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ABSTRACT: In vitro characterization of membrane proteins
requires experimental approaches providing mimics of the
microenvironment that proteins encounter in native mem-
branes. In this context, supported lipid bilayers provide a
suitable platform to investigate membrane proteins by a broad
range of surface-sensitive techniques such as neutron
reflectometry (NR), quartz crystal microbalance with
dissipation monitoring (QCM-D), surface plasmon resonance
(SPR), atomic force microscopy (AFM), and fluorescence
microscopy. Nevertheless, the successful incorporation of
membrane proteins in lipid bilayers with sufficiently high
concentration and controlled orientation relative to the bilayer
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remains challenging. We propose the unconventional use of peptide discs made by phospholipids and amphipathic 18A peptides
to mediate the formation of supported phospholipid bilayers with two different types of membrane proteins, CorA and tissue
factor (TF). The membrane proteins are reconstituted in peptide discs, deposited on a solid surface, and the peptide molecules
are then removed with extensive buffer washes. This leaves a lipid bilayer with a relatively high density of membrane proteins on
the support surface. As a very important feature, the strategy allows membrane proteins with one large extramembrane domain
to be oriented in the bilayer, thus mimicking the in vivo situation. The method is highly versatile, and we show its general
applicability by characterizing with the above-mentioned surface-sensitive techniques two different membrane proteins, which
were efficiently loaded in the supported bilayers with ~0.6% mol/mol (protein/lipid) concentration corresponding to 35% v/v
for CorA and 8% v/v for TF. Altogether, the peptide disc mediated formation of supported lipid bilayers with membrane
proteins represents an attractive strategy for producing samples for structural and functional investigations of membrane
proteins and for preparation of suitable platforms for drug testing or biosensor development.

M embrane proteins are fundamental cell membrane
components with vital biological functions. However,
relatively little structural and functional information is available
compared to soluble proteins. Indeed, membrane proteins are
generally difficult to study with standard biophysical methods
including X-ray crystallography. On top of this, it is well-known
that the native structure of a membrane protein is strongly
dependent on its surrounding lipid environment, which
introduces further complexity in sample preparation and limits
the choice of the experimental methods for probing the protein
structure.'

In the cell, all copies of a given membrane protein have the
same orientation of their extramembrane domains with respect
to the biomembrane. Hence, controlling membrane protein
orientation is particularly relevant to simulate their native

-4 ACS Publications  © xxxx American Chemical Society

arrangements in cell membranes.” Supported membranes
composed of a lipid bilayer in the proximity of a solid support
represent an attractive strategy for reproducing the native lipid
environment of membrane proteins.” ® They enable the
assembly of a plethora of different lipid compositions and
detailed structural and functional characterizations by a broad
range of surface-sensitive techniques, e.g, neutron reflectom-
etry (NR), quartz crystal microbalance with dissipation
monitoring (QCM-D), surface plasmon resonance (SPR),
atomic force microscopy (AFM), and fluorescence micros-

copy.”® At present, most applications of supported lipid
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bilayers focus on studying the interaction between lipid
membranes and soluble proteins or peptides. It is an ongoing
challenge to produce more complex cell membrane mimics
that include different lipid types and correctly oriented
membrane proteins.”

A few examples are available where membrane proteins were
successfully incorgorated in lipid bilayers in the proximity of a
solid surface.'”"* The most common strategies are based on
either 1) the deposition of proteoliposomes,'' i.e., protein-
loaded liposomes, on solid supports or 2) the chemical
anchoring of detergent-reconstituted proteins on the support
surface.'” ' The first approach is not suitable for proteins
exhibiting large extramembrane domains and does not allow
the protein orientation in the membrane to be controlled. The
second approach requires a proper chemical modification of
the solid support surface, which often involves gold coating,
and a surface functionalization with specific molecular groups
for the protein anchoring.'”> A popular strategy is to insert a
histidine tag (His-tag) in the primary sequence of the
membrane protein such that it can be anchored to the support
surface with a defined orientation. Among the advantages of
this method are that the membrane protein orientation can
indeed be controlled and that a linker can be designed to
produce sufficiently large space between the membrane and
the support surface to fit large protein extramembrane
domains. However, the method involves chemical modifica-
tions of both the support surface and the protein sequence,
which limits its application to specific surfaces, e.g., using gold-
coated supports, and hence specific surface-sensitive techni-
ques and to membrane proteins that can be tagged, e.g,
through genetic engineering.

Here, we propose a versatile and efficient method for the
preparation of supported lipid bilayers with oriented
membrane proteins. The strategy allows membrane proteins
with one large extramembrane domain to be oriented in the
supported bilayer such that all the reconstituted membrane
protein molecules have the large extramembrane domain
pointing toward the bulk solvent. It also avoids any
sophisticated modification of the support surface or the
mandatory introduction of a His-tag in the protein sequence,
which minimizes the time and number of steps required for
sample preparation.

Supported lipid bilayers with oriented membrane proteins
are self-assembled through the unconventional use of a specific
kind of nanodiscs, named peptide discs,'” that we use as
carriers of both the lipids and the membrane proteins to the
support surface (Figure la). Nanodiscs are discoidal lipid
bilayers, typically with a diameter around 8—14 nm, that are
surrounded and stabilized by two amphipatic belt proteins, the
so-called membrane scaffold proteins, MSPs.'®'® MSP-based
nanodiscs have previously been self-assembled to form a film
on a solid support surface for the structural investigation of
membrane proteins by means of surface-sensitive techni-
ques.”””" Although membrane proteins could be successfully
oriented in such films, the low surface coverage and the
presence of the belt protein within the film were the major
limitations of the system.

In contrast to these studies, the present work builds on the
application of peptide discs where the nanodisc belt is self-
assembled by amphipatic 18A peptide molecules while the
interior of the disc still contains a g’hospholipid bilayer as in the
original MSP-based nanodiscs."” Such peptide discs have
previously been proposed for the reconstitution of membrane
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Figure 1. (a) Schematic illustration of the peptide disc mediated
formation of a supported lipid bilayer with oriented membrane
protein molecules. (b) Schematic representation of the characterized
samples. 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC)
molecules are represented in blue, while 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-L-serine (POPS) molecules are represented in
green. The unknown part of the TF structure is illustrated as a
rectangle inside the lipid bilayer. [Protein Databank ID: 4EEB,
1DAN].

proteins,'”***> but they proved less stable over time than
classical MSP-based nanodiscs.'””* While this instability is
clearly a limitation in many applications of the nanodiscs, it is
in fact the key property that we exploit in the present work for
the assembly of supported lipid membranes. The formation of
the peptide disc is a reversible process, which allows the lipids
and the membrane proteins to be released on the support
surface to form a supported lipid bilayer with incorporated
membrane proteins (Figure 1a). We have used the peptide disc
deposition on solid supports to produce and characterize
supported lipid bilayers with different lipid compositions alone
or with two structurally and functionally different membrane
proteins, i.e., CorA and tissue factor (TF) (Figure 1b). CorA is
a bacterial homopentameric magnesium transporter of known
structure.”¥>> The other test system, TF, is a monomeric
membrane protein responsible for the initiation of the blood
coagulation process.”® Structural information is so far available
only for the TF extracellular domain.””** Besides a few
fluorescence resonance energy transfer (FRET) studies,””*
there are to the best of our knowledge no experimental data on
the structure of the full-length protein in lipid membranes.

In the present study, we tested the method using three
different types of solid supports, silicon oxide, mica, and gold,
and show that for these surfaces the method works
independently of the specific solid support composition and
only requires its surface to be hydrophilic. Overall, we found
that the nature and quality of the supported bilayers with CorA
or TF comply well with the workflow and sample requirements
of NR, QCM-D, AFM, and SPR as examples of different
surface-sensitive techniques.
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B EXPERIMENTAL SECTION

Chemicals. 1-Palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC) (>99% purity), 1-palmitoyl-D31-2-oleoyl-sn-glycero-
3-phosphocholine (dPOPC, > 99% purity), and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phospho-L-serine (POPS) (>99% purity)
were purchased from Avanti Polar Lipids, Inc. (Alabaster, AL)
and used without further purification. 18A peptide (DWL-
KAFYDKVAEKLKEAF acetylated and amidated at the N-
terminal and C-terminal, respectively, >95% purity) was
purchased from GenScript and used without further
purification. Heavy water (D,O 99.9% purity), chloroform
(>99.5% purity), ethanol (98% purity), and methanol (99.8%
purity) were purchased from Sigma-Aldrich. The activated
factor VII (FVIla) used in this study was provided by
NovoNordisk A/S and used without further purification.

Protein Expression and Purification. Professor Mikaela
Rapp (University of Stockholm, Sweden) kindly provided the
CorA encoding plasmid. Expression and purification was
performed as described elsewhere.”’ CorA was stored at —80
°C until use.

Recombinant TF (rTF), containing human TF (1-—244)
with a linker (G,S) and a Hiss-tag C-terminally was
synthesized and cloned into the pET 28a vector by GenScript.
A more in-detail protocol is included in a manuscript in
preparation. A brief description of the rTF expression and
purification is reported in SI-1.

Peptide Disc Preparation and Supported Bilayer
Formation. Peptide discs without and with membrane
proteins were prepared according to the protocol previously
described'” (see also description in SI-2). For the CorA-loaded
peptide discs, a solution of 12 uM CorA (in the buffer of 20
mM Tris—HC], pH = 7.5, 150 mM NaCl, 0.5 mM EDTA,
0.03% DDM) was added to a POPC (1.3 mM) and 18A (0.43
mM) film and incubated for 1 h. All size exclusion
chromatography (SEC) was performed using a Superdex 200
10/300 increase column equilibrated in 20 mM Tris, 100 mM
NaCl, 10 mM CacCl,. CorA-loaded peptide discs were readily
separated from empty discs using SEC (Figure S1). The
collected fractions of CorA-loaded peptide discs were directly
used for QCM-D and NR experiments, while a dilution of 1:2
v/v of the sample was applied for AFM measurements. For the
rTF-loaded peptide discs with POPC or POPC/POPS (70/30
mol/mol) a solution of 12 uM rTF (in buffer of 20 mM Tris—
HCI, pH 7.5, 100 mM NaCl, 0.1% Triton X-100) was added to
a POPC (or POPC/POPS) (1.3 mM) and 18A (0.43 mM)
film and incubated for 1 h before analyzed using SEC as above
(Figure S1). The collected fractions containing a mixture of
rTF-loaded and empty discs (see SI-2) were directly used for
the QCM-D and SPR analysis. For the NR measurements, the
sample was run over a 1 mL HisTrap column (GE Healthcare)
equilibrated in 20 mM Tris—HCI, pH 7.5, 100 mM NaCl, 20
mM imidazole and eluted using 20 mM Tris—HCI, pH 7.5,
100 mM NaCl, 250 mM imidazole while collecting fractions of
0.5 mL. This was done to select only TF containing discs.
Fractions containing loaded peptide discs were pooled and
frozen until use at experiments. The presence of CorA and TF
in the peptide discs was confirmed by running the samples on a
15% acrylamide gel (SI-2, Figure S1).

Surface-Sensitive Techniques. Neutron reflectometry
experiments were performed on the SURF reflectometer at
the ISIS neutron source, Chilton (U.K.). SUREF is a horizontal
time-of-flight reflectometer. Three incoming angles (6)

typically of 0.35° 0.65°, and 1.5° were used to cover the g-
range of 0.01 A™' < g < 0.2 A7, where q = 47” sin(6). The

measured reflected intensity [I(q)] was converted in an
absolute reflectivity scale [R(q)] by normalization to the direct
beam (I,) measured at the same slit settings. Slits were chosen
to vary with the incident angle in such a way as to provide a
constant illumination of the sample (30 mm X 60 mm).

The scattering length density profile [p(z)] can be
calculated from the experimental reflectivity profiles (eq 1).
This gives information on the composition of the sample along
the surface normal (z).*”

p=2%

i ‘m (1)

where ; is the number of atoms i, b; is the coherent scattering
length, and V, is the molecular volume. Further details on NR
experimental conditions and data analysis are reported in SI-3.
NR measurements were performed in buffer (20 mM Tris—
HCI pH = 7.5, 100 mM NaCl, 10 mM CaCl,). The buffer was
prepared with different D,O/H,O content to achieve three
different contrasts with the samples: D,O buffer (100% D,0, p
= 6.35 X 107 A™?), silicon matched water (SMW) buffer (38%
D,0, 62% H,0, p = 2.07 X 107 A72), and H,O buffer (100%
H,0, p = —0.56 x 107 A™2).

Quartz crystal microbalance with dissipation monitoring was
performed with a Q-Sense E4 instrument (Q-Sense, Biolin
Scientific AB, Sweden), using SiO,-coated S MHz quartz
sensors. Crystals and O-rings were placed in Hellmanex 2% for
10 min, extensively flushed with ethanol and ultrapure water,
and then dried under a nitrogen flow. Immediately before use,
the crystals were treated with a UV ozone cleaner (BioForce
Nanosciences, Inc., Ames, IA) for 20 min. Before acquisition,
the fundamental frequency and six overtones (3rd, Sth, 7th,
9th, 11th, and 13th) were recorded and the system was
equilibrated in MQ_at 25 °C, until stable baselines were
obtained. After further equilibration in buffer, the samples were
introduced in the flow cell at 0.2 mL/min. During the
experiments, real-time shifts in the resonance frequencies
(AF,) with respect to the calibration value were measured,
with n representing the overtone number. Simultaneously, also
the energy dissipation factor (D) was evaluated for all the
overtones. The measured AF, is inversely proportional to the
adsorbed mass on the sensor.

Atomic force microscopy measurements were carried out
using a commercial setup equipped with a liquid cell
(MultiMode 8 SPM with a NanoScope V control unit, Bruker
AXS). Samples were visualized in 20 mM Tris, 150 mM NaCl
buffer pH = 7 at room temperature by operating the AFM in
the PeakForce tapping mode. AFM images were acquired at
room temperature by using triangular silicon nitride cantilevers
with nominal spring constant of 0.7 N m™" and tip radius of 20
nm (ScanAsyst-Fluid, Bruker AXS). Analysis and processing of
AFM images was performed with WSxM software.” Image
processing consisted of plane subtraction/flattening and
equalization. Freshly cleaved mica supports were imaged in
ultrapure water prior to sample injection to ensure a clean and
smooth surface. Then, sample injection and subsequent rinsing
with buffer (20 mM Tris, 150 mM NaCl buffer pH = 7.5) was
performed in situ as described previously’ using a slow
gravity-fed flow of approximately S0 #L/min.

Surface plasmon resonance measurements were performed
with plain unmodified gold sensors (Sensor Chip Au from GE
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Figure 2. Peptide disc mediated formation of the supported POPC bilayer on SiO, surfaces. (a) QCM-D data monitoring the frequency shift AF
(left y-axis), and the dissipation, AD (right y-axis), for the different sensor overtones during formation of the supported POPC bilayer via peptide
discs deposition. (b) NR experimental data together with the corresponding fitting curves. Data and fits are rescaled for visualization as indicated in
the legend. (c) Scattering length density profiles calculated from experimental data analysis.

Healthcare, cat. no. BR100542) and a Biacore3000 system (GE
Healthcare). During the experiments 150 uL of rTF-loaded
peptide disc solution in 20 mM Tris, 100 mM NaCl, 20 mM
EDTA pH 7.2 was injected at a flow rate of 2 uL/min at 20 °C
followed by a stabilization period of 40 min with buffer 20 mM
Tris—HCI pH 7.2, 100 mM NaCl, 10 mM CacCl,. The control
surface was prepared by injection of the corresponding empty
lipid-loaded peptide discs (without rTF). FVIIa binding to rTF
embedded in the supported lipid bilayer was probed by
injecting 20 nM FVIIa solution at 30 yL/min at 20 °C in 20
mM Tris, 100 mM NaCl, 10 mM CaCl,, pH 7.2 for 250 s
followed by 3000 s of dissociation. The sensor chip was
regenerated by two consecutive 3 min injections of 20 mM
EDTA in running buffer (without Ca**). This procedure was
repeated at different time intervals to probe the stability of the
TF-embedded lipid surface. The evaluation software supplied
with the instrument for global fitting (Biaevaluation 4.1) was
used to calculated the association rate constant (k,,) and
dissociation rate constant (k,g), the Ky (k,g/k.,), as well as the
binding capacity (R) assuming pseudo-first-order reaction
kinetics for a simple bimolecular interaction model.

B RESULTS AND DISCUSSION

Peptide Disc Mediated Formation of Supported Lipid
Bilayers. Figure 2a shows the QCM-D data collected during
the deposition of POPC-loaded peptide discs on a SiO,-coated
quartz sensor. Upon injection of the peptide discs, a rapid
decrease in the frequency shift (AF) down to ~—23 Hz with
dissipation (AD) ~ 0 was observed suggesting a rapid
adsorption of a rigid layer of peptide discs on the support.
After about 15 min, the buffer solution was flushed to remove
excess peptide discs and to facilitate the removal of the peptide
molecules from the deposited lipids. The variation of the AF
from ~—23 Hz to ~—25 Hz together with the variation of AD
from ~—0.6 to ~—0.1 suggests small rearrangements in the
deposited film toward the formation of a more compact
structure. The AF for all of the monitored frequencies reached
a stable value of ~—25 Hz, which is the typical AF value
observed for the formation of a POPC supported bilayer’ (see
SI-4, Figure S3). NR was applied to obtain more detailed
information about the lipid bilayer structure. Parts b and ¢ of
Figure 2 show the collected NR data with fitting curves and the
corresponding scattering length density profiles, p(z),
respectively. The model used for data analysis was composed

by four layers describing 1) the native silicon oxide layer
present on the silicon support surface, 2) the inner lipid
headgroup layer, 3) the hydrophobic lipid acyl chains, and 4)
the outer lipid headgroup layer (see further details in Figure 2c
and SI-3). In the initial analysis, layers 2 and 4 were considered
independent. As the bilayer was confirmed to be symmetric,
these layers were constrained to have the same parameter
values in the final analysis. According to the optimized fitting
parameters (SI-S, Table S1), a lipid bilayer was efficiently
formed on the support surface (surface coverage >80%) with
the expected structural parameters for a POPC membrane.*®
No indications of remaining peptide molecules were detected
among the lipid acyl chains.

Similar results were obtained for the supported lipid bilayer
prepared using a mixture of POPC and POPS (70/30 mol/
mol) in the peptide discs (SI-S, Figure S4). To modify the
contrast between the two lipid species, a supported lipid
bilayer was also produced by using peptide discs prepared with
single-chain deuterated POPC (dPOPC) and POPS (70/30
mol/mol). The contrast between the partially deuterated acyl
chains of dPOPC and the hydrogenous chains of POPS allows
the POPS concentration in the bilayer to be determined from
the p value of the bilayer acyl chain region. We found that the
POPS content in the supported lipid bilayer produced by the
deposition of 18A dPOPC/POPS peptide discs was in perfect
agreement with the nominal content of the sample
composition, ie., (28 + 2)% mol/mol (SI-5 and Table S1).
Altogether, the collected data confirms that the peptide discs
provide an efficient delivery system to form supported lipid
bilayers with relatively high surface coverage and the expected
phospholipid composition. The lipid coverage obtained with
the peptide discs is comparable to that of vesicle-mediated
supported lipid bilayer formation. The deposition of the
peptide discs can, however, be conducted in 10—20 s as judged
from the QCM-D (Figure 2a). This is much faster than the
adsorption and subsequent fusion of the vesicles which
typically takes a few minutes (Figure S3). Although only
data on POPC and POPC/POPS lipid bilayers are presented
here (Figure 2, and SI-SS, Figures S4 and SS) the peptide disc
method does not contain any intrinsic limitation to the choice
of lipid composition for the lipid bilayer preparation.

Formation of Supported Bilayers with Oriented CorA.
Detailed structural information is available for the bacterial
magnesium transporter CorA,”*** which contains a large
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Figure 3. Supported POPC bilayer with CorA. (a) NR experimental data together with the relative fitting curves for the membrane deposited on
SiO, surface. Data and fits are rescaled for visualization as indicated in the legend. (b) Scattering length density profiles calculated from
experimental data analysis. (c) Schematic representation of the supported bilayer with the CorA molecules all sharing the same orientation. (d)
QCM-D data monitoring AF (left y-axis) and the dissipation AD (right y-axis) for the different sensor overtones during the formation of the
supported bilayer with CorA on a SiO, surface. () AFM image collected for the POPC supported bilayer with CorA on mica. In the image the
black areas correspond to defects in the supported bilayer. (f) The height profiles corresponding to the blue lines in the AFM image.

extramembrane domain protruding from the intracellular side
of the membrane (Figure 1). Furthermore, previous work from
our group demonstrated the successful reconstitution of CorA
in nanodiscs.”” In summary, CorA with its large size and good
sample control represents an ideal model system to verify that
the present method indeed selects a given protein orientation
in the deposited lipid bilayer. Parts a and b of Figure 3 show
the collected NR experimental data and the derived scattering
length density profiles, respectively, for CorA in a supported
lipid bilayer. The model for analyzing the NR data was
composed by five layers describing 1) silicon oxide layer, 2)
inner POPC headgroup layer, which also included CorA
extracellular domain (ECD), 3) POPC acyl chain layer and
CorA transmembrane domain (TMD), 4) outer POPC
headgroup layer, which partially included the CorA intra-
cellular domain (ICD), and $) the part of the CorA ICD that
protrudes out of the membrane surface (see Figure 3 and SI-
3). Good model fits to the experimental data were obtained
(Figure 3a and SI-6, Table S2) and confirmed the formation of
a supported bilayer with all CorA molecules oriented with the
large ICD pointing toward the solvent as illustrated in Figure
3c. Alternative orientations of CorA provided very different
NR-profiles that were not compatible with the data (see SI-6,
Figures S6 and S7). We hypothesize that the favorable
interaction between the lipid headgroups and the hydrophilic
support surface’® is the driving force that controls the
membrane protein orientation. Only if the large ICD is
oriented away from the support the lipid headgroups become
sufficiently close and can stably interact with the support

surface. Our analysis shows that a large volume fraction of the
CorA ICD (35% v/v) and TMD (20% v/v) was obtained in
the prepared supported bilayers. Although the overall
membrane surface coverage was 64% v/v, according to the
36% v/v of solvent in the layer containing the lipid acyl chains
and the CorA—TMD (SI-6, Table S2), the collected data still
represents one of very few examples of high protein loading in
supported lipid bilayers.">

Peptide disc formed supported bilayers with CorA were also
investigated by means of complementary surface-sensitive
techniques such as QCM-D and AFM to evaluate compatibility
with these methods. As for the peptide discs prepared with
lipids only, the deposition of CorA-loaded peptide discs on the
quartz sensor is a fast process that, in a few minutes, leads to a
stable AF signal (Figure 3d) of a clearly more pronounced
magnitude than the one corresponding to the pure lipid bilayer
(Figure 2a). Buffer flushing through the cell produced a small
increase of AF, which reached a stable value close to —69 Hz.
Altogether, the recorded AF values are consistent with the
formation of a supported bilayer with a high protein content.

Figure 3e shows an AFM image collected for the POPC
supported bilayer with CorA on a mica substrate. The AFM
image clearly shows the presence of features protruding out of
the membrane plane. Most of these features exhibited a width
at half-height of approximately 20 nm and heights in the 4—7
nm range (Figure 3f), similar to those determined from the NR
data analysis for the CorA ICD thickness (SI-6, Table S2). The
higher width values can be attributed to tip dilation effects,”
i.e, imaging of features smaller than the AFM tip results in
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width values similar to those of the tip (approximately 20 nm).
Thus, it is reasonable to attribute the smaller visualized features
to CorA, although the resolution does not allow us to verify
whether CorA is in its native pentameric state. The total area
of the features associated with CorA in Figure 3e is
approximately 15% of the image total area (tip dilation
might affect this result since CorA-ICD is much smaller than
the AFM tip). By taking into account the dilution of the
sample used for AFM compared to the one used for the NR
measurements, the CorA ICD coverage estimated by AFM is
overall in good agreement with the value obtained from NR
data analysis. Larger features were also present in the sample.
Higher resolution AFM images (SI-7, Figure S8) revealed that
these larger features also consisted of CorA and indicated a
tendency for self-association beyond the native pentameric
state, which might occur through lateral diffusion of CorA in
the supported bilayer.

Formation of Supported Bilayers with Tissue Factor.
A modified version of TF, named recombinant TF, rTF, was
used in this study (see the Experimental Section). While the
rTF ECD and TMD are the same as in the native TF, the
composition of the ICD is different in the two proteins. This
modification of the protein sequence is required for an efficient
protein purification. Although rTF ICD (~12 residues) and
TF ICD (~19 residues) have different amino acid
composition, they still exhibit an overall similar size, which
makes rTF a suitable candidate to mimic TF. Figure 4 shows
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Figure 4. (a) NR experimental data together with the relative fitting
curves for the supported bilayer with rTF and lipid composition
POPC/POPS (70/30 mol/mol). Data and fits are rescaled for
visualization as indicated in the legend. (b) Scattering length density
profile calculated from experimental data analysis.

the NR data collected for the POPC/POPS (70/30 mol/mol)
supported bilayer with rTF. Data modeling was based on the
same schematic representation of the membrane protein used
in the case of CorA. However, in rTF, the ICD is a very short
domain while the ECD is a larger domain (~219 residues).
The consistency between the experimental data and fitting
curves confirmed the orientation of rTF in the lipid membrane
with the ECD exposed to the solvent (SI-S8, Figures S9 and
S10).

r'TF is considerably smaller than CorA and is expected to
have a smaller volume fraction in the prepared lipid bilayer.
Conversion to mole fraction shows that the protein contents in
the supported bilayers with CorA and rTF are actually quite
similar ~0.6% mol/mol (protein—TMD/lipids) for rTF and
~0.4% mol/mol (protein—TMD/hpids) for CorA. In this
calculation pentameric CorA is assumed in the lipid bilayer.
The NR data also provided the thickness associated with the
rTF ECD protruding out of the bilayer surface as 59 + S A,

which notably is considerably shorter than the maximum
length of the protein domain (i.e., 75 A*"). This suggests that
the rTF ECD is on average tilted toward the lipid headgroups
as sketched in Figure 4. The activated coagulation factor VII
(FVIIa) is a soluble protein and the native binding partner for
r'TF. Hence, demonstrating a robust binding of FVIIa to rTF
ECD in the produced supported bilayers with the expected
kinetic rate constants is a fundamental acid test of the mimicry
that is achieved by this surrogate lipid bilayer. QCM-D and
SPR were used to monitor the binding of FVIIa to the
supported bilayer with rTF. As FVIIa is reported to interact
with phosphatidylserine (PS) lipids independent of TF,”” these
experiments were performed using a POPC supported bilayer,
which indeed exhibited very little affinity for FVIIa in the
absence of rTF (SI-9, Figures S11 and S12). Parts a and b of
Figure S show the initial formation of the supported POPC
bilayer with rTF. Addition of FVIIa produced a large AF
decrease, consistent with an increase of the adsorbed mass on
the sensor surface. Since FVIIa does not stably adsorb on a
pure POPC bilayer, the observed AF decrease signifies FVIIa
binding to rTF. This result qualitatively confirms that the rTF-
ECD was in a binding-competent stage. Figure Sc shows the
difference in SPR signals during the deposition of a POPC
supported bilayer in the reference flow cell (red curve) and the
supported bilayer with rTF in the active flow cell (blue curve).
The difference in the immobilized mass between the reference
(supported POPC bilayer) and the active surface (supported
POPC bilayer with TF) was estimated to be 100—200 RU after
6000 s suggesting that 3.5—7 fmols of TE/ mm? was deposited
in the active flow cell. This corresponds to a surface coverage
of around 2—4% of the TF ECD. Injection of FVIIa over the
bilayer revealed a specific binding of FVIIa to the surface with
embedded rTF yielding an equilibrium dissociation constant
Kp of 0.2 X 107 M (Figure Sc, SI-9, Table S4), in agreement
with previously reported results.*’

B CONCLUSION

The use of phospholipid and membrane protein loaded
peptide discs represents a versatile approach for the production
of supported lipid bilayers with membrane proteins, which
offers several unique advantages compared to other state-of-
the-art methods. In particular, no chemical modification of the
support is required. Solid supports with different chemical
compositions can be successfully used, as long as the surface is
hydrophilic. Also, no binding tag of the membrane protein is
needed to control the protein orientation. Since the membrane
proteins are not chemically anchored to the support, they are,
in principle, free to diffuse laterally within the bilayer, as they
are in native cell membranes. Two different kinds of membrane
proteins, CorA and TF, were efficiently loaded in the peptide
discs and used to validate the proposed method for the
formation of supported lipid bilayers with membrane proteins.
CorA was used as a model system to validate the production of
a supported lipid bilayer with a high concentration of oriented
CorA as determined by NR. The peptide disc mediated
deposition of rTF allowed us to produce a relevant model
system for TF in a native-like lipid environment. NR analysis of
the produced rTF containing bilayers confirmed a structure
with oriented rTF and the extracellular domain pointing
toward the bulk solvent. The samples were used to probe the
interaction between rTF and its soluble binding partner FVIIa
by QCM-D and SPR and demonstrated that the incorporated
r'TF was indeed binding-competent.
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Figure S. (a) Schematic representation of the interaction between FVIIa and the supported bilayer with rTF. (b) QCM-D data for the supported
POPC bilayer with rTF on a SiO, surface; the frequency shift, AF (left y-axis), and the dissipation, AD (right y-axis), for the different sensor
overtones are monitored over time. (c) Comparison between the SPR data collected during the formation of the supported POPC bilayer with
(blue curve, active flow cell) and without rTF (red curve, reference flow cell) on a Au surface. (d) Real-time binding of FVIIa (20 nM) to the
supported POPC bilayer with rTF (magenta curve, active flow cell) with double-reference subtraction, i.e., the signal from a POPC supported lipid
during FVIIa injection was first subtracted followed by the signal from a buffer injection (blue curve). The blue curve shows a buffer injection
demonstrating the stability of the supported bilayer with rTF. The fit to a simple bimolecular interaction model is reported in black. (e) Residual

(ARU) plot for the fit in panel d.

Both lipid—substrate and protein—substrate interaction can
play crucial role in defining the in-plane orientation of
membrane proteins. However, based on the current study
and a previous report,*" a certain degree of in-plane asymmetry
in the protein structure appears to be an important factor for
orienting the membrane protein molecules on the support
surface. Future experiments will be dedicated to extend the
method to additional membrane proteins with different
structure.
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B NOTE ADDED AFTER ASAP PUBLICATION

After this paper was published on December 10, 2019, a
correction was made to Figure 4 (SMW-buffer and H,O-buffer

plots were reversed). The corrected version was reposted
December 11, 2019.
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