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embrane proteins play important

roles in life. They are responsible

for energy conversion, generate
and maintain ion gradients, synthesize fuel
molecules, transduce signals, recognize mol-
ecules, facilitate cell adhesion, and contribute
to virtually every fundamental cell biological
process.! Membrane proteins that are en-
coded by 20—30% of the open reading frames
from archaebacterial, bacterial, and eukaryo-
tic organisms® must fold into well-defined
three-dimensional structures to fulfill their
delicate functional tasks. To understand the
principles of how membrane proteins fold
into their functional structure and how these
structures are stabilized, destabilized, and
functionally modulated by inter- and intramo-
lecular interactions is one of the major chal-
lenges in biology.> 7 However, biophysical
studies quantifying these properties of mem-
brane proteins in vitro remain an intricate task.
These difficulties are based on the amphiphi-
lic character of membrane proteins that once
isolated from the cell membrane must be
reconstituted into a lipid bilayer that mimics
the native cellular membrane.

Recently, phospholipid nanodiscs have been
introduced to reconstitute membrane proteins
into a native-like lipid environment®~'° Nano-
discs are composed of small patches (~10—
20 nm in diameter) of a lipid bilayer that is
framed by the amphiphilic membrane scaffold
protein to shield the hydrophobic fatty acid
chains of the lipids from the aqueous buffer
solution. This shielding of hydrophobic inter-
actions makes lipid nanodiscs water-soluble.
Therefore, after integration into nanodiscs,
membrane proteins can be handled similarly
to water-soluble proteins. Because the length
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ABSTRACT Single-molecule force spectros-
copy (SMFS) can quantify and localize inter- and
intramolecular interactions that determine the
folding, stability, and functional state of mem-
brane proteins. To conduct SMFS the membranes
embedding the membrane proteins must be
imaged and localized in a rather time-consum-
ing manner. Toward simplifying the inves-

tigation of membrane proteins by SMFS, we

reconstituted the light-driven proton pump bacteriorhodopsin into lipid nanodiscs. The

advantage of using nanodiscs is that membrane proteins can be handled like water-soluble

proteins and characterized with similar ease. SMFS characterization of bacteriorhodopsin in

native purple membranes and in nanodiscs reveals no significant alterations of structure,

function, unfolding intermediates, and strengths of inter- and intramolecular interactions. This

demonstrates that lipid nanodiscs provide a unique approach for in vitro studies of native

membrane proteins using SMFS and open an avenue to characterize membrane proteins by a

wide variety of SMFS approaches that have been established on water-soluble proteins.

KEYWORDS: AFM - atomic force microscopy - bacteriorhodopsin -
circular dichroism - DMPC - membrane scaffold protein 1 - purple membrane -
reconstitution - SMFS - unfolding intermediates - unfolding pathways

of the membrane scaffold protein determines
the diameter of the nanodisc and the lipid
composition of the nanodisc can be adjusted,
the properties of the nanodisc can be tailored
to favor the insertion of a particular membrane
protein.”®  Accordingly, several membrane
proteins could be embedded into lipid nano-
discs including the bacterial chemoreceptor
Tar,"' cytochrome P450,'% the translocon
SecYEG,"® bacteriorhodopsin,'* the human
B--adrenergic receptor,'>'® and bovine rhodo-
psin.'” Structural and functional characteriza-
tion of these membrane proteins demonstrated
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that nanodiscs mimic a physiological environment for
in vitro studies.'"'8~ %!

Atomic force microscopy (AFM)-based single-molecule
force spectroscopy (SMFS) offers the opportunity to study
the folding and the unfolding pathways of membrane
proteins.?** When unfolding a membrane protein, SMFS
can further quantify inter- and intramolecular interactions
in the piconewton range and locate these interactions on
the primary, secondary, or tertiary structure of the mem-
brane protein.?® It was shown that the (un)folding path-
ways and the interactions of membrane proteins depend
on subtle changes of the environment such as tem-
perature,®* electrolyte,® %’ pH of the buffer solution,*
or the oligomeric state?® of the membrane protein. Other
examples used SMFS to detect and structurally locate the
interactions established upon ligand and inhibitor
binding,>*”?° 3! inserting mutations,*>*> and changing
the functional state®>*’>* of the membrane protein. To
reveal these insights by SMFS requires the membrane
protein to be embedded in a lipid membrane. These
membranes can be extracted from the native cell or
synthetic lipid membranes into which the membrane
protein has been reconstituted. In contrast to the thou-
sands of different membrane proteins known, only a few
could be reconstituted into the functionally important
lipid membrane.>*>3%

Another bottleneck limits the applicability of SMFS
to membrane proteins. To conduct SMFS, the protein-
containing membrane must be first imaged by AFM
and located so that the AFM tip can be attached to the
membrane protein. Once the AFM tip has been at-
tached, the stability, folding, and interactions of the
membrane protein can be characterized.?****” Simply
increasing the density of membranes covering the
sample support is often not useful to circumvent the
need of AFM imaging. The reason is that if adsorbed at
higher concentration onto the support, protein mem-
branes start forming aggregates, which is not favorable
for SMFS. These constraints could be avoided if mem-
brane proteins are reconstituted into lipid nanodiscs
that render membrane proteins hydrophilic and nano-
scopic. Dense adsorption layers on sample supports
can be prepared with hydrophilic water-soluble pro-
teins,*® and in principle dense adsorption layers should
be obtainable using membrane proteins that are em-
bedded in hydrophilic nanodiscs. In a raster-like man-
ner the AFM tip could then pick up and characterize
one membrane protein after the other without the
need of imaging. Such improved preparation proce-
dures would simplify SMFS of membrane proteins and
be a basis to apply high-throughput SMFS assays®¥*°
to study membrane protein (un)folding, stability, and
interactions.

For these reasons, we investigate whether mem-
brane proteins reconstituted into phospholipid nano-
discs can be characterized by SMFS and to what extent the
reconstitution into nanodiscs modulates the interactions
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guiding the stability and (un)folding of membrane pro-
teins. Among membrane proteins the light-driven proton
pump bacteriorhodopsin (BR) from Halobacterium salinar-
um most probably represents the functionally and struc-
turally best characterized example*'~* Moreover, for
many years BR serves as a model to characterize the un-
folding and folding of o-helical transmembrane pro-
teins.3”**~* Thus, we have chosen BR as an example for
our studies and characterized BR from native purple
membrane (BRpy;) and BR reconstituted into phospholipid
nanodiscs (BRyp) by SMFS. The mechanical unfolding
pathways and the stability of both BR samples are com-
pared, and their interactions mapped onto the BR struc-
ture. The results teach us whether the reconstitution of BR
into lipid nanodiscs alters the properties of BR and whether
nanodiscs can in principle be applied to characterize
membrane proteins by SMFS.

RESULTS AND DISCUSSION

Mechanically Unfolding Single BR Molecules from Purple
Membrane and from Nanodiscs. After reconstituting BRinto
dimyristoylphosphatidylcholine (DMPC) lipid nano-
discs we recorded absorption spectra of BR in native
purple membrane (BRpy) and of BRin nanodiscs (BRyp)
(Figure S1, SI). BRpy and BRyp showed similar absorp-
tion spectra between 450 and 650 nm that are char-
acteristic for the native light-driven proton pump BR.*°
Thus, we conclude that reconstitution into lipid nano-
discs did not change the functional properties of BR
significantly. We used circular dichroism (CD) to deter-
mine the assembly of BR in nanodiscs.>®*' The CD
spectra of BRyp showed peaks in the visible spectrum
from 400 to 700 nm (Figure S2, SI) that are typical for
trimeric BR.>? Consequently, BR trimers were reconsti-
tuted into lipid nanodiscs.

For SMFS native purple membrane (BRpy) or BRyp
was adsorbed to mica and imaged by AFM in buffer
solution (Figure S3, SI).3® Whereas purple membranes
were heterogeneously distributed over the supporting
mica, the BRyp complexes were homogeneously dis-
tributed and densely packed. To attach a single BR via
unspecific interactions to the AFM tip,>’ the tip was
brought into contact with the sample (BRpy or BRyp)
applying a force of ~1 nN for 1 s. In ~0.5%
(BRpy, N & 20.000) or ~0.05% (BRyp, n ~ 250.000) of
all cases a single BR molecule attached with its terminal
end to the AFM tip (Figure 1). Withdrawal of the AFM
tip stretched and stressed the terminal end and in-
duced the unfolding of BR.>’ The force—distance (F—D)
curve recorded during withdrawal of the AFM tip
showed a characteristic sawtooth-like pattern (Figure
2a,b) that has been assigned to the mechanical un-
folding of BR from the C-terminal end.*”>3

In our experiments, BR molecules could attach un-
specifically via either the N-terminal or the C-terminal
end to the AFM tip (Methods). As reported earlier the
F—D curves showed a specific pattern depending from
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Figure 1. Schematic representation of SMFS of bacteriorhodopsin (BR) embedded in native purple membrane (BRpy) and
lipid nanodiscs (BRyp). () and (b) are illustrations of BR trimers embedded in purple membrane (BRpy) and in a lipid nanodisc
(BRnp), respectively. After attachment of the AFM tip to the C-terminal end of a single BR molecule, the AFM tip is withdrawn
to apply mechanical stress to the membrane protein. A force—distance (F—D) curve records the deflection of the AFM
cantilever as a function of the distance (d) between AFM tip and membrane (Figure 2a,b). F—D curves recorded for BRpy and
BRnp show that sufficiently high mechanical stress induces stepwise unfolding of the membrane protein.

Force (pN)
= = NN
2888383

o
N
o
e
[=}
D
o
@
[=]
(=1
n
(=}
A
(=]
=]
(=]

Tip-sample distance (nm)

Figure 2. Mechanical unfolding of bacteriorhodopsin in native purple membrane and in lipid nanodiscs. Selection of F—D
curves that record the unfolding of single BRpy (@) and BRyp (b) molecules. Every force peak of every F—D curve detects an
unfolding intermediate of BR with all force peaks (unfolding intermediates) describing the unfolding pathway taken by an
individual BR molecule. Superimpositions of 100 F—D curves recorded for BRpy, (c) and BRyp (d). Red lines are WLC curves
fitting the main force peaks that occur at a probability of 100%, whereas black dashed lines are worm-like chain (WLC) fits of
minor force peaks that occur at probability <80%. The numbers next to each WLC curve assign the contour length (given in
amino acids (aa) for every fit) of a force peak. This contour length approximates the length of the unfolded and stretched
polypeptide. Gray scale bars allow evaluating how frequently individual force peaks were populated.

which terminal end BR was unfolded.>* However, the step extends the polypeptide linking the pulling AFM tip

probability of the N-terminal end of attaching to the
AFM tip was much lower than that of the C-terminal
end.?”* Thus, for statistical reasons we analyzed only
F—D curves that reflected the unfolding of BR from the
C-terminal end. The mechanical unfolding of BR from
the C-terminal end can be described as follows:*”*
Upon separating the AFM tip from the support, the
C-terminal end of the BR molecule is stretched and a
force builds up. As soon as the stretching force over-
comes the stability of BR the structural segment directly
connected to the C-terminal end unfolds. This unfolding
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and the portion of the BR molecule that remains folded
and anchored in the membrane. Continuously withdraw-
ing the AFM tip stretches the previously unfolded poly-
peptide until the forthcoming structural segment is
loaded, mechanically stressed, and unfolded. The unfold-
ing of structural segments forming stably folded entities
continues until the entire BR molecule has been un-
folded. This scenario explains that every single force peak
of a F—D curve detects an unfolding intermediate of BR.
The combination of all unfolding intermediates describes
the unfolding pathway taken by the BR molecule.
VOL.6 = NO.1
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BR in Purple Membrane and in Nanodiscs Choose Identical
Unfolding Intermediates. Using SMFS we repeatedly un-
folded single BR molecules that were embedded either
in native purple membrane or in lipid nanodiscs under
identical experimental conditions (Figure 2a,b; Methods).
Every force peak of every F—D curve records an un-
folding intermediate of BR that had certain probabil-
ities to be detected.?®3> An unfolding step describes
the transition of one unfolding intermediate into the
forthcoming one. Within such an unfolding step a
structural segment of the BR molecule unfolds. The
amplitude of a force peak quantifies the strength of the
interaction that stabilizes a structural segment against
unfolding. To visualize the common unfolding inter-
mediates and steps of BR, we superimposed 100 F—D
curves recorded of BRpy, (Figure 2c) and 100 F—D curves
recorded of BRyp (Figure 2d). Both superimpositions
enhanced the force peaks that were common among
all F—D curves.>® The superimpositions of F—D curves
recorded of BRpy and BRyp did not show any consider-
able differences.

We used the worm-like chain (WLC) model to fit
every force peak (Methods) and to approximate the
contour length of the stretched and unfolded BR
polypeptide (Figure 2c,d). After having repeated this
procedure for every force peak of every F—D curve we
statistically analyzed the positions of all force peaks
detected (Figure 3a,b). Histograms of the force peak
positions detected for the unfolding of BRpy and BRyp
showed minor differences. Student's t-tests revealed
that none of these differences were statistically signifi-
cant (Table 1). This suggests that the unfolding inter-
mediates that were assigned by the force peaks did not
differ from both preparations. We conclude that the
stable structural segments forming the unfold-
ing intermediates of BR did not depend on whether
the membrane protein was embedded in the native
purple membrane or in lipid nanodiscs.

We used the average contour lengths to assign the
stable structural segments that established unfolding
intermediates of the BR structure (Figure 4a,b). The
contour length of every unfolding force peak (Figure 3)
was used to assign the beginning of a stable structural
segment and the end of the previously unfolded struc-
tural segment.>® The stable structural segments de-
tected for both BRpy and BRyp were similar to the seg-
ments repeatedly detected before, using native purple
membrane.>*?%° This demonstrates that the unfold-
ing intermediates shaping the unfolding pathway of
BR in native purple membrane did not change upon
reconstitution of BR into nanodiscs (Figure 4c).

Next we determined the average force of every un-
folding force peak detected (Figure 3c,d). Histograms
of the average unfolding forces showed minor differ-
ences between BRpy and BRyp, which were statistically
not significant (Table 1). Because the average un-
folding forces quantify the strength of interactions that
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stabilize the unfolding intermediates of BR, this com-
parison shows that the interactions established in BR
did not depend on whether BR was embedded in the
native purple membrane or in lipid nanodiscs. How-
ever, it cannot be excluded that more sensitive SMFS
measurements in the future may allow detecting subtle
differences.

BRpy and BRyp Populate Unfolding Intermediates Similarly.
In the previous chapter we analyzed whether BR in
native purple membrane and BR reconstituted in lipid
nanodiscs show different unfolding intermediates and
whether there is a difference in the interaction strengths
stabilizing the individual unfolding intermediates. None
of these analyses revealed significant differences. How-
ever, every unfolding intermediate occurred at a cer-
tain probability, and the sequence of unfolding inter-
mediates describes a particular unfolding pathway
taken by the BR molecule. To characterize whether
BR in purple membrane and BR in lipid nanodiscs
populate unfolding intermediates and pathways dif-
ferently, we analyzed the probability for every unfold-
ing intermediate that has been reproducibly taken by
BR (Figure 4c; Table 1). The probability of every unfold-
ing intermediate was obtained from the histogram
providing the probability of single unfolding force
peaks to be detected (Figure 3a,b). To determine the
probability of a force peak described by a Gaussian
distribution, we counted the number of F—D curves
contributing a force peak to this distribution and divid-
ed it by the total number of F—D curves (Table 1).

The unfolding intermediates described by the un-
folding force peaks at contour lengths of 23, 88, 148,
and 219 aa were detected at a probability of 100%.
Therefore, they were named main unfolding inter-
mediates. Other unfolding intermediates of BR were
detected at lower probability and were named minor
unfolding intermediates. Thus, stressed at sufficiently
high mechanical force the BR molecule always took
the same main unfolding intermediates, whereas the
minor unfolding intermediates were taken less fre-
quently along the unfolding pathway. The probability
of the less frequently occurring unfolding intermediates
of BRyp showed differences compared to those of BRpy
(Table 1). However, these differences and the number of
F—D curves analyzed were too small to verify significance.””

From these results, we can conclude that, com-
pared to BR of native purple membrane, the reconsti-
tution into lipid nanodiscs did not cause BR to populate
unfolding intermediates differently. To further investi-
gate whether there is a difference in the minor unfold-
ing intermediates of BR, more sensitive SMFS methods
need to be established.

Limited Binding Probability of the C-Terminal End. The
probability of attaching the C-terminal end of a BR
molecule from purple membrane to the AFM tip was
about 10 times higher (0.5%) compared to the prob-
ability of attaching the C-terminal end of a BR molecule
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Figure 3. Probability and average force of unfolding intermediates of bacteriorhodopsin in native purple membrane (BRpy)
and of bacteriorhodopsin reconstituted in lipid nanodiscs (BRyp). Probability of force peaks detected at certain contour
lengths of BRpy; (@) and BRyp (b). Average force of force peaks detected at certain contour lengths of BRpy, (c) and BRyp (d). The
contour length of every force peak of every F—D curve (n = 100 for each BRpy and BRyp) was determined by WLC fits (see
Figure 2). Gaussian functions (red lines) were fitted to histograms to determine the average contour length of every peak
including the standard deviation (fitted contour lengths in aa are given for every peak). Gray lines in (b) and (d) are Gaussian
fits of the BRpy, reference data (a) and (c), respectively. Bin sizes of histograms were 3 aa. Student's t-tests did not reveal
significant changes between BRpy and BRyp (Table 1).

TABLE 1. Unfolding Intermediates and Force Peak Probability of BRpy and BRyp*

position of force peak (aa) average force (pN) probability (%)

unfolding intermediate localization of intermediate from N-terminal end (aa) BRpm BRyp p-value  BRpy BRyp  p-value BRpy  BRyp
1 225 B+5 23+4 0920 102428 94422 0052 100 100
2 198 3942 39+3 0706 5415 49413 0.505 75 79
3 189 51+3 51+3 085 21+7 2246 0310 76 70
4 159 88+ 2 8+2 0413 112418 105416 0310 100 100
5 144 94+ 2 94+2 0613 31£5 42+£4 0208 57 67
6 129 105+ 3 05+3 0131 213 16£3 0185 50 44
7 101 148 £3 148+3 072 49+4 33+£4 085 100 100
8 79 158 £5 158 +4 0071 9+3 12+3 0.062 34 40
9 63 175+£5 1754 0221 12+3 1242 0602 73 67
10 30 219+ 5 29+4 094 37+5 30+£5 0116 100 100
n 17 232+3 232+6 0063 7+3 5+3 0.058 42 52

“Values given are averages and standard deviations (Figure 3). p-Values give the statistical difference in the force peak positions and average forces of BRpy and BRyp as
determined by Student's t-tests. p-Values < 0.01 are considered significant.

in lipid nanodiscs (0.05%). Therefore, we had to con- AFM tip makes it challenging to obtain sufficient amounts

duct 10 times more experiments to obtain the 100 F—D
curves from BRyp in order to superimpose and analyze
them in this work (Figures 2, 3). Revealing a statistically
relevant number of F—D curves is mandatory to estab-
lish SMFS and dynamic force spectroscopy assays to
characterize membrane proteins.2*2832365839 T,
the low attachment rate of BR from nanodiscs to the
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of F—D curves. Several scenarios appear feasible to
increase the number of F—D curves recorded from
nanodiscs. Most probably the nanodisc preparation char-
acterized for our measurements also contained empty
lipid nanodiscs without inserted BR. To overcome this
problem, recombinant BR with an affinity tag could be
used to separate in a further purification step empty
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Figure 4. Stable structural segments that establish unfolding intermediates of bacteriorhodopsin. (a) Top view of the BR
trimer from the cytoplasmic surface (PDB ID 1FFB). (b) Side view of the BR monomer. Numbers without brackets indicate the
structural position (in aa) at which a force peak is assigned to the end of one stable structural stable segment and to the
beginning of the forthcoming structural segment. Numbers in brackets denote the corresponding residue (in aa) in the BR
sequence. Individual structural segments are equally colored. (c) Unfolding intermediates of BR. After attaching the AFM tip to
the C-terminal end the retracting AFM cantilever induces the mechanical unfolding of the BR molecule. In a first step the
C-terminal end is stretched (unfolding intermediate 1). At sufficiently high force the first unfolding step occurs and transfers
unfolding intermediate 1 into the unfolding intermediate 2. Within this unfolding step the structural segment highlighted in
red unfolds. Subsequent retraction of the cantilever stepwise unfolds the BR molecule and stretches the unfolded
polypeptide (unfolding intermediates 2—10). In the last unfolding step the remainder of the BR molecule is extracted from
the membrane. The sequence of unfolding steps describes the transition of one unfolding intermediate into the next one. The
sequence of all unfolding intermediates describes the unfolding pathway taken by the BR molecule. As shown in Table 1 every
unfolding intermediate of BR had a certain probability of occurring. In some cases, one or more unfolding intermediates
unfolded collectively in one unfolding step.

nanodiscs from BRyp. Furthermore, it is conceivable that functionalization of the support to favor a certain orienta-
in our preparation the nanodiscs adsorb onto the support tion of nanodiscs may increase the probability of the AFM
with a random orientation (Figure S3, SI). Therefore, the tip to attach the terminal end of the membrane protein.
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Orienting the nanodiscs may also help to reveal AFM
topographs at sufficiently high resolution to identify single
BR molecules in the nanodisc. In addition, elongating one
of the terminal ends of the membrane protein may be
helpful to improve the attachment rate to the AFM tip.

SUMMARY

In previous SMFS experiments we have investigated
whether temperature, mutations, ions, oligomeric as-
sembly, activation, or molecular compounds modify or
establish interactions that initiate the formation of new
(un)folding intermediates of membrane proteins em-
bedded in their native lipid membrane.**¢~315° S far
none of these experiments detected that a membrane
protein establishes a new unfolding intermediate or
stable structural segment. These results suggest that
the unfolding intermediates and thus the stable struc-
tural segments established within functional mem-
brane proteins are conserved.>*** However, when
changing external and internal factors modulating
the functional state and stability of a membrane protein,
it was observed that they can significantly change the
probability of detecting certain unfolding intermediates
by SMFS.2~273%31 |n most of these examples the prob-
ability of detecting an unfolding intermediate increased
with the strength of the interaction stabilizing a particular
structural segment. Thus, the interactions stabilizing
structural segments within membrane proteins depend
sensitively on the environment.

In our SMFS experiments we could not detect sig-
nificant changes of the interaction strengths stabilizing
structural segments (unfolding intermediates) of BR
embedded in purple membrane and of BR embedded
in lipid nanodiscs (Figure 3, Table 1). To some extent
this finding may be considered surprising because the
assembly of BR in purple membrane is quite different
from BR in lipid nanodiscs (Figure 1). Although our
phospholipid nanodiscs may contain residual lipids
that have been coextracted with BR from purple
membrane, the overall lipid composition of nanodiscs
certainly differs from the lipid composition surround-
ing BRin the native purple membrane. However, as the
UV/vis absorption spectrum of BR is sensitive to func-
tional alterations,* the largely unchanged absorption
spectrum suggests that the native structure and func-
tion relationship of BR was maintained upon reconsti-
tution into phospholipid nanodiscs (Figure S1, SI).
Because the functional characterization of BRpy and
BR\p reveals no significant differences, one may infer
that the inter- and intramolecular interactions within
BR change very little. From this perspective it is not
surprising that the SMFS experiments did not detect
significant changes of interactions established for BRpy,
and BRyp. Biochemical and biophysical studies showed
that BR molecules natively assembled into the BR
trimer are structurally and thermally more stable com-
pared to monomeric BR molecules.?®%2 Thus it can

ZOCHER ET AL.

be assumed that the individual BR molecule is signifi-
cantly stabilized by intermolecular interactions formed
within the native BR trimer.

In our experiments we reconstituted the BR trimer
into the lipid nanodiscs (Figure S2, SI) and did not
observe significant changes of the folding, stability,
and the interactions established in BR molecules. To
what extent this effect may be attributed to the inter-
actions stabilizing BR molecules within the BR trimer
has to be shown. Although in our experiments the
modified lipid environment of the nanodisc showed
negligible influence on the function and stability
of BR, this may not be generalized for other mem-
brane proteins. Particularly, the lipid composition of
membranes can functionally modulate membrane
proteins.>>637% Therefore, it may be too farfetched
to conclude from our results that lipid nanodiscs do
not change interactions of membrane proteins in
general. It may be more realistic to conclude that
SMFS of native membrane proteins can be conducted
from lipid membranes and from lipid nanodiscs and
that the composition of lipid nanodiscs must be
chosen carefully to maintain the native stability,
structure, and function of a particular membrane
protein.

In our experiments we could not detect significant
changes of the BR stability, unfolding intermediates,
and unfolding pathways. We therefore conclude that
membrane proteins can be reconstituted into lipid
nanodiscs to study their stability and folding using
single molecule techniques such as SMFS. One
advantage of using nanodiscs to study membrane
proteins by SMFS is that the reconstitution can be
adjusted to specific conditions required to maintain
the native structure and function relationship of the
membrane protein. The main advantage of our ap-
proach is that membrane proteins reconstituted into
nanodiscs can be handled with similar ease to water-
soluble proteins. Most importantly, membrane pro-
teins in nanodiscs can be prepared for SMFS and
investigated by SMFS similar to water-soluble proteins.
Consequently, high-resolution AFM imaging to localize
membrane proteins is not required anymore for SMFS.
This will enable performing high-throughput SMFS of
membrane proteins in nanodiscs that homogeneously
cover the SMFS support. Such high-throughput SMFS
assays may allow screening for ligands or drugs that bind
to the membrane protein of interest, e.g., molecular trans-
porters or G protein-coupled receptors.?>~2"3° Further-
more, membrane proteins might be sandwiched into
polyprotein constructs®® and characterized with ad-
vanced SMFS approaches that have been developed
and established using water-soluble proteins. Such ap-
proaches include using instrumentations that have been
developed to significantly improve force sensitivity,®”%®
time resolution,® throughput,**”%”" and thermal stability
(drift)” of the SMFS experiment and that are less well
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suited for high-resolution AFM imaging of biological
samples. Taken together, lipid nanodiscs will open new

METHODS

Expression and Purification of MSP1. Escherichia coli BL21 star
(DE3, Invitrogen, Germany) was transformed with the plasmid
containing the membrane scaffold protein 1 (MSP1) gene
(PET28b-MSP1). The MSP1 had an N-terminal 6-His affinity tag
and a tobacco etch virus protease cleavage site.'® A pre-
culture was incubated overnight in lysogeny broth medium
(supplemented with 30 xg/mL of kanamycin) and diluted 30-fold
in expression media (lysogeny broth medium, supplemented with
0.5% (w/v) glucose and 30 ug/mL kanamycin). E. coli were
grown at 37 °C with shaking (180 rpm). Expression of MSP1
was induced by adding isopropyl--p-thiogalactopyranoside to
a final concentration of 1 mM when the optical density at
A = 600 nm (ODgg) reached 1. Subsequently, the cells were
incubated under continuous shaking (180 rpm) for one hour at
37 °C before the temperature was decreased to 28 °C for an
additional 4 h. Bacteria were pelleted and stored at —20 °C.
Bacteria pellets of 1.2 L expression culture were resuspended in
50 mL of breaking buffer (300 mM NaCl, 1 protease inhibitor
tablet (Complete Protease Inhibitor Cocktail Tablet, Roche,
Germany), 1T mM phenylmethanesulfonylfuoride, 40 mM Tris-
HCI, pH 8.0). Triton X-100 was added to a final concentration of
1% (v/v). Cells were disrupted using a Labsonic homogenizer
(Braun, Germany) for 3 x 60 s and 3 x 45 s (pulse length 0.7 s)
onice. The suspension was centrifuged at 30.000g for 20 min to
separate unbroken bacteria from bacteria debris. The super-
natant was filtered (pore size 0.45 um) before loading on an
immobilized metal ion affinity chromatography column (IMAC
Sepharose 6 FF, GE Healthcare, USA). The IMAC column was
equilibrated with 5 column volumes of buffer 1 (300 mM Nadl,
40 mM Tris-HCl, 1% Triton-X100 (v/v), pH 8.0) before loading the
supernatant. The column was washed successively with 5
column volumes of buffer 1 to 4 (buffer 2: 300 mM NadCl,
50 mM cholic acid, 40 mM Tris-HCl, pH 8.9; buffer 3: 300 mM
NaCl, 40 mM Tris-HCl, pH 8.0; buffer 4: 300 mM NacCl, 50 mM
imidazole, 40 mM Tris-HCl, pH 8.0) followed by the elution of
MSP1 with elution buffer (300 mM NaCl, 300 mM imidazol,
40 mM Tris-HCl, pH 8.0). Purity of the elution fraction was
analyzed by SDS-PAGE. MSP1-containing fractions were pooled,
and glycerol was added to a final concentration of 10% (v/v) to
prevent aggregation. MSP1 was dialyzed against dialysis buffer
(300 mM NaCl, 40 mM Tris-HCl, 10% glycerol (v/v), pH 8.0) for 16 h
at 4 °C with one buffer exchange. The dialysis was performed
using Spectra/Por dialysis membranes with 10 kDa molecular
weight cutoff (Spectrum Laboratories, USA). MSP1 concentration
was determined by absorption spectroscopy using the molar
extinction coefficient at A = 280 nm (¢ =24750 M~ cm™"). MSP1
was flash frozen in liquid nitrogen and stored at —80 °C.

Preparation of BR. Purple membrane from strain H. salinarum
S9 was purified as described.”® For reconstitution of BR into
nanodiscs, purple membrane (concentration 4.5—6 mg/mL)
was mixed with an equal volume of solubilization buffer
(40 mM Na,;HPO4/KH,PO,, 7.5% (w/v) n-octyl-3-b-glucopyrano-
side (Sigma-Aldrich, Germany), pH 6.9) and incubated at 4 °C for
>2 days to extract BR from purple membrane. The solution was
centrifuged at 90.000g for 1 h to remove insoluble fragments.
The supernatant containing solubilized BR (including some
tightly bound purple membrane lipids) was used for nano-
disc reconstitution with the BR concentration being deter-
mined using the molar absorption coefficient at A = 560 nm
(e=42000M " cm™).

Reconstitution of BR into Nanodiscs. Dimyristoylphosphatidyl-
choline (Avanti Polar Lipids, USA) was added to water at a
concentration of 50 mM and solubilized by adding sodium
cholate to a final concentration of 100 mM. The detergent—lipid
mixture was sonicated for 10 min at 35 kHz and 640 W in a water
bath (Sonorex Super RK 510, Bandelin, Germany) and filtered
(pore size 0.45 um). BR was reconstituted into nanodiscs by
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doors for the characterization of membrane proteins by
SMFS.

mixing detergent-solubilized BR with MSP1 and DMPC at a
stoichiometry of 1:1:10 (molar ratio). The BR-MSP1-DMPC mix-
ture was incubated for 1 h at room temperature (~23 °C). To
remove detergent and to induce nanodisc formation, the
mixture was dialyzed overnight at room temperature against
detergent-free buffer (100 mM NaCl, 10 mM Tris, pH 7.4) at a
ratio of =1:500. Since no purification step was performed after
solubilization of BR, the nanodiscs also contained wild-type
lipids from purple membrane. The following dialysis was
performed at 4 °C for additional 2 days. The detergent-free
buffer was exchanged at least twice. Avoid photobleaching
of BR,# all reconstitution procedures were carried out in the
dark. After dialysis the aggregated material was removed by
centrifugation at 22.000g for 20 min. The supernatant was
concentrated using Amicon ultracentrifugal filter units
(Millipore, Germany, 10 kDa molecular weight cutoff) to a final
volume of 0.5 mL. BRyp complexes were purified using size-
exclusion chromatography (Superdex 200, Tricorn 10/300, GE
Healthcare, Germany) using detergent-free buffer. Elution frac-
tions with absorption maxima at 1 = 560 nm were pooled and
concentrated using ultracentrifugal filter units (Amicon, 10 kDa
molecular weight cutoff) to a final concentration of ~100 uM.
Finally, the sample was centrifuged (20 min at 22.000g). The
supernatant was stored at 4 °C until analysis.

SMFS. AFM imaging of BRpy and BRyp (Figure S3, SI) was
performed using a Nanowizard Il (JPK Instruments, Germany)
and a Multimode8 AFM (Bruker, Germany). SMFS on BRpy was
conducted using a NanoWizard Il (JPK Instruments), whereas
BRnp Was approached using a ForceRobot 300 (JPK Instruments).
The rectangular, 200 um long AFM cantilevers (OMCL-
RCB0O0PSA, Olympus, Japan) having a nominal spring constant
of ~0.05 N/m were calibrated in buffer solution using the
equipartition theorem.”>’® Spring constants determined were
within ~10% of each other. Experiments were carried out using
AFM cantilevers from the same wafer. To nonspecifically attach
the AFM tip to BR, the tip was pushed against the purple
membrane or BRyp applying a force of ~1 nN for 1 52537
Subsequent retraction of the AFM cantilever induced a mechan-
ical load that unfolded BR. While retracting the AFM cantilever
ata velocity of 528 nm/s, the cantilever deflection was recorded
to measure the force with dependence on the pulling distance.
To record F—D curves, a raster of several hundred spots was
defined. One F—D curve was recorded for every spot. In purple
membrane the distance between adjacent BR trimers corre-
sponds to ~6.2 nm.*' ~** To ensure that single BR monomers
were unfolded from intact BR trimers, the separation between
adjacent spots was set at ~20 nm for purple membrane. To
ensure that only one F—D curve per nanodisc was recorded, the
distance between adjacent spots was set at >50 nm for BRyp. All
SMFS experiments were performed using identical buffer solu-
tion (150 mM KCl, 20 mM Tris-HCl, pH 8.0) at room temperature.

Selection and Analysis of F—D Curves. First we selected F—D
curves exhibiting an overall length between 60 and 70 nm, since
they represented the complete unfolding of a BR into a fully
stretched conformation.3” Then we selected F—D curves that
corresponded to the C-terminal unfolding of BR3"* All F—D
curves were aligned using the characteristic force peak at a
contour length of 88 amino acids as reference. Every force peak
of a F—D curve was fitted using the WLC model,

ks T x\ 2 X
Fix) = —]0.25(1 —— —0.25+—
b = [ ( L) 1

where Pis the persistence length of an amino acid (0.4 nm), x the
AFM tip—sample distance (extension of the unfolded and fully
stretched polypeptide), kg the Boltzmann constant, and T the
temperature.>” The contour length L of the unfolded and fully
stretched polypeptide was obtained from fitting a force peak
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using the WLC model. Division of L by the length of an amino
acid (0.36 nm) reveals the number of unfolded and stretched
amino acids. The amplitude of a force peak denotes the strength
of interactions that stabilized a structural segment against
unfolding. Every force peak of every F—D curve was analyzed
to quantify contour length and unfolding force (Figure 3). To
determine the average force shown in histograms (Figure 3), the
average force of a particular force peak was calculated and multi-
plied by its probability of detection. This procedure gives the
average force of an unfolding force peak from all unfolding F—D
curves analyzed.

Assignment of Stable Structural Segments. The contour length
determined using the WLC model corresponds to the length of
the unfolded and stretched BR polypeptide that tethers the
AFM tip and a structural unfolding intermediate. Thus, each
force peak was used to assign the end of the previous and the
beginning of the following structural segment that stabilized BR
against unfolding.?? Some stable structural segments had to
be assumed to end or begin at the periplasmic BR surface
opposite side to the pulling AFM tip. Therefore, the so-called
“membrane compensation procedure” was applied to correct
the contour lengths.?>** To locate such a beginning of a stable
structural segment, the thickness of the membrane (~4 nm)
was added to the contour length of the corresponding force
peak. Accordingly, ~11 aa (4 nm/0.36 nm/aa) were added to the
contour length of a force peak. If the beginning of a stable
structural segment occurred within the membrane, fewer aa
were added to the contour length to locate the beginning of the
stable structural segment in the membrane.
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