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Qi Jia, Lu Ma, Jiajie Diao, Cong Liu,* Ming Li,* and Ying Lu*

Abstract: Tracking membrane-interacting molecules and vis-
ualizing their conformational dynamics are key to under-
standing their functions. It is, however, challenging to accu-
rately probe the positions of a molecule relative to a membrane.
Herein, a single-molecule method, termed LipoFRET, is
reported to assess interplay between molecules and liposomes.
It takes advantage of FRET between a single fluorophore
attached to a biomolecule and many quenchers in a liposome.
This method was used to characterize interactions between o-
synuclein (a-syn) and membranes. These results revealed that
the N-terminus of a-syn inserts into the membrane and
spontaneously transitions between different depths. In contrast,
the C-terminal tail of a-syn is regulated by calcium ions and
floats in solution in two conformations. LipoFRET is a power-
ful tool to investigate membrane-interacting biomolecules with
sub-nanometer precision at the single-molecule level.

Liposomes are widely used as models for studying protein—
membrane interactions and for elucidating binding mecha-
nisms of drugs and antibiotics on target cells.!) In these
aspects, information about the positional changes of a site of
interest in the direction normal to the membrane (z direction)
is more important than parallel to the membrane (xy
directions) because the membranes are fluidic. Applications
of time- and ensemble-averaging techniques to these model
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systems have resulted in valuable data.” It is still challenging
to gain information about positional changes and structural
dynamics of a single membrane-interacting molecule relative
to the liposome surface, though a few techniques have been
reported to yield some information using solid-supported
lipid bilayers.”! Single-molecule fluorescent resonance energy
transfer (smFRET) can probe nanoscale movements of
fluorophore-labeled proteins on liposome surfaces,”™* but
the point-to-point energy transfer of smFRET makes it
difficult to distinguish motions in the z direction from those in
the xy directions. Herein, we developed a single-molecule
method that we term LipoFRET to resolve this challenge. We
validated the method by positioning fluorophores at different
regions relative to the membrane surface, and then applied
the method to characterize the membrane binding activity of
a-synuclein (a-syn), a key player in the pathology of
Parkinson’s disease and presynaptic vesicle homeostasis."!
Our approach yielded quantitative information about the
positions of different regions of a-syn in lipid bilayers at the
single-molecule level.

This method is based on FRET between a fluorophore
and a multitude of quenchers encapsulated in a liposome
(Figure 1a), hence the name LipoFRET. The energy transfer
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Figure 1. Principle of LipoFRET. a) A fluorophore around a liposome
full of quenchers. b) Calculated quenching efficiency against distance
for various quencher concentrations used to convert fluorescence
intensity into distance. c) Typical images of fluorophores (a-syn T72C—
Alexa555) and liposomes containing TB for the co-localization analysis.
d) Fluorophores on the outer surface (upper panel) and the inner
surface of the liposomes (lower panel). e) The green traces correspond
to fluorophores on the outer surface (upper panel) and the inner
surface of the liposomes (lower panel). The trace for liposome without
quenchers (gray lines) is also displayed for comparison. f) Histograms
of the relative fluorescent intensities. Error bars on the histograms
represent the statistical error in the bins. The statistics are from 105
traces.
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kinetics k, is the sum of pairwise transfer rates k; (see
Figure S1 in the Supporting Information),®

k=S k=13 (T’ (1)
= =ty (B

i i=1 !

where 7 refers to the intrinsic lifetime of the donor, and r,,; and
r; are the Forster distance and the spatial distance between the
i™ donor—acceptor pair, respectively. The energy-transfer
efficiency is given by E=k/(t'+k,), which is used to
calculate the relative fluorescence of the donor, F/F,=1—FE,
where F| is the intrinsic fluorescence without the quenchers.

Because the mean inter-quencher distance is comparable to
the Forster distance 7, in our experiments, the quencher
solution cannot be treated as a continuous medium. We
therefore performed Monte Carlo simulation to calculate the
ensemble average of k, in Equation (1) (details are in the
Supporting Information), taking into account the fact that the
measured efficiency is an average over the exposure time of the
CCD camera, which is much longer than the lifetime of the
fluorophore. The curves in Figure 1b illustrate a few examples
resulting from the calculations. Such curves were used to
convert measured F/F, to distance with respect to the inner
surface (see the supplementary text in the Supporting Infor-
mation).”® F/F, increased steeply as the fluorophore moved
from the inner surface to outside the liposome. The region of
sensitivity shifted from around the inner bilayer to around the
outer surface as the concentration of quenchers increased from
2.5 to 10 mm. This shifting is of importance for practical
applications because the region of sensitivity of LipoFRET is
usually only a few nanometers. If necessary, one may add some
quenchers with short Forster distances” to attenuate the
fluorophore only near the inner surface to enhance the
sensitivity there (dark yellow and green lines in Figure 1b).

The fluorescence of both the donor and the liposome was
measured in a standard two-channel FRET setup following
a co-localization protocol® to make sure that the quenching is
indeed due to the quenchers in the liposome (Figure 1c¢ and
Supporting Information, Figures Slc and S2). Only donors
that could be co-localized with the liposomes were analyzed.
Many dyes,”! and even metal ions, can be used as quenchers as
long as their absorption spectra have some overlap with the
emission spectrum of the donor. The fluorescence of the
quenchers should be weak enough so that the emission from
the liposome does not interfere with the donor. In the current
work, we chose trypan blue (TB) and Cu*'-nitrilotriacetic
acid complex (Cu-NTA) as quenchers (spectrums in Fig-
ure S8 in the Supporting Information). TB is widely used in
dye exclusion assays!'"! and flow cytometry analysis.'"'l The
biological applications suggest that TB is a low-cytotoxicity
dyel™?! that is not likely to damage the liposomes. Though TB
alone was good enough for LipoFRET to detect dynamics in
some regions around the membrane, we can add Cu-NTA to
further increase the sensitivity near the inner surface of the
liposome (green line in Figure 1b). Cu-NTA was previously
used in a transition-metal ion FRET approach to probe the
configuration dynamics of proteins.”)

The feasibility of LipoFRET was demonstrated by meas-
uring the quenching efficiency of fluorophores conjugated to
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lipid headgroups. Unilamellar liposomes were prepared and
immobilized onto a streptavidin-modified glass surface via
16:0 biotinyl-capped phosphatidylethanolamine (PE, Biotin—
PE). The liposomes were doped with Alexa Fluor 555-labeled
PE (PE-Alexa555) with 0.001 % molar fraction. The low
molar ratio ensures that a majority of the liposomes contain
one or zero fluorophores (see the supplementary text in the
Supporting Information for more details).!'® The intrinsic
fluorescence F, of PE-Alexa555 was measured on liposomes
containing PBS buffer (Supporting Information, Figure S4).
For liposomes containing 2.5 mM TB, the fluorescence of PE-
Alexa555 was significantly attenuated, as predicted by our
calculations (dark yellow line in Figure 1b). Two relative
intensities (F/F,=0.424+0.08 and 0.77 +£0.09 (mean +s.d.))
were observed, representing the fluorophores on the inner
and outer surfaces, respectively (Figure 1). The centers of the
two peaks in Figure 1e correspond to a separation of 4.5+ 1.1
(mean +s.d.) nm, consistent with the thickness of the lipid
bilayer,!' indicating that LipoFRET is precise enough to
measure the location of a single fluorophore in the lipid
bilayer.

Membrane-interacting biomolecules are usually not com-
pletely embedded in bilayers.™™ So far, no well-established
technique is able to accurately detect the positional changes
of single biomolecules in proximity to liposome membranes.
An experiment was designed to show the capability of
LipoFRET in this aspect. Single-stranded DNA (ssDNA) of
10-nucleotides in length was anchored to DOPC liposomes in
which 5mMm TB was encapsulated. The two ends of the
ssDNA segment were labeled with tetramethylrhodamine
(TAMRA) and cholesterol, respectively. The hydrophobic
CH moieties could spontaneously incorporate into the lipid
bilayer thus anchoring the DNA on the membrane.'® The
relative fluorescence F/F, of TAMRA was centered at 0.71 +
0.06, suggesting that the fluorophore was only 1.3 +£0.6 nm
above the liposome outer surface. The fluorescence intensity
of TAMRA labeling a double-stranded DNA (dsDNA) of 10-
nucleotides in length was then measured. The F/F, was 0.86 &
0.07, corresponding to a height of 3.3+1.1 nm above the
outer surface of the liposome (Figure 2). The results are in
accordance with the expectation that the floppy ssDNA is in
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Figure 2. ssDNA and dsDNA on liposomes. a) Typical traces of
TAMRA-labeled ssDNA (blue) and dsDNA (red) anchored on the
liposome with 5 mm TB. b) Intensity histograms of the fluorophores
for ssDNA (blue) and dsDNA (red). More than 50 traces were used to
build the histograms. Error bars on the histograms represent the
statistical error in the bins. c) Configurations of ssDNA and dsDNA on
liposomes.
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close proximity to the liposome surface, while the rigid
dsDNA stands upright on the surface.'”’ We also applied
LipoFRET to the LL-37 peptide and obtained similar results
as in our previous work on solid-supported lipid bilayers!
(Supporting Information, Figure S5), further demonstrating
the validation of LipoFRET.

The dynamic interplay between a-syn and the membrane
is believed to be important in mediating the function of a-syn
in synaptic vesicle trafficking and pathological aggregation.'*!
However, the function of a-syn is largely unknown, and its
conformation in the membrane is still in debate.’**!”] Lip-
osomes composed of DOPC/DOPA (7:3) were prepared and
Alexa555-labeled a-syn in PBS buffer (pH 7.4, 150 mm NaCl)
was used as the donor. As representatives, we selected three
sites in a-syn to depict the general pattern of the protein on
the liposome, which were S129 that locates in the C-terminal
flexible acidic tail, T72 in the central alpha-helix, and K10 at
the N-terminus. The relative fluorescence of T72C-Alexa555
was F/F,=0.64 £0.07, while that of S129C-Alexa555 was
0.87 £0.07 (Figure 3a,b). The intensity of T72C-Alexa555 is
consistent with our calculation (Figure 1b), assuming that a-
syn adopts a helical conformation with T72 being on the
hydrophilic side of the alpha-helix® (Figure 3a). For the site
S129, the high fluorescent intensity in Figure 3 b indicates that
this site was 2.9+ 1.5 nm higher than T72 above the outer
surface of the liposome.

The interaction of the N-terminus of a-syn with the lipid
bilayer has been intensively investigated.”” Some researchers
reported that this region is fully buried in the acyl chains by
using neutron reflectivity and bromine quenching,?**® but
others showed that the whole helix stays on the surface.?*! In
our measurements, liposomes containing 2.5 mm TB plus
50 mm Cu-NTA were used to enhance the sensitivity in the
deep region of the membrane. The fluorescence of K10C-
AlexaS55 transitioned slowly between multiple values on
a timescale of a few seconds (Figure3c and Supporting
Information, Figures S6 and S7). Although a few traces
exhibited more than three states, only three main peaks could
be clearly identified in the histogram because of the low

AleanSﬁ <

noTB $129 404 "

f 1.0 g 304 Alexa555
T 05 Omi1 T8 3200 M|
g O 104
0.0 L 0.

c no TB

304 1

Mo i J‘L_, WA .'

2.5mM TB'™* Cu-NTA
10 20 30 0 3 06 09
Time (s) FIF,

Alexa555

Figure 3. Positions of three sites of interest in a-syn. a) Typical
fluorescent traces, intensity histogram, and scheme of a-syn labeled at
T72 on a liposome. b) Results for the site $129. More than 60 traces
were used to build the histograms. c) The site K10 of a-syn transitions
between three penetration depths. The statistics were from 120 states.
Error bars on the histograms represent the statistical error in the bins.
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frequency occurrences of some states and the limited
resolution. The highest relative intensity was F/F,=0.84 +
0.06 and was located on the outer surface of the lipid bilayer.
The medium intensity, F/F,=0.68+0.07, was 1.2+0.7 nm
below the outer surface. The lowest intensity was F/F,=
0.44 +£0.07, suggesting that the position was about 3.4+
0.5 nm below the outer surface. To our knowledge, this is
the first quantitative data regarding the dynamics of the N-
terminus of o-syn in lipid membranes. Time- and ensemble-
averaging techniques, such as neutron reflectivity and trypto-
phan fluorescence quenching by bromine, showed that a-syn
penetrates the membrane by 1-1.5 nm.P"*"! We believe that
those values were just the average of the different depths
observed here.

The C-terminal tail of a-syn is likely involved in Ca®"
binding because a-syn is implicated to function in dopamine
and Ca®" signaling.?” Effects of Ca?* reported in the
literature are controversial. Some showed that Ca>* binds to
the C-terminus of a-syn and triggers a conformational change
and interaction of the C-terminus with lipid bilayers.”” But
other research showed that Ca*" binds to the anionic lipids
and weakens the o-syn membrane interaction.””) We exam-
ined the effect of Ca*" on the acidic tail of the liposome-
bound a-syn in 10 mm HEPES buffer (pH 7.4, 10 mm NaCl).
When Ca?* was added, two intensities were observed for
S129C-Alexa555 (Figure 4), which correspond to two states
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Figure 4. Calcium regulation of the a-syn C-terminal tail. a) Typical
traces. b) The intensity histograms of S129-Alexa555 in various
concentrations of Ca®" (0 to 500 pm) are compared with that in the
presence of 500 um Mg®". c) Scheme of a-syn labeled at S129 without
or with Ca®*. The statistics are from 141, 242, 227, and 229 traces at
different concentrations of Ca', respectively.

with and without a Ca*" bound, respectively. The population
of low fluorescence was smaller than that of high fluorescence
at 200 um Ca’". The ratio was reversed at 500 um Ca**. The
results are consistent with the previous observation that the
half-saturation concentration of Ca*' binding to a-syn is
about 300 um.*' In a control experiment with 500 um Mg>*
only one intensity was observed, which was almost equal to
the high-fluorescence intensity in the experiments with Ca*"
The shift of the high-fluorescence peak to lower intensity in
Figure 4b resulted from the non-specific Coulomb screening
of the C-terminal tail by Ca’". The same screening also
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manifested in the control experiment with Mg*" (bottom
panel in Figure 4b). Because of the Coulomb screening effect,
the difference in height between the two states was 1.6+
0.9nm at 200 um Ca** and 1.24+0.9nm at 500 um Ca’'.
Since Ca?" ions reduced the height of S129 to a much smaller
value (Figure 4c), we speculate a specific interaction between
the C-terminal tail and Ca®". To our knowledge, the distance
between the membrane surface and any residues in the C-
terminal tail of a-syn has not been accurately measured
before, although it has long been proposed that the negatively
charged acidic tail (residues 96-140) flaps in solution when
the N-terminus anchors onto a negatively charged lipid
bilayer. 22!

Probing the structural dynamics of proteins at lipid
membranes has been a very difficult task. We demonstrated
the feasibility of LipoFRET in quantitating the positional
changes of a site of interest in the membrane-interacting
protein not only inside but also outside the lipid membrane.
Both are crucial to understanding protein—-membrane and
protein-ligand interactions. The interplay of a-syn with
membranes has long been a subject of debate. The existence
of multiple states of a-syn in the membrane may explain why
different results were reported in the literature. The homo-
genous aqueous environment around the unstructured tail
poses an obstacle to almost any environment-dependent
methods to determine its position above the membrane.
LipoFRET is not subject to this limitation, and therefore is
suitable for the detailed characterization at the single-
molecule level in this case. Extending LipoFRET to other
applications is straightforward. For example, phospholipid
flip-flops in membranes are involved in many physiological
processes, such as cell apoptosis.*! LipoFRET may also be
used to monitor the translocation of a fluorophore-labeled
indicator through a transporter.”” LipoFRET is easy to
implement and does not require complicated instrumenta-
tion. We anticipate that LipoFRET will have widespread
applications in the study of membrane systems.
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