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ABSTRACT Membrane proteins act as a central interface between the extracellular environment and the intracellular
response and as such represent one of the most important classes of drug targets. The characterization of the molecular prop-
erties of integral membrane proteins, such as topology and interdomain interaction, is key to a fundamental understanding
of their function. Atomic force microscopy (AFM) and force spectroscopy have the intrinsic capabilities of investigating these
properties in a near-native setting. However, atomic force spectroscopy of membrane proteins is traditionally carried out in a
crystalline setup. Alternatively, model membrane systems, such as tethered bilayer membranes, have been developed for sur-
face-dependent techniques. While these setups can provide a more native environment, data analysis may be complicated by
the normally found statistical orientation of the reconstituted protein in the model membrane. We have developed a model mem-
brane system that enables the study of membrane proteins in a defined orientation by single-molecule force spectroscopy. Our
approach is demonstrated using cell-free expressed bacteriorhodopsin coupled to a quartz glass surface in a defined orientation
through a protein anchor and reconstituted inside an artificial membrane system. This approach offers an effective way to study
membrane proteins in a planar lipid bilayer. It can be easily transferred to all membrane proteins that possess a suitable tag and
can be reconstituted into a lipid bilayer. In this respect, we anticipate that this technique may contribute important information on

structure, topology, and intra- and intermolecular interactions of other seven-transmembrane helical receptors.

INTRODUCTION

The characterization of transmembrane proteins is key
to a better understanding of essential processes in life.
Transmembrane proteins account for ~30% of all proteins
(1) and act as sensors, catalysts, receptors, transporters,
and channels. Thus, they play an important role in almost
all cellular processes and are associated with a broad range
of different diseases (2-5). Among the membrane proteins,
the class of seven-transmembrane helical (7TM) pro-
teins, which includes G-protein-coupled receptors (GPCRs),
have a very central part in a variety of sensing and signaling
pathways, as well as physiological responses, making them
a prominent target for drug development.

Transmembrane proteins easily lose their functionality
and denature when removed from their natural membrane
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environment. One approach to study functional membrane
proteins is the development of simple artificial mem-
brane systems that reduce the complexity but still mimic
the most important properties of biological membranes. A
promising system is a tethered bilayer lipid membrane
(tBLM). Lipids of the first layer of the membrane are
anchored covalently to a solid substrate through a spacer.
This spacer, e.g., a polymer, acts as a cushion that compen-
sates surface roughness, mimicking a cytoskeleton, and can
additionally create an ion reservoir beneath the membrane
(6-8). The spacer can be bound to the substrate first, binding
the lipid to the spacer in a subsequent step (9). tBLMs have
proven to be stable for days and can even be used for weeks
when covered by a hydrogel (9). Binding of the membrane
to the spacer occurs through an anchoring molecule, a
lipid or hydrophobic chain. Important while binding the
anchoring molecule is the grafting density, i.e., the ratio
of anchored to not-anchored lipids. Although a high grafting
density leads to high electrical resistance, it can also
hinder the incorporation of proteins (8) or the diffusion of
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incorporated proteins through the membrane (10). In addi-
tion to tBLMs, so-called protein tethered membranes can
be formed as well. In this case, the anchoring lipid or hydro-
phobic chain is directly substituted with the membrane pro-
tein, which is coupled to the surface, e.g., through a complex
between a surface bound nitrilotriacetic acid (NTA) and the
protein histidine-tag (His-tag) (11).

Alternatively, membrane proteins can be studied in other
artificial membrane systems, e.g., liposomes (12), nanodiscs
(13), black or bilayer lipid membranes (BLMs) (8), and
solid supported BLMs (sBLM) (8).

The formation of a tBLM can be done by self-assembly
(14). One way of self-assembly is to adsorb and then spread
out whole vesicles over the surface (15,16). This way, pro-
teins can be reconstituted already into the prepared vesicles
before the final bilayer formation (17) or can be added to the
finished bilayer on the surface (18).

Proteins embedded in a tBLM can be studied by atomic
force microscopy (AFM). AFM-based single-molecule
force spectroscopy can be used to obtain information on
dissociation rates (19), energy barriers (20,21), Gibbs free
energy (19,21), the form of a binding potential (21), and
inter- and intramolecular interactions (20,22-24), as well
as the folding of proteins and their constitution inside a
membrane (20).

In this study, we demonstrate a method of forming a
tBLM on quartz glass with the incorporated 7TM model
membrane protein bacteriorhodopsin (BR) in a defined
orientation. BR has been studied extensively (25-27) and
offers high stability. In addition, the covalently bound retinal
allows direct insight into its folding state through absorption
measurements (e.g., at 555 nm). We investigated the confor-
mation of BR inside the presented tBLM by AFM-based
force spectroscopy. Our data are in accordance with ex-
pected force-distance curves of a 7TM membrane protein
(13,28). The orientation of BR in purple membranes can
be predetermined through AFM imaging (29,30). Thus,
the characteristics of force-distance curves of BR pulled
from the extracellular side and the cytoplasmic side are
already known, which in turn can be used to process the
data of statistically oriented BR. In general, knowledge of
the orientation will substantially facilitate data analysis
and interpretation. In our model system, predefined orienta-
tion is achieved through first functionalizing the quartz glass
by silanization. Afterwards, a polyethylene glycol (PEG) is
coupled as a spacer. To reconstitute the protein on the sur-
face in a defined orientation, a protein anchor is bound to
the spacer in addition to the lipid anchors. We make use
of cell-free protein expression, a method that is suitable to
produce 1) a broad range of different membrane proteins
(31), and 2) large amounts of protein in the presence or
absence of cofactors such as ligands, detergents, or lipids.
We could show before that cell-free expression of BR en-
ables analysis of the pure protein that is not biased by cop-
urification of, e.g., coordinated lipids, which are normally
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present when BR is extracted from the native purple mem-
brane (32). To test our model system, we use cell-free
expressed BR that contains a His-tag and a surface-
coupled protein anchor consisting of Tris-NTA (trisNTA).
Our results show the specific coupling of the protein to
the surface and the successful formation of a tBLM contain-
ing the membrane protein in a defined orientation.

MATERIALS AND METHODS

All water used was purified by the Milli-Q Integral Water Purification Sys-
tem (Merck Millipore, Darmstadt, Germany). Specific buffer compositions
are described in the Supporting Material. All given cantilever values are
nominal values.

Lipids, detergents, and stock solutions

1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC; >99% purity), 1,2-
dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-(succinyl) Sodium salt
(SuccinylPE; >99% purity), and n-dodecylphosphocholine (DPC; >99%
purity) were purchased as powders from Avanti Polar Lipids (Alabaster,
AL). n-Dodecyl-B-D-maltopyranoside (DDM; Anagrade) was purchased
from Aftfymetrix (Santa Clara, CA). Carboxy-functionalized fert-butyl ester
(OtBu)-protected trisNTA (33) was provided by the group of Prof. Dr. Jacob
Piehler of the University of Osnabriick. Stock solutions in chloroform (for
spectroscopy, 99-+% purity, stabilized with amylene; Acros Organics, Geel,
Belgium) were created as follows: 0.026 g SuccinylPE, 0.022 g DPPC, and
0.005 g trisNTA were dissolved in 1 mL chloroform and stored at —80°C.

AFM

AFM images were taken with an AFM Nanowizard III (JPK Instruments,
Berlin, Germany). Imaging was done at room temperature (RT) using contact
mode with the probe OMCL-TR400PSA (Cantilever 2, Asylum Research,
Mannheim, Germany) with a spring constant (k) of 0.02 N/m, a resonance
frequency (f) in water of 11 kHz, and a tip radius (r) of 15 nm, or using tap-
ping mode with the probe SNL-10 (Cantilever A, k. = 0.35 N/m, f = 65 kHz
in air, r = 2 nm; Bruker, Billerica, MA) in buffer P1.

AFM-based force spectroscopy

Force-distance curves were measured using a Nanowizard III (JPK In-
struments). The same probes as for imaging in contact mode (OMCL-
TR400PSA, Cantilever 2) were used. All experiments were performed at
RT in buffer P1. Force-distance curves were acquired as follows. Starting
away from the surface, the cantilever is moved downward at a constant
speed (200 nm/s). When the surface is reached, the cantilever is moved
farther until it reaches a defined maximal deflection (0.4 mV). This position
is held for 1 s before retraction of the cantilever (200 nm for force-distance
curves unfolding BR, 100400 nm for force-distance curves measuring
adhesion). This cycle is repeated at different positions on the surface
(acquiring ~500 force-distance curves per position for experiments unfold-
ing BR and ~100 force-distance curves per position during adhesion exper-
iments). The position on the surface was changed two to three times per
experiment. Experimental conditions were repeated in two independent
measurements. A fresh cantilever was used for each measurement. As force
measurements require the precise knowledge of the cantilever’s spring con-
stant, k., the thermal noise method (34) is used for calibration. Additionally,
the cantilever’s sensitivity (deflection — force) is calibrated by measuring
the deflection of the cantilever approached against the surface. Calibration
was performed at the beginning of each experiment and between positions
on the surface.



X-ray photoelectron spectroscopy

Cleaned quartz glass surfaces and silanized quartz glass surfaces were char-
acterized with x-ray photoelectron spectroscopy (XPS) using an ESCALAB
MK II spectrometer (Thermo Fisher Scientific, Oberhausen, Germany).

Functionalization steps

Cleaning of quartz glass according to a previously described protocol
(35) was followed by silanization with (3-aminopropyl)trimethoxysilane
(APTES; 97%, Sigma Aldrich, St. Louis, MO) and subsequent binding of
the spacer Mmt-NH-PEG,,-COO-Tfp (PEG; Iris Biotech, Marktredwitz,
Germany). To this spacer was coupled the protein anchor trisNTA alone,
the lipid anchor SuccinylPE alone, and a mixture of both anchors 1:2
(mol/mol). The detailed coupling steps are described in the Supporting
Material.

Lipid suspension

30 mM DPPC stock (230 uL) was transferred into a sample vial and the
chloroform was evaporated under nitrogen. Buffer P1 (1 mL) with 0.1%
DPC (w/v) was added to create the final lipid suspension.

Binding of BR and membrane formation on
functionalized quartz glass

After rinsing the functionalized slides (1 cm?) 10 times with water, the
surface was covered with 50 mM EDTA (disodium salt dehydrate, molec-
ular biology grade; AppliChem, Darmstadt, Germany) solution for 5 min.
After removal of the EDTA solution, a 10 mM nickel(II) chloride (98%,
for analysis; Griissing, Filsum, Germany) solution was added to the sur-
face for 5 min. The solution was removed from the surface and replaced
with buffer DDM-W1. The surface was rinsed once with protein buffer
DDM-PI, and 20 uL of a 10 uM BR solution in buffer DDM-P1 was
added to 180 uL lipid suspension. This solution was placed onto the sur-
face and allowed to incubate for 2 h. The sample was rinsed 10 times with
250 pL buffer P1 and covered with 50 uL of the same buffer for AFM
measurements.

Membrane formation on mica

Lipid suspension (50 uL) was incubated on a round mica surface (@ 10 mm,
Ted Pella, Redding, CA) for 2 h. The surface was rinsed five times with 100 uLL
P1 and covered with 50 uL of the same buffer for AFM measurements.

Oriented Membrane Protein Reconstitution

Membrane formation with reconstituted BR
on mica

A 10 uM BR solution in buffer DDM-P1 (5 uL) was added to 45 uL lipid
suspension. The mixture was incubated on a round mica surface (& 10 mm)
for 2 h. The surface was rinsed five times with 100 uL P1 and covered with
50 uL of the same buffer for AFM measurements.

Dot blot

Specifically bound BR should only be rinsed from a functionalized surface
with a buffer containing imidazole. After rinsing the surface once with
buffer missing imidazole and once with buffer containing imidazole, a
simplified Western blot (dot blot) was utilized to test the specific binding
of BR to the functionalized surface. The procedure is described in detail
in the Supporting Material.

Cloning and cell-free expression

Cell-free expression of BR was carried out as described before (32). An
Escherichia coli-based system following previously published protocols
(36) was used. Dialysis-mode reactions were carried out in the absence
of retinal and detergents. The resulting protein pellet was washed with
S30 buffer and directly refolded or stored at —20°C. The refolding proced-
ure is described in more detail in the Supporting Material.

RESULTS

In our study, we aimed to reconstitute BR as a model mem-
brane protein in a defined orientation in artificial tBLMs
to perform single-molecule force spectroscopic studies.
The process is depicted schematically in Fig. 1. The clean
quartz glass surface (Fig. 1 a) is coated with APTES for
amino functionalization (Fig. 1 b). After this, a PEG with
an activated carboxyl group and a protected amino group
is coupled to the surface (Fig. 1 ¢). Following the deprotec-
tion of the PEG’s amino group, the binding of an anchoring
lipid (SuccinylPE) (Fig. | d) and a protein anchor (trisNTA)
(Fig. 1 e) were investigated both separately and as a mixture
of both anchors (Fig. 1 f). The protein is reconstituted on the
surface together with the free lipid (DPPC) supported by
detergent (DPC).

free membrane

lipid protein

anchor ﬁ

FIGURE 1 Schematic representation of the func-
tionalization and coupling steps. The cleaned quartz
glass surface (a) is first functionalized using APTES
(b) to create amino groups. To these amino groups a
PEG linker (c) is coupled with its activated carboxyl
group and protected amino group. After deprotection
of the PEG linker amino group, the surface can be
functionalized in three ways, with only the lipid an-
chor bound to PEG (d), with only the protein anchor
(protected trisNTA) bound to PEG (e), or with both
anchors bound simultaneously to PEG (f). After-
ward, a mixture of the protein with free lipid is
applied to the surface, forming the final tBLM with

lipid protected
trisNTA
protected
PEG
amino
group
o
b > d e ——» tBLMwith reconstituted protein |
| | I—
quartz glass surface f

reconstituted protein. To see this figure in color, go
online.
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Surface composition before and after silanization

The atomic composition of a pure quartz glass surface was
compared to a silanized surface using XPS. In the survey
spectrum of cleaned quartz glass (Fig. SI a), binding en-
ergies corresponding to fluorine (F), sodium (Na), and car-
bon (C) levels are detected apart from expected silicon
(Si) and oxygen (O) levels. A survey spectrum after silani-
zation with APTES shows binding energies corresponding
to levels in O and Si (Fig. SI b). Additionally, there is an
increase of C from 12.8 atomic percent (at.%) to 41.6
at.% and an appearance of 7.2 at.% N.

Changes in surface topography

The functionalization of quartz glass surfaces was controlled
by AFM to be able to observe the changes in surface topog-
raphy after each functionalization step. The surface rough-
ness is calculated as the arithmetic mean (i.e., the average
roughness, R,) of absolute height values for each surface.
The AFM image of quartz glass (Fig. 2 a) after the cleaning
procedure shows the standard surface topography of quartz
glass. The average surface roughness is 511 picometers
(pm). Holes and scratches, which are typical for quartz glass,
are also visible. The surface topography of cleaned quartz
glass is similar after silanization (Fig. 2 b), which is also rep-
resented by the average surface roughness. A surface func-
tionalized with PEG is shown in Fig. 2 c¢. The average
surface roughness has decreased to 154.1 pm and there are
no longer holes or scratches visible.

The surface was functionalized further with the lipid an-
chor SuccinylPE only (Fig. 2 d), with trisNTA only (Fig. 2
e), and with a mixture of 2:1 (mol/mol) SuccinylPE/trisNTA
(Fig. 2 f). The surface with the lipid anchor alone shows an
increased average roughness of 585.5 pm compared to the
previous step (Fig. 2 ¢). Some small regions indicate an
additional depth of 1 nm (arrows). The surface functional-
ized solely with trisNTA also shows a generally higher
average roughness and round structures of 4-10 nm height
and 200 nm diameter distributed over the whole surface.
A mixture of SuccinylPE and trisNTA yields an average
roughness of 332.6 pm, but distributed protruding structures
of 1-3 nm height can be seen (arrows).

Changes in adhesion

Force-distance curves were performed between surface func-
tionalization steps to observe the changes in cantilever-
surface interaction (adhesion). This was done to observe
whether adhesion on the functionalized surfaces remained
constant over the majority of the surface, which would be
an indication of complete and homogeneous functionaliza-
tion. In Fig. 3, the mean adhesion of the cantilever on the
surface is depicted for all functionalization steps, and for
surfaces functionalized with SuccinylPE only, trisNTA
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only, or a mixture of the two. For quartz glass (Fig. 3 a), no
adhesion can be observed. APTES-functionalized surfaces
(Fig. 3 a) show a strong increase in adhesion force, from
—25pN = 8 pNto 12,420 pN = 1039 pN. After the second
functionalization step, the strong adhesion forces diminish to
212 pN = 125 pN for PEG (Fig. 3 ¢). From this step on, three
functionalization ways were chosen. Surfaces functionalized
with the lipid anchor SuccinylPE (Fig. 3 d) show an increase
of adhesion forces to 556 pN = 262 pN. Surfaces function-
alized only with the protein anchor trisNTA (Fig. 3 e) show
a higher increase in adhesion to 4160 pN = 1152 pN,
whereas surfaces with both anchors in a 2:1 (mol:mol)
SuccinylPE:trisNTA mixture (Fig. 3 f) show an adhesion
force of 669 pN = 300 pN. Detailed distribution of adhesion
forces as well as exemplary force-distance curves for each
functionalization step can be seen in Fig. S2.

Protein complex formation

To test the successful immobilization of BR through a com-
plex between the protein’s N-terminal deca-histidine-tag
(His10-tag) and the trisNTA on the surface, specific elution
of the protein by imidazole-containing buffer was per-
formed and visualized by dot blot. To accomplish this, BR
was first immobilized on the surface functionalized with
the protein anchor and the lipid anchor. Then the surface
was rinsed first with a buffer without imidazole. The volume
of this rinsing step was collected as the rinsing fraction. Af-
terward, the surface was rinsed again with the buffer con-
taining imidazole. The volume of this elution step was
collected as the elution fraction. Together with a buffer con-
trol of the buffer containing imidazole, the fractions were
distributed on a dot blot. As can be seen in Fig. S3, only
the elution fraction (C) shows luminescence.

BR in membranes

Vesicle spreading on mica is an often-used method of
creating solid sSBLMs (15,16,18). A trial of the lipid mixture
with BR was performed on mica to investigate possible
effects of BR on bilayer formation. Fig. 4 a shows a mica sur-
face after incubation of the lipid alone. The surface shows a
homogeneous coverage with a lipid bilayer membrane (light
gray area) with a few defects (dark gray areas). The
corresponding height profile shows a membrane height
of 5 nm and a low roughness of the membrane surface.
Compared to an sBLM without BR, the bilayer containing
BR (Fig. 4 b) has a much higher average roughness of
709.4 pm. All in all, the surface shows a complete coverage
with no membrane defects. When spreading the lipid mixture
with BR onto a functionalized quartz glass surface (Fig. 4 ¢),
this high average roughness not only persists but increases to
1094 pm. However, the protein-lipid layer is spread over the
whole surface. It has to be noted that during the scan process
(bottom to top), the structures on the surface of the
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FIGURE 2 AFM scans (5 um X 5 um) in contact mode in buffer P1, with corresponding height profiles, represented as white horizontal lines in each
image, below each scan. (a) The cleaned quartz glass surface shows a roughness of 511 PM. (b) Silanized quartz glass with APTES shows no change in
surface roughness. (¢) Binding PEG to silanized quartz reduces the roughness to 154.1 PM. (d) A surface functionalized only with the anchoring lipid
SuccinylPE. (e) A surface functionalized only with the protein anchor trisNTA. (f) A surface functionalized with a mixture of 2:1 (mol/mol) SuccinylPE:

trisNTA. To see this figure in color, go online.

protein-containing membrane appear to increase in size,
which is likely due to lipid adsorption to the cantilever tip.

After scratching with the cantilever tip on a surface
covered with the protein-lipid mixture (Fig. 4 d), a depth
of 10 nm can be measured.

Force spectroscopy

Force spectroscopy measurements were performed as
described in Materials and Methods on surfaces with

BR bound to the protein anchor and reconstituted into
the lipid/detergent membrane. Only force-distance curves
showing more than two force peaks and the last force
peak at a peak position of >60 nm with a measured force
of >100 pN were selected, to assure that only force-dis-
tance curves on specifically oriented and complex-coupled
BR were used for analysis. Fig. S4 shows three represen-
tative force-distance curves that were selected according
to these criteria. Force spectroscopic data was smoothed
using moving-average filtering. In Fig. 5, selected force
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FIGURE 3 Mean adhesion measured through force-distance curves with
AFM. An average of 410 * 38 force-distance curves were analyzed
per experimental condition. (a) Mean adhesion for cleaned quartz glass
(—0.025 nN = 0.008 nN). (b) Mean adhesion for silanized quartz glass
(12.42 nN = 1.04 nN). (¢) Mean adhesion for silanized quartz glass func-
tionalized with PEG (0.21 nN £ 0.13 nN). (d) Mean adhesion for Succi-
nylPE bound to PEG (0.56 nN = 0.26 nN). (¢) Mean adhesion of
trisNTA bound to PEG (4.16 nN = 1.15 nN). (f) Mean adhesion of a 2:1
(mol/mol) mixture of SuccinylPE:trisNTA bound to PEG (0.67 nN =
0.30 nN).

curves were overlaid to show the four characteristic peaks
for the unfolding of BR as a seven-a-helical protein
(13,25,26,28). Although the first peak (Fig. 5 a) is inhomo-
geneous, the following peaks (Fig. 5 b—d) can be distin-
guished. The second and third unfolding peaks remain at
forces <150 pN, whereas the last peak shows a force
of ~200 pN.

DISCUSSION
Substrate characterization by XPS

To analyze the quartz glass surface and verify the first func-
tionalization step, the surface was measured before and after
silanization using XPS. A pure quartz glass surface shows
the presence of a few undesired elements, namely fluorine,
carbon, and sodium. As even quartz glass has some impu-
rities, this is not surprising. However, any sign of these
elements disappears after silanization with APTES. Given
the structure and composition of APTES, and considering
the theoretical distribution on the surface (Fig. S5 a), a
theoretical composition of the silanized surface is shown
in Fig. S5 b. It is also taken into account that XPS measures
not only the topmost layer of a surface but can penetrate
further. Thus our XPS results of the silanized surface
(Fig. S5 b) are in accordance with a successful coverage
of the surface with APTES.

Surface characterization by topography and
adhesion

Surface topography

The surface functionalization steps were further character-
ized by AFM. AFM imaging offers the possibility of
observing the changes in surface topography. A compar-
ison of AFM imaging data of a clean quartz glass surface
(Fig. 2 a) with a silanized quartz glass surface (Fig. 2 b)
shows no change in average surface roughness and charac-
teristics of the surface, in line with the small molecule
size and flexibility of APTES. The short PEG linker that
is coupled subsequently to the surface can have a length
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FIGURE 4 AFM scans (5 um X 5 um for a—c; 3 um x 3 um for d) in tapping mode in buffer P1, with corresponding height profiles, represented as white
horizontal lines in each image, below each scan. (a) Membrane formation on a mica surface. (b) A mica surface covered with membrane containing BR. (c) A
functionalized glass surface covered with the membrane containing BR. (d) Scratching was performed with the cantilever on a surface functionalized with
lipid and protein anchor and incubated with the protein lipid mixture. To see this figure in color, go online.
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FIGURE 5 BR unfolding curves from the model tBLM. As a 7TM mem-
brane protein, the unfolding of BR will lead to four characteristic peaks in a
force-distance curve. (a) The first peak shows the stretching of the terminus
and unfolding of the first two transmembrane helices (TMs). As the canti-
lever can adsorb to the terminus at different positions, the first peak is not
resolved clearly. This is followed by the pairwise unfolding of the next four
TMs during the next two peaks (b and c¢). The last peak (d) shows the pull-
ing of the seventh TM until BR dissociates from the tip or from the mem-
brane. In our case, this means the dissociation between the His10-tag and
the trisNTA. To see this figure in color, go online.

of 4 nm in its stretched conformation. This linker is flexible
and will either coil on the surface or stretch to accommodate
for surface roughness and differences between the bilayer
and protein. AFM data of this stage (Fig. 2 ¢) shows that
the holes and scratches found on quartz glass disappear,
suggesting that the linker can compensate for surface rough-
ness. The homogeneity and absence of defects also indicates
a complete coverage with PEG. Coupling of only the
anchoring lipid SuccinylPE to PEG yields a surface with
an increased average roughness (Fig. 2 d). Additionally,
buffer repelling properties, observed during the experi-
ments, suggest strong hydrophobic characteristics of the
surface. This can be explained by the hydrophobic chains
of the anchoring lipid orientating up and away from the sub-
strate, thereby creating a hydrophobic surface. The rough-
ness of the surface is due to the length of the anchoring
lipid (2 nm). The surface is again homogeneous and shows
no defects. Coupling only the protein anchor, trisNTA, to
the surface leads to the appearance of round structures

Oriented Membrane Protein Reconstitution

~4-10 nm in height and 200 nm in diameter. This can indi-
cate the aggregation of an excess amount of protein anchor.
When the protein anchor is diluted with the lipid anchor
1:2 (mol/mol), the aggregates are no longer present. This
and the uniform surface structure indicate a homogeneous
mixture of lipid and protein anchor.

Adhesion

The differences in adhesion after each step are indicative of
a successful functionalization process. Furthermore, a ho-
mogeneous adhesion force throughout the investigated sur-
face implies a homogeneous surface functionalization. The
strong adhesion forces for a surface functionalized only with
protein anchor can relate to the presence of aggregates on
the surface. Thus, even though the surface functionalized
with the mixture shows only slightly higher mean adhesion
forces than the surface only functionalized with the lipid an-
chor, a homogeneous and well distributed protein anchor is
assumed due to the previously described changes in surface

topography.

Specificity of protein binding

To test the specificity of protein binding to the surface and
exclude unspecific adsorption, BR was coupled to a func-
tionalized surface. The surface was then rinsed with a buffer
without and with imidazole. As only imidazole-containing
buffer can elute proteins with a poly-histidine-tag from
NTA groups, BR will only be detected (using a dot blot
system with anti-His antibodies) for the elution fraction
containing imidazole. To exclude a possible binding of
the antibody to the imidazole, imidazole-containing buffer
was applied to the membrane as a buffer control. The results
of the dot blot clearly show that the protein could only be
eluted from the surface with imidazole. These data verify
not only the specific binding of the protein to the surface an-
chor, but also the integrity of the previous coupling step
leading to accessible trisNTA.

Membrane and protein reconstitution

Artificial lipid membranes have been observed to undergo
phase transitions from more liquid unordered phases to
ordered gel/crystalline phases at specific temperatures.
The phase transition temperature depends on the membrane
composition. As the integration of proteins into lipid mem-
branes and their functionality is highly dependent on the
membrane fluidity, we aimed to provide a lipid membrane
system that is stable but still offers enough fluidity for
the integration of membrane proteins. Future studies may
benefit from the possibility of a careful selection of lipids
that are compatible with the setup. We chose DPPC as the
tBLM main component due to its good properties to form
stable membranes on mica. DPPC has been used previously
to create stable sBLMs (37,38). However, as the phase
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transition occurs at a temperature of 42°C, those sBLMs are
in the ordered gel-to-crystal-like phase at RT (39,40). Add-
ing a detergent like DPC weakens lipid-lipid interactions
and increases the permeability of the bilayer to proteins
(41). A membrane mimetic system consisting of a lipid
and detergent mixture has been described previously
(42). The formation of an sBLM on mica by a mixture of
DPPC and DPC was tested, and a homogeneous bilayer for-
mation with a few defects could be detected by AFM. The
bilayer height of 5 nm is in accordance with bilayer heights
in previous studies (43,44). Reconstitution of BR into
the lipid/detergent mixture and applying this mixture to a
mica surface leads to coverage of the surface with a homo-
geneous layer (Fig. 4 b). Defects could not be observed.
However, compared to an sBLM without BR (Fig. 4 a),
the roughness of the membrane surface has increased. It is
known that membrane-integrated proteins can protrude out
of the membrane (45). The roughness of the membrane
could thus indicate protrusions of BR out of the membrane.
The protrusions persist on membranes formed on function-
alized quartz glass (Fig. 4 c¢). The roughness is even more
pronounced, as functionalized quartz glass in itself provides
arough substrate (Fig. 2 f). The increase in size of the struc-
tures observed on the surface with scan direction (bottom to
top) is a broadening effect of the cantilever tip. Especially
soft materials, like membranes and proteins, in our case,
most likely the free lipid DPPC, can adsorb to the tip during
scanning and increase the effective tip diameter. Every
structure will then be broadened by the tip diameter. This
is why for the first 500 nm the surface structure appears
comparable to a membrane with protein on mica and
becomes increasingly dissimilar during the scan process.
For this reason, the height profile was measured during
the first 500 nm of the scan. As a control, the membrane
was also formed on a functionalized surface without BR
(Fig. S6 a). Here, the surface was again homogeneously
covered with the tBLM with only a few small defects. The
surface roughness of the membrane was only influenced
by the roughness of the quartz glass and the underlying
functionalization, indicating that the high roughness of
Fig. 4 c is caused by protrusions of BR. In contrast, a mem-
brane on a surface functionalized only with trisNTA and no
lipid anchor (Fig. S6 b) could not be formed on quartz glass
under the same conditions.

Scratching of the membrane with BR on quartz glass
(Fig. 4 d) revealed a height of 10 nm and protein clusters
protruding 1-2 nm out of the membrane. When taking
into account the length of the PEG linker and the height
of the sSBLM on mica (4 nm + 5 nm), the measured height
of 10 nm is in accordance with expectations.

Force spectroscopy

Force-distance curves of force spectroscopy measurements
performed on BR reconstituted into tBLMs showed the
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typical pattern of four peaks, consistent with a functional
reconstitution of BR. In Fig. S7, a representative BR
force-distance curve from BR purple membranes is
compared to the measured force-distance curves of Fig. 5.
The first peak of the measured force curves of BR in the
tBLM was inhomogeneous, which can be attributed to the
unspecific adhesion positions of the terminus to the tip
(28). The second peak seems to favor lower forces and fol-
lows the shape of the intermediate peaks found in force-dis-
tance curves of purple membranes (30). Considering the
average noise of the recorded force-distance curves (%30
pN) the third peak is in accordance with unfolding forces
of BR from purple membranes and nano-discs (13). During
the last unfolding event, BR can either dissociate from the
tip or be pulled out of the membrane completely. In the
case of being pulled out completely, BR would have to
also dissociate from the protein anchor. It has been shown
previously on soluble proteins that the dissociation forces
between triNTA and His6 can be between 100 and 400 pN
(46). Our results indicate that the last peak of our force-dis-
tance curves represents these dissociation forces. Although
this influence of the protein anchor on the last unfolding
event should be considered during analysis, it also shows
that BR reconstituted into the here-presented tBLM is
coupled to the protein anchor. In addition, in the case of
BR not being inserted in a defined orientation, two sets of
force-distance curves are expected (one pulled from the
N- and one from the C-terminus), which can be the case
for reconstitution of BR into nanodiscs (13) and force spec-
troscopic measurements performed on BR crystals (30). As
BR force-distance curves from both termini are indeed very
similar, the high forces detected for the last peak indicate a
complex formation between the His-tag and trisNTA, thus
supporting a defined orientation of BR. Should force-dis-
tance curves be measured that do not show the dissociation
forces of the complex, they can be sorted out before analysis
of the data.

Apart from the influence of the trisNTA, there could also
be an influence of the PEG linker on the last unfolding
event. As we expect a typical stretching behavior of the
PEG linker (47,48), we do not analyze the PEG-linker elas-
ticity directly. However, it can be assumed that the influence
of the PEG-linker elasticity is minimal due to its short
length.

Even though higher forces for the last peak can be seen in
our experimental setup, we also have to note the stronger
noise. As this high noise can indicate misfolding or denatur-
ation of BR, we cannot clearly determine whether BR is still
in its functional state after reconstitution. The functional
form of the protein has been checked before reconstitution
into the membrane through ultraviolet-visible spectroscopy
(described in the Supporting Material). An example absor-
bance spectrum of a 1:10 diluted solution of cell-free ex-
pressed and purified BR is shown in Fig. S8. Due to the
very low protein concentration and the experimental setup,



we can, however, only assume the functional form of the
protein via the measured force curves. However, we antici-
pate that further optimization of tBLM composition, which
has to be adjusted to every new protein of interest, will allow
for further stabilization of the protein conformation inside
the tBLM.

CONCLUSIONS

Gaining knowledge about the structure of membrane pro-
teins is an important endeavor to reliably study the cause
of diseases and facilitate drug development. In this respect,
single-molecule AFM force spectroscopy offers unique pos-
sibilities in particular for the investigation of multipass
membrane proteins. We here showed that AFM force spec-
troscopy can be carried out in a tBLM system, and our
method allows for filtering out force-distance curves spe-
cific to a defined orientation. Although the tBLM system
offers a near-native environment that can be adjusted to
accommodate different membrane proteins, the predefined
orientation can simplify data analysis by removing a second
contribution arising from different orientations and by better
defining the starting conditions for each protein. In our
work, we show a five-step functionalization and reconstitu-
tion process that we successfully apply to the cell-free
expressed 7TM protein BR that has been frequently used
as a model for GPCRs. We anticipate that the presented
approach can be transferred to a broad range of target mem-
brane proteins and surface-based techniques and may help
to provide new insights into structure, function, and inter-
actions of these important biological systems.
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Materials
Buffers

1) Tris-buffered saline and Tween 20 (TBT): 20 mM Tris, 150 mM NacCl, 0.1 % Tween
20,pH 7.5

2) Tris-buffered saline (TBS): 20 mM Tris, 150 mM NacCl, pH 7.5

3) phosphate buffer (P1): 46.6 mM Na;HPO,, 3.4 mM NaH,PO4, 150 mM NacCl, pH 8

4) wash buffer (DDM-W1): P1 + 0,4 mM DDM + 20 mM Imidazole

5) protein buffer (DDM-P1): P1 + 0,4 mM DDM

6) elution buffer (DDM-E): DDM-P1 + 250 mM Imidazole

7) refolding buffer (RFB): 23.1 MM Na,HPQO4, 16.9 mM NaH,PO,, 1 M NaCl, 5%
DDM, 100 mM Retinal, pH 7

8) S30 buffer: 10 mM Tris-acetate, pH 8.2, 14 mM Mg(OAc),, 0.6 mM KCI, 1 mM
DTT and 0.1 mM PMSF

Experimental Design and Methods

Dot Blot

A functionalized quartz surface with bound BR was first rinsed with 100 ul DDM-P1 by
pipetting up and down several times. The rinsing buffer was collected as the rinsing fraction.
The same surface was then rinsed the same way with 100 ul DDM-E, which was again
collected as the elution fraction. A Dot blot was prepared of 100 ul DDM-E (buffer control),
100 pl rinsing fraction and 100 pl elution fraction on a membrane. The membrane was
swayed in 1 % (w/v) powdered milk solution at 4 °C, overnight. After washing with water the
membrane was swayed 3 x 10 min in TBT and 1 x 10 min in TBS at RT. The membrane was
shortly washed with water and swayed in histidin-tag (His-tag) antibody solution (1:5000
anti-His-HRP (Miltenyi Biotec, Bergisch Gladbach, Germany) in 1 % (w/v) powdered milk
solution) for 1 h, at RT. This was followed by swaying 2 x 10 min in TBT and 1 x 10 min
TBS at RT and shortly rinsing with water. The membrane was covered with a 1:1 (v/v)
solution of luminol enhancer solution:stable peroxide solution, (both SuperSignal West Pico,
Thermo Fisher Scientific, Oberhausen, Germany) and chemoluminescence was measured
with a ChemiDoc MP documentation system (Bio-Rad, Hercules, U.S.).

Protein refolding

Protein pellet from CFE was washed with S30 buffer and directly refolded or stored at -20 °C.
2 x 50 pl protein pellets were resuspended in 2 x50 ul RFB. The samples were wrapped in
aluminum foil to be protected from light and let to incubate for 2 h, at RT. A Micro Bio-
Spin(TM) gravity-flow column (Bio-Rad, Hercules, U.S.) was filled with 160 pl Ni-NTA-
Agarose (Macherey-Nagel, Germany) for a total column volume (CV) of 80 pl. After letting
the agarose settle the column was washed with 5 ml water and equilibrated with 5 ml DDM-
P1. The resuspended pellets were combined and loaded onto the column. The agarose and BR
sample were pipetted up and down to mix and increase binding. Covering the column from
light it was let to incubate for 1 h while mixing every 20 min. The column was then washed
with 6 CV DDM-W1 and 2 CV DDM-P1. BR was eluted using 4 CV DDM-E giving elution



fractions 1-4. Fractions 2-4 were combined for concentration. A concentrator tube (10.000
MWCO, Vivaspin 4, PES membrane, Sartorius, Gottingen, Germany) was washed with
6 x 10 ml water, 4 x 10 ml P1 and 1 x 10 ml DDM-P1 by centrifugation at 4 °C, 4000 g,
15 min each. 230 ul BR (fractions 2-4) were loaded into the concentrator and centrifuged at
4 °C, 4000 g for 20 min until the sample was concentrated to 50 pl. The sample was washed
with DDM-P1 by centrifugation at 4 °C, 4000 g for 20 min until again the total volume was
concentrated to 50 pl. 10 ul of the sample were used to measure the concentration in a 1:10
(v/v) dilution in DDM-P1 at the spectrophotometer (\VV-650, Jasco, GroR-Umstadt, Germany).
An absorption spectrum was measured between 260 nm and 750 nm. The peak at 555 nm
corresponds to the adsorption of successfully refolded BR and is used to calculate the
concentration with an extinction coefficient of ¢ = 55000 L » cm™ « mol™.

Functionalization steps

Plasma activation

Quartz Slides (3” x 1” x 1 mm, TED PELLA Inc.) were placed into a plasma cleaner (Plasma,
low-pressure system, Femto, Diener electronics) and 500 pl of water were distributed as
drops inside the chamber and allowed to evaporate under vacuum to saturate the atmosphere
inside the plasma cleaner with H,O. The surfaces were activated for 5 min at 100 %. Further
functionalization was done immediately after.

Silanization

Adapted from method B of the protocol 2 (1). A desiccator was flooded with nitrogen for
5 min. The plasma activated surfaces were placed into the desiccator together with 100 pl of
APTES and 33 pl of triethylamine (Et3N; puriss., p.a. >99.5 % GC, Fluka, Seelze, Germany).
After 5min of constant nitrogen flow the desiccator was closed completely and the
silanization was allowed to take place for 2 h. APTES and EtsN were removed from the
desiccator and it was again flooded with nitrogen for 5 min. After closing the desiccator the
surfaces were allowed to cure for at least 48 h.

Functionalization with polyethylene glycol

Mmt-NH-PEG1,-COO-Tfp (PEG; Iris Biotech, Marktredwitz, Germany), EtsN and
dimethylsulfoxide (DMSO; A.C.S, spectrophotometric Grade >99.9 %, Sigma-Aldrich,
Munich, Germany) were mixed 20:1:200 (v/v/v). The silanized surfaces were taken out of the
desiccator and placed into petri dishes. A small space between two silanized slides facing
each other, created by clean cover slips, was filled with 10 pl/cm?2 of the solution followed by
incubation for 2 h. After incubation the surfaces were placed into 50 ml centrifuge tubes (TPP,
Gamma-sterilized, Sigma-Aldrich, Munich, Germany) and rinsed 10 x with water by filling
and emptying the tube completely. After drying with nitrogen the functionalized surfaces
were stored at -20 °C in fresh 50 ml falcon tubes. Figure 1 E schematically shows the surface
functionalized with PEG.

Binding anchoring lipids and trisNTA to PEG
To remove the monomethoxytrityl (Mmt) protection group from PEG the surfaces were
covered with 80 % acetic acid (Ultra, >99.5 % GC/T, Fluka, Seelze, Germany) for 1 h inside



50 ml falcon tubes. Meanwhile a solution was prepared depending on the targeted surface
functionalization.  trisNTA  surface: 10:10:1  (v/v/v) of trisNTA  stock:N,N'-
Diisopropylcarbodiimide  (DIC; 99 %, Sigma-Aldrich, Munich, Germany):N,N-
Diisopropylethylamine (DIPEA; Reagent Plus, 99 %, Sigma-Aldrich, Munich, Germany).
SuccinylPE surface: 2:10:1 (v/v/v) of SuccinylPE stock:DIC:DIPEA. Mixed surface: 1:5:10:1
(v/iviviv) of SuccinylPE stock:trisNTA stock:DIC:DIPEA. After deprotection the slides were
rinsed again ten times with water by filling and emptying the falcon tubes completely and
then dried under nitrogen. A small space between two glass slides facing each other, created
by clean cover slips (Microscope Cover Glasses, #1, 22 x 22 mm, Menzel Glaser,
Braunschweig, Germany), was filled with 10 pl/cm? of the respective solution followed by
incubation for 1 h at 75 °C. Two clean glass beakers were filled with chloroform and the
functionalized surfaces were dipped and rinsed inside the beakers subsequently. The surfaces
were dried with nitrogen and placed into glass petri dishes with the functionalized side facing
upwards. They were covered with trifluoracetic acid (TFA; >99.9 % for synthesis, Carl Roth,
Karlsruhe, Germany) and a few drops of water for 12 h to remove the OtBu protection groups
from irisNTA.



Supplementary Figures
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Figure S1. (a) XPS survey spectrum of cleaned quartz glass. (b) A survey spectrum after
silanization with APTES only shows binding energies corresponding to levels in O, C, N and
Si.
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Figure S2. Histograms showing the characteristic adhesion forces for the surface
functionalization steps a-f. Number of total counts: a) 419, b) 425, c) 454, d) 344, e) 392,
f) 429. Bellow each histogram a typical force-distance curve is shown. The approach of the
cantilever is represented by the red curve, while the retrace is shown in blue.



Figure S3. Dot blot of buffer control consisting of buffer DDM-E (buffer with imidazole)
(A), rinsing fraction consisting of buffer P1-DDM (buffer without imidazole), which was
used to rinse the surface (B) and elution fraction consisting of buffer DDM-E, which was
used to rinse the surface and elute BR (C).
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Figure S4. Single representative measured force distance curves of BR from the tBLM.
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Figure S5. (a) Schematic representation of the theoretical silanization of quartz glass. (b)
Theoretical composition of silanized surface (theory) compared with XPS results (XPS).
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Figure S6. AFM scans (10 um x 10 pm, contact mode for a) and 3 pum x 3 um, tapping mode
for b)) in buffer P1 with corresponding height profiles, represented as horizontal lines in each
image, below each scan. (a) A membrane formed on a functionalized quartz glass surface
without BR. (b) Attempted membrane formation on a quartz glass surface functionalized only
with the protein anchor trisNTA and BR included in the lipid suspension. We could observe

that no membrane was formed without the lipid anchor, as is indicated by the scratched area
in the center.
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Figure S7. Representative force distance curve of BR from purple membranes pulled from

the C-terminus (red force distance curve) placed over the measured force distance curves of
the tBLM, also pulled from the C-terminus.
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Figure S8. Example of absorbance spectrum of purified BR from CFE. 10 ul of the sample
were used to measure the concentration in a 1:10 (v/v) dilution in DDM-P1 at the
spectrophotometer. An absorption spectrum was measured between 260 nm and 750 nm. The
peak at 555 nm corresponds to the adsorption of successfully refolded BR and is used to
calculate the concentration with an extinction coefficient of € = 55000 L * cm-1 » mol-1.

Supporting References

1. Gruber, H. J. 2016. Amino-functionalization of AFM tips (and supports). Institute of
Biophysics, Johannes Kepler University, Linz, Austria. Web. 06 May 2016.
http://www.jku.at/biophysics/content



	Oriented Membrane Protein Reconstitution into Tethered Lipid Membranes for AFM Force Spectroscopy
	Introduction
	Materials and Methods
	Lipids, detergents, and stock solutions
	AFM
	AFM-based force spectroscopy
	X-ray photoelectron spectroscopy
	Functionalization steps
	Lipid suspension
	Binding of BR and membrane formation on functionalized quartz glass
	Membrane formation on mica
	Membrane formation with reconstituted BR on mica
	Dot blot
	Cloning and cell-free expression

	Results
	Surface composition before and after silanization
	Changes in surface topography
	Changes in adhesion
	Protein complex formation
	BR in membranes
	Force spectroscopy

	Discussion
	Substrate characterization by XPS
	Surface characterization by topography and adhesion
	Surface topography
	Adhesion

	Specificity of protein binding
	Membrane and protein reconstitution
	Force spectroscopy

	Conclusions
	Supporting Material
	Author Contributions
	Acknowledgments
	Supporting Citations
	References


