayers or lipid analogues.

Various model systems of the biological membrane address
this issue. Solubilized membrane proteins are purified and re-
constituted; i.e., reintegrated in an (artificial) lipid bi-
layer, which mimics their native environment in the plasma mem-
brane. In the classical liposomal system the lipid bilayer en-
closes an inner cavity. Therefore, experimental difficulties
arise when there is a need to control contents or solute concen-
trations of the inner compartment. The same holds for the appli-
cation of a transmembrane potential that is limited to the gen-
eration of a diffusion potential by the usage of ion-specific
ionophores.

Several reconstitution strategies on solid supports have
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been applied, such as the insertion into hybrid lipid bilayer
membranes of self-assembled monolayers of alkane thiols and
phospholipids, tethered lipid bilayer membranes (Knoll et al.,
Reviews in Molecular Biotechnology 74 (2000) 137), polymer mem-
branes and Langmuir-Blodgett films.

In order to control the orientation of immobilized membrane
proteins, Giess (Biophys. J. 87, (2004), 3213-3220) and Ataka et
al. (J. Am. Chem. Soc. 2004, 126, 16199-16206) disclose the im-
mobilization of membrane proteins via a His-tag and Ni-
nitrilotriacetic (NTA) moiety on the surface and further the re-
constitution of solubilized proteins in the lipid environment by
in situ dialysis.

Publication WO 2008/118688 A2 discloses a stable supported
lipid bilayer membrane, wherein the membrane is stabilized by
sterol molecules immobilized to the surface. During manufacture
of such a membrane, first sterol molecules are immobilized on
the surface and then a membrane is reconstituted with a membrane
solution. The membrane solution can contain membrane proteins.
These membrane models suffer from low mobility of molecules in
the membrane and the lack of any aqueocus layer below the mem-
brane, which is usually necessary for native membrane protein
activity and behaviour.

JP 2011/027632 A describes a biochip with a lipid bimolecu-
lar membrane, that is immobilized onto a substrate with a pat-
tern of hydrophilic and hydrophobic portions on the substrate.

US 2008/0304068 Al relates to a protein biochip with a lay-
ered setup comprising a metallic layer and optionally a lipid
double membrane on an active layer. As mentioned for WO
2008/118688 A2 this setup is not suitable to study membrane pro-
teins and suffers from low mobility of proteins and the lack of
an aqueous layer.

WO 99/10522 Al relates to differing artificial membranes
based on phosphatidylcholine, phosphatidylserine, phosphatidyl-
ethanolamine, and sphingomyelin and tests for assaying binding
behaviour of pharmaceutical compounds. Its disclosure lacks mem-
brane protein integration into the membrane.

WO 9610178 Al relates to a method of inserting membrane pro-
teins from a micelle or vesicle into a planar lipid membrane by
fusing the micelle or vesicle with the membrane, wherein the fu-

sion is mediated by functional groups of the membrane that can
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covalently bind to the micelle or vesicle.

UsS 7,939,270 relates to probing a planar lipid membrane on a
solid surface with a membrane protein, such as a pore or a chan-
nel thereby inserting the protein into the membrane, and detect-
ing the insertion. US 6,440,736 provides a further method of ar-
tificially inserting membrane proteins into cells or cell mem-
branes.

CA 1243946 Al describes an antigen/liposome conjugate,
wherein a protein antigen is covalently bound to a lipid mole-
cule of the liposome vesicle. WO 01/06007 A2 provides a system
of microbubbles for studying and characterizing receptors. Lipo-
some vesicles and microbubbles suffer from lower stability than
solid surface bound membranes, especially during manipulation of
membrane proteins.

WO 2009/117370 Al describes membrane coated particles. The
membrane is a native cell membrane comprising membrane proteins,
at least in part in the natural orientation as found in a cell.
The membrane coated particles are described as a batch of simi-
lar or nearly identical cell membrane displays suitable for high
throughput readouts, in particular in ligand binding assays.
However the use of cell membranes, in this case of CHO cells, is
time consuming, requires the isolation of biological cell mem-
brane, which can cause unwanted influences of membrane compo-
nents in an assay of a different protein of interest. Further-
more the membranes are not stabilized on the particles, which
can cause further assay imprecisions.

US 7,205,099 B2 relates to a method of studying potassium
ion channels in an artificial lipid bilayer, coated onto a flat
solid support.

WO 2002/072873 Al describes the immobilization of proteins
onto a sensor surface suitable for surface plasmon resonance
spectroscopy, wherein a lipid membrane is reconstituted onto the
surface embedding the pre-immobilized membrane protein. The 1i-
pid molecules of the membrane are deposited as detergent sus-
pended micelles by slow removal of the detergent molecules. A
similar system is described in WO 2010/091293 Al, wherein fur-
ther Ag particles are deposited onto the surface before membrane
coating.

WO 2007/122259 Al provides surface functionalized gold nano-

particles with covalently attached spacer molecules being them-



WO 2014/096324 PCT/EP2013/077612
4

selves linked to proteins in a stereo-specific manner, ensuring
controlled orientation of the particle-bound protein.

WO 02/056831 A2, WO 01/49265 Al, and the publications Mir-
zabekov et al. Nature Biotechnology 200(18): 649 - 654 (2000),
Babcock et al. JBC 276(42): 38433-38440 (2001) and Grundner et
al. Journal of Virology 76(7):3511-3521 (2002) describe spheri-
cal or ellipsoid paramagnetic proteoliposomes containing pure,
native, and oriented seven-transmembrane segment immunogenic
proteins, such as HIV surface proteins CCR5 or CXCR4. The immu-
nogenic protein is bound onto paramagnetic particles via anti-
bodies.

Nordlund et al., ACS NANO 3 (9) (2009): 20639-26406, relates
to porous silica particles enveloped by a lipid bilayer. During
manufacture in order to create the lipid envelope, silica parti-
cles are treated with vesicles, which open upon contact with the
particle and form a layer on the particle.

Sharma et al., Bioconjugate Chemistry 15 (4) (2004): 942-
947, describes biotin-PEG3400-bacteriorhodopsin conjugates,
which are immobilized on streptavidin coated silica microspheres

Zhong et al., Langmuir 29 (1) (2013): 299-307, describes
silica microspheres, modified with a PEG linker (i.e. NHS-PEGsgqo—
NHS) linked to a membrane anchor domain peptide K3A;L,A7L,A3K;-
FITC.

It is a goal of the present invention to provide improved
model lipid membranes comprising membrane proteins, that allow
quick and reliable testing of the activity of said proteins
within the membrane environment.

This goal is achieved by the subject matter of the claims.
In particular, the present invention provides a nano- or mi-
crosized particle comprising membrane proteins immobilized to
the surface of the particle and a sheet of a lipid bilayer in-
terspaced between the membrane proteins and enveloping said par-
ticle, wherein said membrane protein is immobilized to the sur-
face of the particle by a linker molecule with a length of at
most 5.5 nm. The present invention and its preferred embodiments
are further defined in the claims. It is noted that various
structural components and parameters can be modified as is ex-
plained with regard to preferred embodiments in the following
wherein of course each of these embodiments can be combined with

other preferred embodiments as should be clear to a skilled per-



WO 2014/096324 PCT/EP2013/077612

son in the art.

According to the present invention, it was found that stable
lipid particles can be formed using membrane proteins as anchors
for a lipid bilayer.

The selection of relatively short linker molecules, e.g.
with a length of at most 5.5 nm (short as compared to an anti-
body linker as disclosed in WO 02/056831 A2, which has a length
of 12 nm) further achieves the benefit of a controlled environ-
ment that allows the construction of a balanced lipid membrane
with improved membrane fluidity and stability without the need
of an additional binding motif of the lipid molecules, which in
turn allows improved and reproducible protein activity measure-
ments. As a further advantage, the linker moieties are not only
limited in length, they also have smaller lateral dimensions
(considerably smaller than bound proteins) so as to allow water
molecules to enter the space between the particle and the pro-
tein - as well as the lipid layer, which is advantageous for all
membrane proteins with a “intracellular portion” (that can be
placed in the volume between the particle and the lipid layer)
and is a necessary prerequisite for ion transport and hence as-
sessment of activity of ion channels as membrane proteins. Thus
also ions can be introduced in a controlled way into the volume
between the particle surface and the lipid layer. Furthermore
small organic linkers allow the use of well-established protein
tag technology, e.g. the Strep-tag or His-tag technology to ef-
ficiently immobilize membrane proteins. Combinations of such
tags can be further used to control the concentration of two or
more membrane proteins in a defined manner.

In addition, the inventive small linker molecules provide
increased control of the orientation of the substantially larger
membrane proteins. According to the invention, uniform binding
and orientation of the membrane proteins is possible, which in-
creases membrane stability. The increased stability also allows
reconstitution with water after freezing.

The length of a linker molecule can be estimated by a
stretched configuration of the linker molecule as visualized
e.g. in a space filling model of the linker molecule (e.g. as
shown for proteins in Nowak et al. J. of Solid State Electro-
chemistry, (2011) 15:105-114, and for lipids in Naumann et al.,
Langmuir 2003,19,5435-5443). Preferred lengths are at most 5.25
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nm, at most 5 nm, at most 4.75 nm, at most 4.5 nm, at most 4.25
nm, at most 4 nm, at most 3.75 nm, at most 3.5 nm, at most 3.25
nm or at most 3 nm. Further linker lengths include at most 6 nm,
at most 6.5 nm, at most 7 nm, at most 7.5 nm or at most 8 nm.

The lateral dimension of the linker molecule is preferably
at most 3nm, preferably at most 2.5 nm, especially preferred at
most 2 nm, even more preferred at most 1.5 nm, particularly pre-
ferred at most 1 nm or even at most 0.75 nm. Smaller lateral di-
mension allow increased water access into the volume between the
particle surface and the lipid layer. Any of these lateral di-
mensions can be combined with any one of the lengths mentioned
above, e.g. linker molecules with a length of at most 5 nm or at
most 6 nm and a lateral dimension of at most 1 nm. The length
defines the distance to the membrane protein, together with the
lateral dimension perpendicular to the length, the volume taken
by the linker molecule. The lateral dimension is smaller than
the length.

Preferably the particle comprising small spacer moieties
permits to accommodate an aqueous layer between particle surface
and protein/lipid layer, necessary for a stable bilayer lipid
membrane. Preferably the particle comprises a hydrophilic, pref-
erably aqueous, solvent between the lipid bilayer envelope and
the particle surface. The inventive enveloped particle can be
used to study membrane proteins in a native environment, wherein
the volume inside the lipid bilayer simulates a cell or cellular
compartment. For such studies, the membrane protein is prefera-
bly oriented inside to outside as in a natural environment. Such
an orientation can be controlled by consistently immobilizing
the membrane proteins on one side (e.g. the cytosolic side). Of
course, it is also possible to immobilize the membrane proteins
on the other side of the transmembrane domain of the protein,
e.g. “inside-out”. The membrane protein may be immobilized to
the particle surface site specific, i.e. one gspecific amino acid
region is consistently bound to the particle surface, e.g. a
tag, such as a His-tag, which is placed at the same site on the
membrane protein molecule. Useful site modifications may be on
the N-terminus or any other functional group of an amino acid
residue such as of Phe, Tyr, Trp, Arg, His, Lys, Asp, Glu, Ser,
Asn, Gln, Cys, Pro, Met. Immobilization of the membrane protein

to the particle surface may be side specific, i.e. the same side
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of the membrane protein that faces a particular biological com-
partment (e.g. cytosolic side, ER lumen, vesicle interior, nu-
cleus interior, golgi lumen, mitochondrion interior, chloroplast
interior, etc.) in its natural environment in a cell is consist-
ently oriented (outwards/inwards) for the membrane protein on
the particle surface.

The inventive particle is nano- or micrometer sized, which
allows stable enveloping by a lipid bilayer. In preferred embod-
iments the size of the particle is within the range of 5 nm to 1
mm, preferably 30 nm to 900 pum, or 200 nm to 800 pm, preferably
800 nm to 600 um, especially preferred 1.5 pm to 500 um, even
more preferred 10 um to 200 um. Preferably the particle is a na-
noparticle (size smaller than 1000 nm) or a microparticle (size
at least 1 um). In preferred embodiments of nanoparticles the
size is at most 900nm, at most 750 nm, at most 600 nm, at most
500 nm at most 400 nm or at most 300 nm. An especially preferred
range is 5 nm to 100 nm, in particular 10 nm to 60 nm, which
lead to optical effects pertinent to nanoparticles such as auto-
fluorescence or spectral changes due to binding of ligands.

Preferably said linker has a length of at least 0.5 nm,
preferably at least 1 nm, especially preferred at least 1.2 nm,
least 1.4 nm, least 1.6 nm, least 1.8 nm or least 2 nm. Longer
linkers allow a safer distance of the membrane protein from the
particle surface which may or may not interact with the membrane
protein, depending on the partial volume of the protein between
the lipid bilayer and the particle (i.e. outside of the mem-
brane, facing the particle). Such an interaction can be prevent-
ed by longer linkers. On the other hand, too long linkers may
compromise the stability of the entire structure, see above.
Therefore, the relative dimension of linker and protein are of
paramount significance for the stability of the entire structure
as well as the function of the protein incorporated.

Example linkers are organic molecules with a length of e.g.
C:—-Cep in a directly connected chain (excluding side chains). “C,“
refers to an organic molecule chain of length X (not counting
H). C, is an indicator of length and shall not be construed as
being limited to carbon atoms. Preferred lengths include C,-Csq,
C3=Cy0, Cs4=Css, Cs-Cszo, Ce=Czs, C7=Czes, Cg=Cz4, Co=Czz, Ci10-Czo. Such a
chain may have one or more heteroatoms, preferably selected from

O, N, S, P, Si. In preferred embodiments said organic molecule
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chain comprises C, especially preferred to a contents of at
least 50%, preferably at least 70%. Such a chain may have at
least every second atom being C. Further linker molecules in-
clude peptides and polynucleotides, especially DNA.

Preferably the membrane protein is immobilized to the parti-
cle surface via the linker by a covalent bond, by complex for-
mation, or by adhesion to the linker molecule. Said linker in
turn may be immobilized to the surface by a covalent bond, by
complex formation, electrostatic attraction or by adhesion,
preferably by a covalent bond. A preferred bond is a Ni-NTA
(preferably on the linker) to His-tag (preferably on the pro-
tein) bond or the strep-tag bond, which are examples of complex
formations. Other bond types include azomethine (Schiff base)
bonds or diimine bonds.

It is also possible to immobilize additional spacer mole-
cules to the particle surface. Spacer molecules do not bind to a
membrane protein and can be used to regulate the surface density
of surface-bound linker molecules. Spacer molecules can be se-
lected from the same type of molecules as the linkers, but are
not bound to a membrane protein. E.g. during manufacture a pre-
selected linker/spacer ratio can be used to obtain a desired
surface density of linker molecules. In turn, this affects the
surface density of membrane proteins. In addition or alterna-
tively, membrane protein surface density, i.e. the amount of im-
mobilized membrane proteins per surface area, can be regulated
by blocking a preselected percentage of linker molecules during
manufacture. Thereby potential linker molecules can be converted
into spacer molecules. Such a blocking reaction can be performed
by binding inert molecules to the protein reactive groups of the
linker, e.g. by binding small peptides or non-membrane proteins.

An example linker is dithiobis(nitriloacetic acid butyla-
midyl propionate (DTNTA), Nowak et al. J. of Solid State Elec-
trochemistry, (2011) 15:105-114. Preferably the surface compris-
es further Inert spacer molecules, such as dithiopropionic acid
(DTP) . These spacer molecules are inert with regard to a mem-
brane protein binding reaction - as compared to the linkers,
which bind such membrane proteins during manufacture of the in-
ventive particles. The spaces cover the surface of the particle
in the areas between the linkers. The dithio- or any other thio-

functionality of the spacer and/or the linker can be used to im-
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mobilize the spacer and/or linker on metal surfaces, e.g. an Au-
surface. Of course other functionalities can be used to immobi-
lize the spacer and/or linker to other surfaces. It is also pos-
sible to convert inert molecules into linker on the particle
surface, e.g. by binding a protein binding moiety to an active
ester as described in Friedrich et al., Journal of Physical
Chemistry B (2008), 112(10), 3193-3201.

In preferred embodiments the linker to spacer ratio is from
1:10 to 5:1, preferably from 1:6 to 2:1, especially from 1:4 to
1.5:1. It has been found that the optimal linker density may
vary dependent on the size of the membrane protein. For large
membrane proteins it is preferred to have a linker:spacer ratio
of 1:4. For smaller membrane proteins, e.g. somatostatin, this
ratio can be e.g. 1:1. In related embodiments preferably between
10% to 80%, especially preferred between 12% and 70%, even more
preferred between 15% and 60%, in particular preferred between
20 % and 50%, of the surface of the lipid envelope is constitut-
ed by a membrane protein. Suitable densities, also known as
packing densities can be selected as is known in the art (Frie-
drich et al., J. Phys. Chem. 2008,112,3193-3201; Schmidt et al.,
Biosensors & Biocelectronics 13 (1998) 585-591; all incorporated
herein by reference). Packing densities can be determined as de-
scribed by Kunze et al. Langmuir 2006,22,5509-5519, and modified
to obtain optimized protein activities (Friedrich et al., J.
Phys. Chem. B2008,112,3193-3201; Nowak et al. J. of Solid State
Electrochemistry, (2011) 15:105-114).

Preferred linker-protein binding functionalities or protein
binding moieties include ACP-Tag, BCCP, c-myc-Tag, Calmodulin-
Tag (CaM-Tag), CBRP-Tag, Chitin-Tag, FLAG-Tag, HA-Tag, poly-
Histidin-Tag (His-Tag), Maltose binding protein-Tag (MBP-Tag),
Nus-Tag, S-Tag, Snap-Tag, Streptavidin-Tag (Strep-Tag), Tandem-
Affinity-Purification-Tag (TAP-Tag), Thioredoxin-Tag. Similar
bonds can be used to bind the linker to the particle surface,
egspecially active ester bonds (e.g. to COOH or NH; functional
groups), carbodiimides. It is possible to use two or more of
such linker-protein binding functionalities to immobilize two or
more different membrane proteins in a controlled fashion. Ac-
cordingly, it is possible to exactly regulate to concentration
of the two or more membrane proteins, which can be different

from each other.
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Preferably the particle is dispersed in a hydrophilic, pref-
erably aqueous, medium. Usually membrane proteings are studied in
aqueous fluids, which may mimic natural environments of cells or
cellular compartments.

Preferably the particle comprises a hydrophilic surface. If
the particle surface material is not hydrophilic per se, it can
be modified by spacer molecules to become hydrophilic, in order
to avoid hydrophobic interaction with the surface and to facili-
tate the formation of an aqueous submembrane space.

According to preferred embodiments the particle is of or
comprises a material selected from a polymer, preferably a car-
bohydrate polymer, especially polysaccharide, a metal or metal-
loid, preferably Ag, Au, Pd, Pt, Fe, Ni, Si, Ti, Ta, GeAs, or a
carbon nanoparticle, peptides or combinations thereof, such as
polyaminosaccharide. Special preferred materials include cross-
linked or non-crosslinked polymers of a pentose or hexose, such
as glucose, galactose, fructose, mannose, or amines thereof. Es-
pecially preferred, the polymer material comprises agarose.
Preferably the particle is a hydrogel (Kibrom et al. Soft Mat-
ter, 2011,7, 237-246). A preferred polyaminosaccharide is chi-
tosan. Peptide materials may comprise collagen, e.g. gelatine.
Further examples of polymers include polystyrole, PMMA, POM,
PVP. Carbon nanoparticles are e.g. C-nanotubes, HOPG, fullerene.
Combinations of these materials include particles with a core-
shell structure, e.g. a core of one material with a surrounding
shell of a different material. Material combinations include
quantum dots.

The particle can have any body shape, including spheres, el-
lipsoids, sickles, polyhedrons, cylinders, or rods, with any
profile such as circles, triangles, polygons.

The inventive particle may comprise one or more further mem-
brane protein, different from said immobilized membrane protein,
in said lipid bilayer. Such further membrane proteins may or may
not function as scaffold for establishing the lipid bilayer on
the particle, but may as well be the object of investigations,
e.g. as described in more detail below (e.g. activity or ligand
binding assays), similar as the membrane protein bound to the
linkers. In the case of more than one membrane protein, one of
the membrane proteins (e.g. the immobilized one) may be inert to

a reaction under investigation or it may interact with the other
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membrane protein or with a reaction product of the other mem-
brane protein. An example of a co-reconstitution of two inter-
acting membrane proteins is shown in the examples section below.

The inventive particle may also comprise a further protein
adhered to said lipid bilayer. Said adhered protein may not be a
membrane protein, but it is a protein anchored in, e.g. by a 1li-
pid molecule, or bound to the lipid membrane of the inventive
particle. Such proteins can be bound to a membrane protein or a
lipid molecule of the lipid membrane or they can be bound to the
membrane via lipid anchors. Such adhered proteins may, similar
to further membrane proteins, be an object for reaction studies
as further detailed below. In the case of more than one protein,
one of the proteins (e.g. the immobilized membrane protein) may
be inert to a reaction under investigation or it may interact
with the other protein or with a reaction product of the other
protein.

Preferably the lipid bilayer is a membrane of two layers of
amphiphilic molecules, preferably wherein said molecules com-
prise a hydrophobic portion of a size of Cs to Cso, preferably Cg
to Cye, especially preferred Ciy to Cy; or Ci to Cyy, Or any ranges
in between these sizes. Preferred are phospholipids or steroids.
Any known lipid bilayer forming molecules can be used, e.g. as
described in any one of the references cited herein, which are
incorporated herein by reference. Said molecules form a thin
membrane enveloping the particle with the membrane protein act-
ing as anchor to tether the membrane to the particle. Usually
the membrane protein has a transmembrane domain to which lipids
align and form the lipid bilayer. The lipid bilayer is also re-
ferred to as lipid membrane herein. The thickness of the lipid
bilayer depends on the used lipid molecules and is usually with-
in the range of 3 to 12 nm, preferably 4 to 6 nm.

Other anchor molecules or groups can be attached to the 1i-
pid layer that allow attachment of the lipid enveloped particle
to any surface, such as a pyrene group particularly designed for
hydrophobic surfaces, or a streptavidine/avidin anchor group,
which makes the enveloped particles particularly designed for
use in microtiter plate wells. Such an anchor molecule is bound
to the lipid bilayer and may have a functional group facing out-
wards, i.e. away from the particle surface. Any functional group

in organic chemistry that allows binding to any other adeguate
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functional group is suitable. In addition the functional group
may allow complex formation, such as any chemical tag known in
the art and further as described herein below, e.g. a His-tag.
Complex formation may be between a metal and a chelating agent
or between biomolecules, such as antigens and antibodies. Due to
size it is preferred to use the antigen on the anchor molecule.
Further anchor molecules may be nucleic acids, such as short ol-
igonucleotides as used commonly in nucleic acid barcoding or an-
choring. A complementary nucleic acid may be used to bind the
barcode anchor molecule. Nucleic acids are e.g. RNA, DNA, PNA,
ILNA or mixtures thereof.

According to the invention, the membrane protein functions
as anchor as starting molecule to establish a lipid bilayer at a
distance from the particle surface dependent on the linker mole-
cule. The lipid molecule may not have any further attachment to
the particle surface. The membrane protein (or group of membrane
proteins) may be the only molecule binding the lipid to the par-
ticle.

A membrane protein within the lipid bilayer, be it immobi-
lized or not immobilized to the surface of the particle, or the
protein adhered to said lipid bilayer can be selected from an
integrin, ion channel, transporter protein, a membrane receptor,
a peripheral protein, a membrane-associated protein, a redox-
protein or combinations thereof, especially membrane protein
complexes, a G-protein coupled protein, especially a G-protein
receptor. As said, the inventive small linker molecules are par-
ticularly advantageous to establish a water volume between the
particle surface and the lipid layer, which is especially useful
to model ion channel environments and to assay for ion channel
activities. The inventive particles can be used for testing,
e.g. by high throughput screening, ion channels by fluorescence,
egspecially FRET assays (Jests et al. DDT Vol. 4, No. 9, 1999:
431)

The membrane protein can be an isolated protein or a protein
in protein complex. Membrane protein complexes include without
limitation any protein complex in Cytochrome ¢ metabolism, e.g.
a complex of coenzyme Q with cytochrome ¢ reductase, or cyto-
chrome ¢ oxidase complex or a photosynthetic reaction center
complex, e.g. photosystem I, photosystem II or a cytochrome b

complex. Especially preferred are cation channels such as H', K,
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Na® or Ca’" ion channels (Naumann et al. Journal of Electroanalyt-
ical Chemistry 550-551 (2003): 241-252), anion channels, such as
a Cl channel, or channelrhodopsin (M. Nack et al. FEBS Letters
586 (2012) 1344-1348), or g-coupled proteins, e.g. rhodopsin
(Kirchberg et al, PNAS Early Edition,
doi/10.1073/pnas.1015461108), or acetylcholine receptor (Schmidt
et al., Biosensors & Bioelectronics 13 (1998) 585-591). Other
membrane proteins include receptors, in particular bacterial or
viral surface receptors (Babcock et al. JBC 276(42): 38433-38440
(2001); Grundner et al. Journal of Virology 76(7):3511-3521
(2002)).

The invention further relates to a method of manufacture of
a particle with a lipid bilayer envelope according to the inven-
tion, comprising the steps of providing a nano- or microsized
particle, immobilizing membrane proteins to the surface of the
particle, adding amphiphilic molecules suitable to form a lipid
bilayer, thus providing particles with said lipid bilayer enve-
lope. The membrane proteins are immobilized via linkers-binding
as described above. During the step of binding of the membrane
protein to the linker, the protein may be stabilized by a deter-
gent (in the absence of the lipid membrane), in a next step, am-
phiphilic molecules, also referred to as lipids herein, are then
deposited to form the lipid bilayer. The lipids may be provided
in solution stabilized by detergents. By dialysis of the deter-
gent molecules, the lipid membrane gradually forms as is known
in the art (e.g. Friedrich et al., J. Phys. Chem. 2008,112,3193-
3201; Naumann et al., Soft Matter, 2011, 7, 9535; Ataka et al.,
J. AM. CHEM. SOC. 2004, 126, 16199-16206; Giess et al., Biophys-
ical Journal 87, 2004: 3213-3220; all incorporated herein by
reference).

The invention further provides a method of testing a biolog-
ical activity of a membrane protein, comprising providing a par-
ticle according to the invention and assaying for the biological
activity of a membrane protein within the lipid bilayer envelop-
ing the particle.

Biological activities can be tested as is generally known in
the art (e.g. Friedrich et al., Biophysical Journal 95, 2008:
1500-1510) . Chemical reactions or binding reactions can be per-
formed, which lead to a detectable signal in dependence of said

reaction. Chemical reactions include enzymatic reactions of an
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enzyme, binding of a ligand to a protein, especially a receptor
protein but also any other protein. Accordingly it is possible
to screen for potential inhibitor or activator compounds. AcC-
cordingly, the invention also relates to a method of assaying a
membrane protein for its capability of binding a candidate bind-
ing substance, comprising providing a particle according to the
invention, adding a candidate binding substance and determining
binding events of said candidate binding substance and the mem-
brane proteins in the lipid bilayer enveloping the particle.
Further activities include the change of an ion concentration in
the hydrophilic, preferably aqueous layer, below the lipid mem-
brane of the particle, in particular in case of ion channels,
which may modify the ion concentration dependent on their activ-
ity.

The biological activity may be selected from an enzymatic
reaction, transportation of a molecule or ion, preferably trans-
portation of an ion by an ion channel, and binding of a ligand.
An enzymatic reaction is a reaction catalyzed by the protein
converting on or more substrates to one or more products differ-
ing from the substrates. Transportation involves the transport
of a moiety from one side of the membrane to the other side of
the membrane. Usually, the transported moiety passes and inter-
acts with the protein, especially on a surface of the protein.
The surface may be an interior surface, as e.g. in a channel.
Binding of a ligand may or may not involve a natural ligand,
i.e. a ligand that is a binding partner of the protein in a bio-
logical system according to the natural function of the protein,
e.g. a receptor and a signaling molecule.

Any such activity, reaction, binding event or concentration
change can be determined by known means including fluorescence
or CD spectroscopy, UV spectroscopy, VIS spectroscopy, NIR or
IR transmission, electrostatic, e.g. changes in the membrane po-
tential, pH changes, trans-membrane potential changes. A further
very important parameter for quantitative assays of ion channels
is the formation of a membrane potential (see further below) as-
sociated with ion transport, accessible by fluorescence particu-
larly FRET measurements and particularly designed for high
throughput screening (Jests 1999, supra). E.g. with a metal par-
ticle, such as an Ag or Au particle, it is possible to use the

optical properties of the system to determine ion concentration,
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e.g. pH, changes, associations or dissociations of compounds
from the membrane system, in particular from the membrane or the
membrane protein.

Preferably said candidate binding substance is a candidate
active substance potentially modifying a biological activity of
said membrane protein, wherein the step of determining binding
events comprises the step of determining a biological activity
of interest of said membrane protein. Such bioclogical activities
have been discussed above and include trans-membrane potential
changes of the lipid bilayer, or in the volume between the par-
ticle and the lipid bilayer (especially for ion channels) or
catalytical activities (especially for enzymes) and binding
events (e.g. for receptors, which bind a specific ligand, in
particular a natural ligand, which may be competitively inhibit-
ed from binding due to the presence of the candidate). Biologi-
cal activities may be triggered by various conditions, such as
in the case of ion channels, where activity can be triggered by
a change in ion concentration. Such biological activities may be
modified by the candidate compound, e.g. opening/closing of the
channel at higher or lower ion concentrations. Other modes of
activation may include light excitation, application of a trans-
membrane potential or presence of a substrate.

The invention further relates to a method of preparing a du-
rable reconstitutable preparation of particles with a lipid bi-
layer, comprising providing particles according to the invention
and freezing said particles, preferably shock-freezing said par-
ticles. The inventive particles have demonstrated a good stabil-
ity and can be frozen for long-term storage, e.g. for storage of
at least 2 months, at least 3 months, at least 4 months, at
least 5 months, at least 6 months, at least 8 months, at least
10 months, or at least 12 months. After storage, the particles
can be thawed and/or restored to any medium that is of interest,
in particular an aqueous medium. Usually the particles are used
dispersed in aqueous fluids. Thawing can be assisted by addition
of a polar non-aqueous solvent that is miscible with water at
least during thawing and/or under standard conditions. The sol-
vent can be aprotic or protic. It may be a small molecule with a
molecular size of at most 1000 Da, more preferred at most 500
Da, or even at most 300 Da. It may contain a carbonyl or hetero-

carbonyl group. It further embodiments it may comprise a C;-Cy
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alkyl alcohol group or it may be a polyol. In preferred embodi-
ments it is not a detergent and/or does not comprise a long ali-
phatic chain of a length of more than Cgs. In mixture with water
it shall not dissolve the lipid bilayer. Example solvents are
e.g. DMSO, glycerine, DMF, an azonitrile, acetonitrile, acetone.
The present invention is further described in the figures
and following examples, without being limited to these embodi-

ments of the invention.

Figures:

Fig. 1: Schematics of a Proteo-Lipobead (PLB) based an NTA
modified agarose bead (central sphere with Cs-NTA linkers) with
CcO (indicated as helical structure in the membrane) immobilized
in strict orientation via a His-tag attached to subunit I.
DphyPC molecules, marked in yellow and red are inserted in be-
tween the proteins. Different membrane bound fluorescent labels
are inserted into the lipid phase; a) 4-(1-[2-(di-n-octylamino) -
o-naphthyl]-2-ethenyl)-1-(3-propylsulfonate) pyridinium betaine
(di-8-ANEPPS); b) 4-(1-[2-(di-n-butylamino)-6-naphthyl]-4-
butadienyl)-1-(4-butyllsulfonate) guinolinium betaine (di-4-
ANBDQBS) c¢) 1,2-dihexadecanoyl-sn-glycero-3-phospho- (N-[4-
nitrobenz-2-oxa-1,3-diazolyl)ethanolamine (NBD-PE). Pyrene lipid
or alternatively biotin lipid anchors can be used to anchor the
lipid to the detection substrate such as microtiter plates ren-
dered hydrophobic or alternatively modified with streptavi-
din/avidin.

Fig. 2: Laser scanning images of a CcO based PLB labelled
with a) NBD PE b) Di-8-ANEPPS and c¢) di-4-ANBDQBS. d) lipo-beads
labelled with di-4-ANBDQBS in the absence of CcO.

Fig. 3: Laser scanning images taken at the a) equatorial
plane and b) the pole of a CcO based PLB labelled with di-8-
ANEPPS.

Fig. 4: Laser scanning images taken at the equatorial plane
of CcO based PLBs with a primary antibody specifically bound to
subunit 1 and subunit II of CcO. A Cy5 conjugated secondary an-
tibody was used as a fluorescent label a) in the absence and b)
presence of di-4-ANBDQBS in the lipid phase.

Fig. 5: Time dependent change of the relative fluorescence
intensity I/I, or Iy, respectively of PLBs labelled with di-4-
ANBDQBS and attached to the surface of the measuring cell after
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addition of cytochrome ¢ to the ascorbic acid containing solu-
tion by A) fluorescence spectroscopy using the customized setup
depicted in Fig. 21, the middle solid line is to guide the eye,
and B) by surface plasmon enhanced fluorescence spectroscopy
(SPFS) (blue line ) and surface plasmon resonance spectroscopy
(SPRS) (black line). The SPRS measurement shows the relative
shift of the SPR angle (black line, increasing from R/Ry; of 1.37
to 1.65). Generation of the membrane potential is indicated by
an upward shift of the emission intensity following the downward
shift due to electrostatic interaction with cytochrome ¢ in both
kinds of measurements.

Fig. 6: Steady-state light-minus-dark spectra of only RC
(blue line) and co-reconstituted with bc; complex (orange line)
in the ptBLM in the upper (A) and lower (B) wavenumber region.

Fig. 7: Kinetics of characteristic bands during relaxation.
Full circles 1434 cm™ band, full squares 1282 cm™* band, full up
triangles 1642 cm™’ band, full down triangles 1234 cm™' band, full
diamonds 1360 cm™ band, empty circles 1507 cm™ band, empty
squares 1685 cm ' band. All bands relax regularly while the band
at 1234 cm™ has a relaxation pattern different from the other
bands.

Fig. 8: Steady-state light-minus-dark spectra of RC co-
reconstituted with bc; complex and additional Qg in the ptBLM be-
fore (green line) and after addition of cytochrome ¢ (red line)
in the upper (A) and lower (B) wavenumber region. The reference
spectrum (black line) was recorded in the dark prior to illumi-
nation.

Fig. 9: Proteo-lipo bead labelled with di-8-ANEPPS (a: 3
days old; b: 12 days old). PLBs are still stable after about two
weeks, even if they are in their flow cell all the time (figure
b).

Fig. 10: Agarose-PLBs in KC1l/Kpi (100/50 mM) with/without
Aniline/3-Carboxy-Proxyl/Ruthenium complex, labeled with
ANBDQBS. Comparison showed no difference in fluorescence. Left:
Agarose-PLB PBRS ANBRDQBS fluorescence channel (633 nm excita-
tion); right: Agarose-PLB PBS + Aniline/3-CP/Ru ANBDQBS fluores-
cence channel (633 nm excitation).

Fig. 11: Agarose-PLBs in Tris-HC1/KCl (5mM/35mM)
with/without Aniline/3-Carboxy-Proxyl/Ruthenium complex, labeled

with ANBDQBS, comparison showed no difference in fluorescence.
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Left: Agarose-PLB ANRDQBS fluorescence channel (633 nm excita-
tion); right: Agarose-PLB + Aniline/3-CP/Ru ANBRDQBS fluorescence
channel (633 nm excitation).

Fig. 12: Agarose-PLBs Tris-HCl (bmM), labeled with ANBDQRS.
Agarose-PLBs (dialysed against Tris-HC1l 5mM) from 7.5. were la-
beled with ANBDQBS. Membrane formation could not be detected in
Tris-HC1 (bmM). No fluorescence labeled membrane encapsulting
the beads - but instead fluorescence signal within the bulk
(possibly due to small lipid vesicles).

Fig. 13: a: Proteo-lipo bead labelled with di-8-ANEPPS (af-
ter shock freezing and thawing in presence of DMSQO); b: Col-
lapsed Proteo-lipo bead labelled with di-8-ANEPPS (after shock-
freezing and thawing in water)

Fig. 14: Illustration of pathways of electrons and protons
after activation of CcO by cytochrome ¢ or alternatively light
activation of Ruthenium complexes.

Fig. 15: Agarose-PLBs Tris-HC1/KCl (5mM/35mM) with/without
additional white light exposure, labeled with Fluorescein (exci-
tation 488nm), comparison showed no significant differences in
fluorescence, control experiment in the absence of Ru complex.
Left: Agarose-PLB Fluorescein fluorescence channel; right: Aga-
rose-PLB + exposure of white light Fluorescein fluorescence
channel;

Fig. 16: Agarose-PLBs Tris-HC1/KCl (5mM/35mM) with/without
Aniline/3-Carboxy-Proxyl/Ruthenium complex, labeled with Fluo-
rescein (excitation 488nm), compared with/without additional
white light exposure. Left: Agarose-PLB + Aniline/3-CP/Ru Fluo-
rescein fluorescence channel; right: Agarose-PLB + Aniline/3-
CP/Ru + exposure of white light Fluorescein fluorescence chan-
nel; The comparison showed that the fluorescence signal decreas-
es when exposed to white light. The decrease indicates the ejec-
tion of protons out of the PLBs (decrease of pH)

Fig. 17: Evaluation of membrane formation on Si-NP (incubat-
ed with CcO and DiPhyPC) via Zetasizer by analysing the size
distribution of Si-NPs; Si-Nanoparticles (25 nm) were used. NTA
modified Si-NPs, alone (red), NTA-Si-NPs + CcO (green) and Si-
NTA-NPs + CcO and DiPhyPC after dialysis (blue). The size of Si-
NPs increases with addition of CcO or CcO + DiPhyPC

Fig. 18: Size distribution after stepwise addition of CcO to

a solution containing 40pl (=1lmg) Ni-NTA-Si-NPs in order to find
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the CcO concentration where the Si-NP binding sites are saturat-
ed with protein. Si-PLBs (Ni-NTA-Si-Nanoparticles Ni-NTA-Si-NP)
(25nm diameter), binding of CcO followed by light scattering ex-
periments (zetasizer). SI-NP : CcO ratios in pl from top to bot-
tom, left to right: 40:0; 40:10; 40:20; 40:30; 40:40; 40:50;
40:60; 40:70.

Fig. 19: UV-VIS of PLBs based on NTA-Si NPs: Reduction of
CcO/CcO + Si-NPs/Si-PLBs by Dithionite. UV-VIS measuremnts and
reduction (with Dithionite) of CcO (solubilized), CcO bound to
Si-NPs (~15nm diameter) and Si-NPs + CcO + DiPhyPC (Si-PLBs)
that were dialysed against PBS (KCl/Kpi 0.1/0.05 M). In every
case the reduction specific peak shift from 420 nm to ~445 nm
and from 600 to ~605 nm was detected due to the addition of Di-
thionite.

Fig. 20: Si-PLBs Tris-HC1/KCl (5mM/35mM) with/without Ani-
line/3-Carboxy-Proxyl/Ruthenium complex, labeled with ANBDQBS,
homogeneous fluorescence emission indicates membrane formation
at low ionic strength, addition of additives showed no differ-
ence. Left: Si-PLBs ANBDQRS fluorescence channel (633 nm excita-
tion); right: Si-PLBs + Aniline/3-CP/Ru ANBDQRS fluorescence
channel (633 nm excitation).

Fig. 21: Custom built fluorescence spectroscopy measurement
system: Andor shamrock spectrometer, equipped with Andor Newton
CCD camera. Olympus objective, dichroic mirrors from Omega Op-
tics. 632.8nm HeNe laser from JDS Uniphase and 488nm diode laser

from Coherent Inc., Hamamatsu Xe-flashlamp.

Examples:
Example 1: Materials

Ultrapure water (18.2 MQcm) was used from a water purifica-
tion system (arium pro UV, Sartorius Stedim Biotech GmbH, Got-
tingen, Germany). Potassium chloride (KCl, 299%), potassium
phosphate dibasic (K;HPO,, puriss.), dodecyl-f-D-maltoside (DDM,
298%), cytochrome ¢ from bovine heart (cyt ¢, >95%) were pur-
chased from Sigma-Aldrich. L (+)-ascorbic acid ( 299%) was pur-
chased from Carl-Roth. 1,2-diphytanoyl-sn-glycero-3-
phosphocholine (DiPhyPC, >99%) and 1,2-dioleoyl-sn-glycero-3-
phosphoethanolamine-N- (1-pyrenesulfonyl) Pyrene-DOPE (Pyrene,
>99%) were purchased from Avanti Polar Lipids. The potential

sensitive fluorescence dye di-8-ANEPPS (di-8-butyl-amino-
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naphtyl-ethyl-ene-pyridinium-propyl-sulfonate), di-4-ANBDQBS (4-
(1-[2-(di-n-butylamino)-6-naphthyl]-4-butadienyl)-1-(4-
butyllsulfonate) quinolinium betaine), and the phospholipid
NBD-PE (1,2-dihexadecanoyl-sn-glycero-3-phospho- (N-[4-nitrobenz-
2-oxa-1,3-diazolyl)ethanolamine) were purchased from Invitrogen.
Cytochrome ¢ oxidase (CcO) from Paracoccus denitrificans with a
His-tag engineered to the C-terminus of the subunit I was ex-
pressed and purified according to Dirr et al. (Journal of Molec-
ular Biology 2008, 384, 865-877).

The polyclonal primary rabbit antibody, applied here as an
enriched IgG fraction reacting specifically with subunit I and
II, was obtained after immunization with a native CcO prepara-
tion. The secondary antibody, goat anti-Rabbit IgG H&L (Cyb),
was purchased from Abcam. Agarose beads, HisPur Ni-NTA Resin,
50-150um were purchased from Thermo Scientific. Gold granules
(99.99%) for evaporation were purchased from Mateck GmbH (Juel-
ich, Germany). di-8-ANBDQBS was synthesized according to Wuskell
et al. (Journal of Neuroscience Methods 2006, 151, 200-215). SUS8

photoresist was purchased from microchem.

Example 2: Preparation of the Proteo-Lipo-Beads (PLBs) loaded
with Cytochrome ¢ oxidase:

0.5 mL of the HisPur Ni-NTA Resin, slurried in 20% ethyl al-
cohol were repeatedly rinsed, centrifuged (Heraeus Fresco Micro-
centrifuge, Thermo Scientific) for Imin at 5x10° rpm and resus-
pended, first in ultrapure water, then DPK buffer solution (0.05
M K,;HPO,, 0.1 M KC1l, pH=8) and finally in DDM DPK buffer (0.05 M
K,HPO,, 0.1 M KC1l, pH=8, 0.1% DDM). Thereafter, CcO dissolved in
DDM DPK buffer was adsorbed to the Ni-NTA-functionalized surface
at a final concentration of 197 nM. After 2h adsorption time the
beads were rinsed again, centrifuged and resuspended in DDM

phosphate buffer to remove unspecifically adsorbed proteins.

Dialysis:

The Spectra/Por Float-A-Lyzer (MWCO: 500-1000Da) (volume
5ml), obtained from Carl Roth was filled with 4 ml of a DiPhyPC-
Pyrene DOPE solution (1:10) in DDM-DPK buffer and the agarose
beads loaded with CcO. In the case of NBD-PE labeled proteo-
lipo-beads, 2.6 pL of a 1.9 mM NBRD-PE stock solution was added
to the DiPhyPC-Pyrene DOPE solution before filling the Float-A-
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Lyze to a final NBD-PE concentration of 12.2 uM. The sample was
dialyzed in 1 L of DPK buffer solution at room temperature for
24 hours with 6 complete dialysate changes after 1, 2, 4, 14, 18

and 22 hours.

Labeling with potential-sensitive fluorescent dyes (PSFDs):
Stock solution of PSFD di-4-ANBDQBS was prepared in pure
ethanol solution at a concentration of 2 mg/10 mL. The stock so-
lution of di-8-ANEPPS was prepared by dissolving the powder in
DMSO at a ratio of 2 mg/10 mL. 20 pL of the stock solution was
added to the suspension of PLBs loaded with CcO to a final con-
centration was 6.6 uM and 6.9 UM di-8-ANEPPS or di-4-ANBDQBS,
respectively. After incubation for 15-20 min the PLBs were
washed three times in dye-free PBS buffer solution by rinsing,

centrifugation and resuspension.

Example 3: Laser scanning confocal fluorescence microscopy (LSM)

LSM measurements were carried out in an upright Leica TCS
SP5 IT microscope with a 10x dry objective (Leica, HC PL APO
10x/0.40 CS). The Proteo-lipo-beads were attached via the hydro-
phobic pyrene anchor group to the hydrophobic surface of the
flow cell (p-slide upright, ibidi GmbH, Munich, Germany), thus
withstanding the hydrodynamic stress caused by the flux of aque-
ous buffer solutions up to a flow rate of of 500 pl/min (IPC,
Ismatec, Idex Health & Science group, Glattburg, Switzerland).
Either the 458 nm or the 488 nm line of a multi argon laser or
alternatively the Red 633 nm line of the He-Ne laser were used
for the excitation of, NBD-PE, di-8-ANEPPS or di-4-ANBDQBS, re-
spectively.

In case of di-8-ANEPPS labeled proteo-lipo-beads, measure-
ments were done in the two channel ratiometric mode (550-580 nm
and 620-650 nm). Because of the broad emission band of di-4-
ANBDQBS, measurements were carried out in the one channel mode
(680-720 nm) (Fig. 5C). For background noise analysis in case of
di-4-ANBDQRS measurements were also done in the ratiometric mode
(630-636 nm and 680-720 nm) .

Example 4: Surface Plasmon enhanced Fluorescence Spectroscopy
(SPFS)

SPFS was performed in a custom made setup using the Kretsch-
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mann-configuration (Reather, 1977, in: Haas, G., Francombe, M.,
H., Hoffmann, R., W., (Eds.) Physics of Thin Films, vol. 9. Aca-
demic Press, New York, p.145) described. The glass slide (LaSFN9
glass from Hellma Optic, Jena, refractive index n=1.8385 at 633
nm) coated with 43 nm gold (HHV Edwards Auto 306, Crawley, UK)
was optically matched to the base of a 45° glass prism (LaSFN9).
di-4-ANBDQBS labeled Proteo-Lipo-Beads were adhered to the hy-
drophobic surface of a photoresist film (SU8 from microchem 25
nm) spincoated on top of the gold layer (Spincoat G3, Specialty
Coating Systems Inc., Indiana, USA). Monochromatic light from a
He/Ne Laser, (Uniphase, San Jose, CA, A = 632.8 nm) was directed
through the prism and detected by a custom made photodiode de-
tector. The fluorescence light emitted from the surface was col-
lected through the flow-cell by a lens (numerical aperture NA
0.3), directed through a notch filter (632.8 nm) and a band-pass
filter (transmission wavelength of A 694/10 nm) and finally de-
tected by a photomultiplier tube (Hamamatsu H6240-01, Japan).In
case of SPFS kinetics, reflectivity and fluorescence intensity
changes are measured at an angle of incidence 6=65.5° while
rinsing 9 min with PBS, 6 min with 3.3 mM PBS-ascorbic acid so-
lution and 20 min with 105 uM PBS-ascorbic acid-cytochrome ¢ so-
lution (Fig. 5B).

Example 5: Fluorescence spectroscopy

Fluorescence measurements were carried out using a He-Ne Red
632.8 nm, 10 mW laser (1135P, JDS Uniphase Corporation, Milpi-
tas, USA) for excitation of di-4-ANBDQBS labeled Proteo-Lipo-
beads which are attached to the hydrophobic surface of the flow
cell as described above. The emitted fluorescence signal from
the surface is collected by the objective and separated from the
reflected laser light via a dichroic beam splitter (LC-660DRLP-
25, Laser components, Olching, Germany) and a 632.8 nm notchfil-
ter (Rugate Technologies Inc., Oxford, USA). A 10x objective
(MPlan N 10x0.25NA, Olympus Corporation, Tokyo, Japan) is also
used. Fluorescence spectra are measured by a spectrograph (Andor
Shamrock 303i, Andor Technology plc., Belfast, UK) and a CCD
spectroscopy detector system (LOT Oriel Newton 920P, LOT Oriel
GmbH, Darmstadt, Germany) which is cooled down to -70°C. Due to
the low quantum yield of di-8-ANBDQBS data were averaged over 10

spectra each taken at an exposure time of 10 seconds.
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Fluorescence spectra were measured after rinsing with each
of the following aqueous solutions for 5 min at a flow rate of
500 pl/min: first O, saturated PBS buffer solution, second 33 mM
ascorbic acid solution in PBS and third 33 mM ascorbic acid with

105 pM cytochrome ¢ solution in PRS (Fig. 5C).

Time-resolved fluorescence spectroscopy (tr-FS)

In the case of time-resolved fluorescence spectroscopy a
769/41 nm band-pass (Edmund Optics GmbH, Karlsruhe, Germany) was
used as an emission filter. The fluorescence signal was detected
by a single photon counting module (SPAD) (COUNT 20c-FC, Laser
components, Olching, Germany) attached to a 225 MHz universal
frequency counter with a gating time of 100 ms (53131A, Agilent
Technologies, B&blingen, Germany). Changes in the fluorescence
emission photocounts were measured while rinsing 3.5 min with O,
saturated PBS buffer solution, 4 min with 33 mM ascorbic acid
solution in PBS and 3 min with 33 pM ascorbic acid 105 uM cyto-

chrome ¢ solution in PBS (Fig. 5A).

Example 6 (comparative example): Co-reconstitution of Rhodobac-
ter sphaeroides reaction centers (RC) and bcl complex on a pla-
nar two-layer gold surface designed for surface-enhanced FTIR
Spectroscopy:

Wild-type RCs with a genetically engineered His-tag at the
C-terminus of the M-subunit were expressed and purified from the
purple non-sulfur bacterium Rhodobacter sphaeroides, the bcl
complex poly-his-tagged on the C-terminal end of the cyt b subu-
nit was expressed and purified according to Crofts et al.
(Crofts Protein Expression and Purification 1999, 15, 370). The
immobilization of the proteins on the gold surface was performed
according to Nowak et al. (Journal of Solid State Electrochemis-
try 2011, 15, 105). Briefly, the gold surface was immersed in a
solution of 10 mM DTNTA and 10 mM DTP at a molar ratio of 0.25
in dry DMSO for 20 h. After rinsing with ethanol and purified
water, the surface was immersed in 40 mM NiCl, in acetate buffer
(50 mM, pH=5.5) for 30 minutes, followed by thorough rinsing
with purified water to remove excess NiCl2. The surface was
dried under a stream of argon prior to assembly in the measuring
cell and rehydrated with DDM phosphate buffer (DDM-DPK) (0.05 M
K2HPO4, 0.1 M KC1, pH=8, 0.1% DDM). RCs and bcl complexes dis-
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solved in DDM-DPK were adsorbed to the NTA-functionalized gold
bead at a final concentration of 100 nM, respectively. After 4 h
adsorption time performed at 28 °C, the cell was rinsed with
DDM-DPK to remove unsgpecifically adsorbed and bulk protein.
Thereafter DDM-DPK was replaced by a DiPhyPC/DDM-DPK solution
(40 puM DiPhyPC in DDM-DPK). In the case of additional ubiqui-
none, Q10 was solubilized together with DiPhyPC (6 pM Q10 in
DiPhyPC/DDM-DPK) . DDM was removed by in-situ dialysis by adding
biobeads to the DiPhyPC/DDM-DPK solution.

Example 7 (comparative example): Preparation of the two-lavyer
gold surface on an ATR crystal.

Preparation was done as previously described by Nowak et al.
(Applied Spectroscopy 2009, 63, 1068). A polished silicon atten-
uated total reflection (ATR) crystal was immersed in a 10% etha-
nolic solution of MPTES for 60 minutes to anchor the gold layer.
After rinsing with ethanol, the sample was dried under a stream
of argon and annealed at 100 °C for 60 minutes. After cooling to
room temperature, the crystal was immersed in water for 10
minutes and dried under a stream of argon. A 25 nm gold film was
then deposited onto the ATR crystal by electrochemical evapora-
tion (HHV Edwards Auto 306, Crawley, UK). Gold nanoparticles
were grown on the gold film by immersing the crystal in 50 ml of
an aqueous solution of hydroxylamine hydrochloride (0.4 mM), to
which 500 pl of an aqueous solution of gold(III) chloride hy-
drate (0.3 mM) was added five times at 2-minutes intervals. Fi-
nally, the sample was rinsed with water and dried under a stream

of argon.

Example 8 (comparative example): ATR-SEIRA-Spectroscopy of RC
and bcl complex on Au surface

The electrochemical cell with immobilized RC and bcl complex
on Au was mounted on top of a trapezoid single reflection sili-
con ATR crystal. The IR beam of the FTIR spectrometer (VERTEX
70v, from Bruker, Ettlingen, Germany) was coupled into the crys-
tal at an angle of incidence 6 = 60° by using the custom-made
setup described previously (Nowak et al. Appl Spectrosc 2009,
63, 1068). All spectra were measured with parallel polarized
light. Because the ATR element surface is coated with an elec-

trical conductor, perpendicularly polarized light is unable to
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penetrate the conducting layer effectively. The total reflected
IR beam intensity was measured with a liquid nitrogen-cooled
photovoltaic mercury cadmium telluride (MCT) detector. IR meas-
urements were done under anaerobic conditions at 28 °C. The sam-
ple unit was purged with dry, carbon dioxide-free air. FTIR
spectra were recorded at 4 cm ' resolution using Blackham-Harris
3-term apodization and a zero filling factor of 2. The interfer-
ograms were measured in double-sided mode and transformed into
spectra using the Power phase correction mode. Spectra were ana-
lyzed using the software package OPUS 7 and OriginLab’s Origin
software.

Illumination was performed with white light from a Fiber-
Lite DC950 illuminator (150 W, quartz halogen lamp) obtained
from Dolan-Jenner (Boxborough, MA) conducted through an optical

fiber.

Example 9: Proton translocation by LSM in agarose bead based
PLBs

40ul Agarose-PLB pellet was mixed with Iml Tris-HC1l/KCl
buffer (5mM/35mM, pH8) and 20pl Fluorescein solution (2mg/10ml
chloroform). After 20min incubation the sample was washed 3
times in dye-free Tris-HC1l/KCl buffer (5/35 mM) by rinsing, cen-
trifugation (4000 rpm, 1 min, Heraeus Fresco Micro centrifuge,

Thermo Scientific) and resuspension.

Example 10: Preparation of the Silicium-Proteo-Lipo-Beads (Si-
PLBs)

Silica nano particles (Si-NPs), Ni-NTA functionalized, 25nm
were purchased from Kisker Biotech at a concentration of
25mg/ml. 266.7ul of Si-NPs were diluted to 400pl with DDM DPK
buffer (0.05 M K,HPO,, 0.1 M KC1l, pH=8, 0,1% DDM). 360ul (= o6mg
Si-NPs) of this dilution were mixed with 300ul of a 10uM CcO so-
lution, dissolved in DDM DPK buffer, and incubated for 2 hours
during gentle pivoting. Afterwards a Spectra/Por Float-a-Lyzer
(MWCO: 500-1000Da) (volume 5ml), obtained from Carl Roth was
filled with 840ul of a 40uM DiPhyPC suspension (dilution with
DDM DPK buffer) and 660ul of the Si-NP-CcO mixture. This sample
was dialyzed in 1L of DPK buffer solution at room temperature
with dialysate changes after 2, 4-6 and 10-14 hours. After the

last change the dialysis continued for 2 hours.
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Example 11: Light scattering measurements of NTA-Si-NPs

Light scattering measurements of the Si-NTA-NPs were carried
out in a Malvern “Zetasizer Nano ZS” (Scattering angle: 173°).
The Si-NPs were diluted with DDM DPK buffer to a concentration
of Img/ml (40upl Si-NPs in 960upl DDM DPK). This sample was mixed
and measured in a disposable “polystyrene” cuvette (Volume 1ml),
for 5 runs a 10 measurements.

Stepwise addition of a CcO solution (10-80ul, 10pl steps of
CcO stock solution 10uM, dissolved in DDM DPK buffer) to the
sample (40ul Si-NPs in 960ul DDM DPK).

Measurements of fixed concentrations of 1Img Si-NPs and 20-
50pl (10pl steps as well) CcO suspension in 1ml bulk volume.
These samples were prepared in 1.5ml Eppendorf tubes before they

were filled into the polystyrene cuvette.

Example 12: UV-VIS measurements of NTA-Si-PLRs

Samples prepared as described below were mixed in a 1.5ml
Eppendorf tube, filled in a precision cell (Hellma Analytics,
Imm light path) and measured in a spectrophotometer (Hitachi U-
2900) .

Absorption spectra were measured of the following samples:
Solubilised CcO alone (50ul CcO solution 10pM, 200ul DDM DPK)
Si-NPs alone (40pl Si-NP stock (25mg/ml), 210ul DDM DPK)

Si-NPs with bound CcO (40pl Si-NP stock (25mg/ml), 50ul CcO so-
lution 10uM, 160pl DDM DPK)

Si-PLBs (250ul Si-PLB solution, same concentration as Si-NPs
with CcO)

After each measurement, the samples that contained CcO were
admixed with a few crystals of sodium hydrosulfite (Sigma Al-

drich) in order to measure the spectra of the reduced CcO.

Example 13: LSM of Si-PLRs
240l Si-PLBR solution was mixed with 152ul DPK buffer and
8pul di-4-ANBDQRS dye (Loew, 2mg/10ml pure ethanol) was measured

in the confocal fluorescence microscope.

Example 14: Fluorescence spectroscopy of Si-NTA PLBs after
flashlamp excitation of Ru complex

Solutions of Si-PLBs were prepared labelled with di-4-
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ANBDQBS, and containing aniline, Ru(bipyridine).diphenanthroline
and 3-carboxy-proxyl used for the flashlamp excitation. This was
done by mixing 240pl Si-PLB solution with 8pl di-4-ANBDQBS solu-
tion, 142ul buffer (5mM Tris-HC1/35mM KC1l) and 10ul of a solu-
tion made of a mixture (1:1:1:7) of stock solutions 50mM 3-
carboxy-proxyl (in methanol), 500mM Aniline (in ethanol) 2.5mM
Ru(bipyridine).diphenanthroline (in acetonitrile) and buffer (bmM
Tris-HC1l/35mM KCl), respectively.

Si-PLBs thus prepared were measured before and after flash lamp

excitation of Ru complex.

Example 15: Results - cytochrome ¢ oxidase

Membrane proteins are reconstituted into bilayer lipid mem-
branes to form so-called proteo-lipobeads, PLBs, depicted sche-
matically in figure 1. As a first example nitrilo-tri-acetic ac-
id (NTA) modified micrometer size agarose beads are presented
onto which cytochrome ¢ oxidase (CcQO) from P. denitrificans with
the his-tag attached to subunit I is immobilized via his-tag
technology. PLBs thus prepared can be conveniently investigated
by laser scanning confocal microscopy (LSM) (Claxton, N., S.;
Fellers, T. J.; Davidson, M. W. Laser Scanning Confocal Micros-
copy. Oxford, Bios Scientific Publishers, 1987; Vol. 1979), par-
ticularly when the beads are attached to the surface of a sub-
strate. Changes of physical parameters within or in close prox-
imity to the protein/membrane system can be monitored as a func-
tion of time using a selection of fluorescent probes. Time-
dependent changes can also be detected by surface-plasmon en-
hanced fluorescence spectroscopy (SPFS).

Oriented immobilization of membrane proteins via his-tag
technology is a well-established method. The reconstitution into
a bilayer lipid membrane, thereby using the immobilized proteins
as a scaffold, had been investigated previously on flat surfaces
(Giess et al. Biophys J 2004, 87, 3213; Naumann et al. Soft Mat-
ter 2011, 7, 9535; Kibrom et al. Soft Matter, 2011, 7, 237-24¢).
In the case of the micrometer scale gel beads, fluorescence la-
beled lipids such as NBD PE can be employed to visualize the
self-assembled bilayer lipid membranes by LSM (Fig. 2a). NBD PE
has been excited by the 458 nm line of the multi-Ar laser. Imag-
es were obtained with PLBs into which Di-phytanoyl phospholipid
(DPhyPC), NBD-PE and pyrene PC have been co-reconstituted. The
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hydrophobic pyrene anchor group is designed to attach the beads
to the surface of the flow cell. Under these conditions the PLBs
adhere to the surface so as to withstand the hydrodynamic stress
caused by the flux of an aqueous buffer solution. Moreover,
voltage sensitive probes, such as di-8-ANEPPS can be added to
the bathing solution. With di-8-ANEPPS excited by the 488 nm
line of the Argon laser, the fluorescence spectrum indicates the
presence of the bilayer lipid membrane, since only di-8-ANEPPS
incorporated into the bilayer lipid membrane gives rise to the
detected fluorescence intensity (Fig. 2b). Di-8-ANEPPS unspecif-
ically bound or present within the aqueous bulk phase has a 10°
times lower fluorescence intensity. Images shown in Fig. 2a and
b illustrate a layer of regular thickness around the bead. How-
ever, bilayer lipid membranes are known to self-assemble on sil-
ica beads by themselves. Therefore, as a control experiment, gel
beads were subjected to dialysis in the absence of immobilized
CcO. A bilayer lipid membrane can be seen in the presence of di-
8-ANEPPS, however, broader and more blurry than the bilayer 1li-
pid membrane in the presence of immobilized membrane proteins
(Fig. 2d): Another negative control consisted of trying to label
immobilized CcO alone with di-8-ANEPPS. Finally the near-
infrared voltage-sensitive fluorescent dye di-4-ANBDQRBRS was in-
serted, excited by the HeNe laser, which again indicated a well-
defined bilayer lipid membrane surrounding the beads. (Fig. 2c¢).
Images so far, were recorded in the equatorial plane of the
beads (Fig. 3a). Laser scanning images with the focal plane ad-
justed to the top of the PLB showed a continuous fluorescence of
smaller diameter as expected for a closed bilayer lipid membrane
covering the beads allover (Fig. 3b). From these results it was
concluded that using membrane proteins as a scaffold leads to
well-defined lipid bilayers evenly covering the entire surface
of the bead.

CcO immobilized with the his-tag attached to subunit I is
oriented with the cytochrome ¢ binding site pointing to the out-
side of the membrane. A polyclonal primary IgG-antibody from
rabbit specific to both subunit I and II was bound to the PLBs.
Subsequently, a Cy5 conjugated secondary antibody was bound to
the primary IgG and the Cyb label was excited by the HeNe laser
at 633 nm. The presence of CcO was indicated by a low fluores-

cence intensity as compared to the intensity obtained using the
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membrane bound labels (Fig. 4). This indicates a relatively low
packing density of proteins embedded into the lipid layer as
compared to the lipids.

CcO is the terminal complex of the respiratory chain. It
converts the free enthalpy gained by the reduction of oxygen to
water into a difference in electrochemical potentials of pro-
tons, ApH" across the lipid membrane. The larger part of ApH' is
the membrane potential, A®. Hence the functionality of CcO with-
in the PLBs may be demonstrated by voltage sensitive dyes. As it
is well known from electrometric measurements, A® is generated
in the ms time scale, when CcO is reduced by cytochrome ¢ and
ascorbic acid in the presence of oxygen (Belevich et al. Proc.
Natl. Acad. Science 2007, 104, 2685). Conseqguently, A® was meas-
ured under the same conditions, using LSM. Ratiometric measure-
ments using di-8-ANEPPS would be the method of choice, however,
the emission spectrum of di-8-ANEPPS shows a significant overlap
with the extinction spectrum of cytochrome ¢ in the Q-band re-
gion. Moreover, strong electrostatic binding of cytochrome ¢ to
CcO may lead to a reduced spatial separation of cytochrome ¢ and
di-8-ANEPPS, which could give rise to quenching of the emission
of di-8-ANEPPS due to Forster transfer. Electrostatic binding
may also affect the dipole potential inside the protein as indi-
cated by the increase of the fluorescence intensity of di-8-
ANEPPS which is almost identical no matter whether reduced or
oxidized cytochrome ¢ had been bound to the PLBs.

In order to overcome these problems, the lipid membrane was
labelled with the near-infrared voltage-sensitive fluorescent
dye di-4-ANBDQRS (Loew Bioelectromagnetics, 1992, 13, 179-189;
Matiukas et al. American Journal of Physiology-heart and Circu-
latory Physiology, 2006, 290, H2633-H2643). Di-4-ANBDQBS has a
broad emission band with a maximum at ~766 nm, hence the spec-
tral overlap with the extinction of cytochrome ¢ is negligible.
The fluorescence emission intensity within the bandwith of 680-
720 nm was monitored as a function of time in the equatorial
plane of the PLBs. Cytochrome ¢ and ascorbic acid were added to
an air saturated solution. Intensity changes were observed in a
time scale of minutes, limited by the diffusion of reagents,
when only ascorbic acid was added, followed by a fast phase in
the time scale of 100 ms, after addition of cytochrome ¢ and

ascorbic acid (Fig. 5A). The fast phase was attributed to the
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generation of a membrane potential as a consequence of proton
transfer when CcO is reduced by cytochrome ¢ and ascorbic acid
in the presence of oxygen (BRelevich et al. Proc. Natl. Acad.
Science 2007, 104, 2685.). After the fast phase we observed a
second slow phase, which we explained in terms of the slow re-
laxation of the membrane potential due to passive ion transport
- see Fig. bA (Robertson et al. Journal of Physical Chemistry B
(2008), 112(34), 10475-10482).

This result was confirmed by SPFS (Neumann, T.; Johansson,
M. L.; Kambhampati, D. & Knoll, W. Advanced Functional Materi-
als, Wiley-v C H Verlag Gmbh, 2002, 12, 575-586). PBLs from CcO
with the his-tag attached to subunit I labelled with di-4-
ANBDQBS were attached to the hydrophobic surface of a thin pho-
toresist film on top of a 50 nm gold layer. The time dependent
change of the SPR resonance angle and the SPF intensity were
recorded after addition of ascorbic acid alone and in the pres-
ence of cytochrome c¢. (Fig. 5B). In both cases, a slow phase was
observed, when only ascorbic acid was added, followed by a fast
phase after addition of ascorbic acid and cytochrome c¢. The fast
phase in the SPFS trace reflects the intensity change due to the
generation of the membrane potential, whereas the fast phase in
the SPR trace reflects the thickness increase due to cytochrome
¢ binding. This interpretation is consistent with the second
slow phase observed but only in the SPFS trace which we had ex-
plained above in terms of the slow relaxation of the membrane
potential due to passive ion transport.

These results show that CcO has been incorporated in the
PRLs in a functionally active form, embedded in a well-defined
bilayer lipid membrane, the lipidic components of which are eas-
ily interchangeable. Both sides of the protein are accessible,
particularly the outer side, as shown by the specific binding of
the primary antibody. Functionality of the protein has been
demonstrated employing time-resolved LSM as well as SPFS by mon-
itoring the intensity changes of voltage-sensitive fluorescent
dyes di-8-ANEPPS and di-4-ANBDQBS inserted in the bilayer lipid
membrane after initiating the enzyme cycle with cytochrome ¢ in
the presence of ascorbic acid and oxygen. Thus membrane can be
incorporated in a functionally active form into the beads and
used for ligand binding assays as well as for functionality as-

says to determine activities of membrane proteins.
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Example 16 (comparative example): Results - Co-reconstitution of
photosynthetic reaction centers (RCs) with bcl complexes on a
planar Au layer

Co-immobilization of RCs and bc; complexes and subsequent
formation of the protein-tethered bilayer lipid membrane (ptBLM)
followed by SPR and EIS. Optical thickness and electrical param-
eters correspond to regpective data found in the case of CcO. It
was concluded that a monolayer of RCs mixed with bc; complexes
had been formed on the gold film, whereas the voids between sin-

gle proteins are filled with a lipid bilayer.

Example 17 (comparative example): Light-minus-dark FTIR spectra

Light-minus-dark spectra were recorded and absorbance spec-
tra were calculated using the respective spectra in the dark as
a reference. Spectra of the bc; complex co-reconstituted with the
RC are shown in Fig. 6 in comparison with the respective spectra
of the RC alone.

In the presence of the bcy complex, absorbances of the bands
at 1282, 1360, 1434 cm™’ are almost unchanged whereas the bands
at 1234, 1507, 1642 and the negative band at 1685 cmt are con-
siderably decreased. Also the broad negative and positive bands
at 3400 and 3629 cm' exhibit a smaller absorbance compared to
the RC alone. The negative band at 1685 cm™ accounts for the de-
crease of the special pair P, whereas the band at 1642 cm' is a
mixture of the amide I band with H-O-H stretching vibrations of
water. The band at 1234 cm is a prominent band, in the region
of C-0 stretching vibrations of carboxylic acids (Stuart, B. Bi-
ological Applications of Infrared Spectroscopy; John Wiley &
Sons, Ltd, 1997) and hence could be attributed to the protona-
tion of any COOH group within the protein. The bands at 1282,
1360, 1434 cm™ have been assigned to the P' species of the spe-
cial pair, a semiquinone during the transition Qi Qs/0.0: , and
QH,, respectively. The broad positive and negative bands at 3400
and 3629 cm™ had been attributed to water stretching vibrations
associated with Qi /Qs as well as Qp /Qp transitions in the RCs.

Thereafter, we have co-reconstituted additional lipophilic
Q10 together with the two proteins. All the bands are increased
thus confirming the assignments to gquinone species. The steady-

state obtained after the first illumination was then permitted
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to relax in the dark. All the bands decrease as shown in some
examples in Fig. 7, illustrated in the plots of the absorbances
vs. time of relaxation. The remaining bands show a similar be-
havior, although in a different range of absorbances.

Finally light-minus-dark absorbance spectra were recorded
not only in the presence of additional Qi but also (oxidized)
cytochrome ¢ added to the agqueous phase (Fig. 8). This leads to
an appreciable decrease of all the bands described above. This
decrease indicates a substantial interaction of the light-
activated RC with the bc; complex but only when the electrons de-
livered to the bc: complex via QH, are used to reduce cc. This is
consistent with the decrease of the marker band of QH, at 1434
cm™t providing the reducing equivalents to the bc; complex, where-
as the decrease of the band at 1360 cm ' assigned to semiquinone
species within the RC is consistent with QH, formation via sem-
iquinone.

Band assignments are collected in table 1.

Table 1: Tentative band assignment of the marker bands of RCs co-

reconstituted with bc; complexes in the ptBLM under continuous

illumination.

Band position[cm™] Tentative Assignment

Experimental Literature Moiety Vibrational Mode
1234 1232 Carboxylic acids C-0 stretch

1282 1282 P

1360 1365,1355 QOn Or/Qa0r”

1434 1433 OsHo

1435 1438,1439 Semiquinone

1544 1550 Amide II

1642 1640,1641,1642 Quinone Qg 1-,4-C=0 stretch
1685 1682,1683 9-keto group of P C=0

3400 3485 H,O Qe / Qs

3629 3632 H,O Qe / Qs

This shows that membrane protein complex interactions can be
modeled in artificial lipid bilayers tethered onto a solid sur-
face, here an Au surface, their reactions observed and analysed,
here by ATR-SEIRA-Spectroscopy. Similar results can be expected

for any particles with artificial tethered bilayer for modeling
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the RC and the bc; complex simultaneously.

Example 18: Parameters for bicassays (determining the activity)
of CcO are changes of proton concentration in the immediate vi-
cinity of the beads and the evolution of the membrane potential
Ap as a function of electron transfer (ET) into the CcO. These

parameters are derived from electron and proton pathways during
enzymatic activity of the CcO initiated by ET from cyt ¢ or al-
ternatively photoexcitation of Ru complexes (Fig. 14). Parame-

ters for biocassays: ApH,A¢ according to

RT ([H ], Ao

MK = nf [H +mJ

Example 19: Biocassay of CcO incorporated in PLBs based on NTA-
functionalized agarose gel (Transport of protons, formation of A
PH)

Proton transport through the CcO after light activation by
Ruthenium complexes was tested by spectral changes of PLBs la-
beled with Fluorescein, used as pH indicator. Figs. 15 and 16
show Agarose-PLBs Tris-HC1/KCl (5mM/35mM) with/without Ani-
line/3-Carboxy-Proxyl/Ruthenium complex compared with/without
additional white light exposure. Proton release was indicated by
a decrease of fluorescence emission (can only be detected at low

ionic strength and low buffer capacity).

Example 20: PLBs based on NTA-functionalized Silicium nanoparti-
cles (NTA Si NPs)

NTA Si NPs (25 nm nominal diameter) were incubated with sol-
ubilised CcO in KC1/KP; buffer (100/50 mM) as described and dia-
lyzed after mixing with DiPhyPC in DDM KC1/KP; buffer. Binding
and membrane formation was indicated by the increase in size of
the NPs shown by light scattering experiments (Fig. 17).

Packing density of CcO molecules could be controlled by var-
iation of the ratio particles (here: NTA Si NPs) to CcO concen-
tration during incubation. The size of the NTA Si NPs increased
as a function of CcO added and decreased after going through a
maximum, while the size distribution of particles decreases

(Fig. 18). This indicates an increasing amount of bound CcO mol-
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ecules surrounded by water and detergent molecules which are
squeezed out of the monolayer if the packing reaches a certain
threshold. For further experiments we used an average CcO con-
centration for incubation.

PILBs based on NTA Si NPs thus prepared were small enough in
size to permit transmission UV/VIS measurements of the CcO, as
shown by optical spectra of CcO solubilised, bound to NTA Si
NPs and incorporated in PLBs (Fig. 19). The CcO is functionally
intact as shown by the spectra before and after chemical reduc-
tion with sodium di-thionite. The base line of the spectra is
somewhat elevated by light scattering of the NPs, which still
does not obscure the spectrum.

PLBs based on NTA Si NPs are too small to be discriminated
by LSM. However, a continuous fluorescence emission of di-8-
ANEPPS and di-4-ANBDQBRS after laser excitation provides an indi-
cation of the formation of lipid bilayer membranes, because
these dyes show fluorescence only if they are inserted in a 1li-
pid membrane.

PILBs based on NTA Si NPs were also prepared by incubation
and dialysis in Tris-HC1/KC1l (5mM/35mM). Homogeneous fluores-
cence emission of di-4-ANBDQBS indicated the formation of bi-

layer lipid membranes (Fig. 20).

Example 21: Biocassay of CcO incorporated in PLBs based on NTA-
functionalized Si NPs

As a further biocassay, the generation of a membrane poten-
tial after light activation of CcO by Ruthenium complexes was
detected by fluorescence spectroscopy, using a custom-built flu-
orescence spectroscopy measurement system (Fig. 21) and the PLBs
based on NTA Si NPs prepared by incubation and dialysis in Tris-
HC1/KC1l (5mM/35mM) .

Example 22: Stability of PLBs based on NTA-functionalized aga-
rose gel

PLBs were prepared in KC1/KP; buffer (100/50 mM) as de-
scribed and labelled with di-8-ANEPPS and di-4-ANBDQBS. Images
taken by LSM showed that lipid bilayers were stable after stor-
age in the freezer for at least 12 days, LSM images taken after
3 and 12 days are unchanged (fig. 9a and 9b, respectively).

Agarose-PLBs prepared in buffer solutions of different ionic
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strength: Stability depended on the ionic strength of the buffer
solution used for incubation and dialysis. No difference in the
images could be seen between Tris-HC1l/KCl (5mM/35mM) (Fig. 11)
and KC1/KP; buffer (100/50 mM), (Figs. 9a, 9b, 13a, 10), whereas
in Tris-HCl (5 mM) (Fig. 12), the ANBDQBS labelling could no
longer be detected.

Freeze/thawing of PLBs: 50pl PLBs based on NTA-agarose beads

were concentrated by centrifugation in KC1/KP; buffer (100/50 mM)
at 4000 rpm for 1 min. Thereafter they were resuspended in ei-
ther a solution of 10% glycerol or 10 % dimethylsulfoxide (DMSQ)
in KC1/KP; buffer (100/50 mM), incubated at room temperature for
20 and 30 min in glycerol and DMSO buffer, respectively and
stored in the deep freezer at -80°C until further use.

The PLBs after deep freezing and thawing were stable after
resuspension in DMSO or (Fig. 13a) or glycerol buffer whereas

they collapsed in pure aqueous KC1l/KPi buffer (Fig. 13b).
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Claims

1. A nano- or microsized particle comprising, membrane proteins
immobilized to the surface of the particle and a sheet of a 1li-
pid bilayer interspaced between the membrane proteins and envel-
oping said particle, wherein said membrane protein is immobi-
lized to the surface of the particle by a linker molecule with a

length of at most 5.5 nm.

2. Particle according to claim 1, characterized by an aqueous
solvent between the lipid bilayer envelope and the particle sur-

face.

3. Particle according to claim 1 or 2, wherein the size of the
particle is within the range of 5 nm to 1 mm, preferably 30 nm
to 900 pm, or 200 nm to 800 um, preferably 800 nm to 600 pm, es-
pecially preferred 1.5 um to 500 pm, even more preferred 10 um
to 200 pm.

4, Particle according to any one of claims 1 to 3, wherein said
linker has a length of at least 0.5 nm, preferably at least 1 nm

and/or has a lateral dimension of at most 1 nm.

5. Particle according to any one of claims 1 to 4 dispersed in

an aqueous solvent.

6. Particle according to any one of claims 1 to 5, wherein said
particle is of or comprises a material selected from a polymer,
preferably a carbohydrate polymer, a metal or metalloid, prefer-

ably Ag, Au, Si, Ti, Ta, GeAs, or a carbon nanoparticle.

7. Particle according to any one of claims 1 to 6, wherein a
further membrane protein, different from said immobilized mem-

brane protein, is comprised in said lipid bilayer.

8. Particle according to any one of claims 1 to 7, wherein said
lipid bilayer is a membrane of two layers of amphiphilic mole-
cules, preferably wherein said molecules comprise a hydrophobic

portion of a size of C6 to C30, preferably C8 to C26.
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9. Particle according to any one of claims 1 to 8, comprising a

further protein adhered to said lipid bilayer.

10. Particle according to any one of claims 1 to 9, wherein the
membrane protein within the lipid bilayer, immobilized or not
immobilized to the surface of the particle, or the protein ad-
hered to said lipid bilayer is selected from an integrin, ion
channel, transporter protein, a membrane receptor, a

peripheral protein, a membrane-associated protein, a redox-

protein.

11. Particle according to any one of claims 1 to 10, wherein the
membrane proteins within the lipid bilayer are consistently ori-

ented with respect to the particle surface.

12. Particle according to any one of claims 1 to 11, comprising
an anchor molecule or group attached to the lipid layer suitable
for attachment of the particle to a surface, preferably a sur-

face of a microtiter plate well.

13. Method of manufacture of a particle with a lipid bilayer en-
velope according to any one of claims 1 to 12, comprising the
steps of providing a nano- or microsized particle, immobilizing
membrane proteins to the surface of the particle, adding am-
phiphilic molecules suitable to form a lipid bilayer, thus

providing particles with said lipid bilayer envelope.

14. Method of testing a biological activity of a membrane pro-
tein, comprising providing a particle according to any one of
claims 1 to 12 and assaying for the biological activity of a
membrane protein within the lipid bilayer enveloping the parti-

cle.

15. Method of assaying a membrane protein for its capability of
binding a candidate binding substance, comprising providing a
particle according to any one of claims 1 to 12, adding a candi-
date binding substance and determining binding events of said
candidate binding substance and the membrane proteins in the 1li-

pid bilayer enveloping the particle.
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16. The method of claim 15, wherein said candidate binding sub-
stance is a candidate active substance potentially modifying a
biological activity of said membrane protein, wherein the step
of determining binding events comprises the step of determining

a biological activity of interest of said membrane protein.

17. The method of claim 14 or 16, wherein said biological activ-
ity is selected from an enzymatic reaction, transportation of a
molecule or ion, preferably transportation of a ion by an ion

channel, and binding of a ligand.

18. The method of preparing a durable reconstitutable prepara-
tion of particles with a lipid bilayer, comprising providing
particles according to any one of claims 1 to 12 and freezing

said particles, preferably shock-freezing said particles.



