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Table 2: TR-DHPE Mobility within GUVs

Dyisp” Dyspr” Dy spr”

sample (um?/s) (um?/s) fraction 1¢ (um®/s) fraction 2¢
SN 0.6 0.66 1 - -

My 1.0 0.7 0.82 2.55 0.18
Ux 2.7 2.53 1 - -

Sa 0.49 0.55 1 - -

Ma 1.43 0.87 0.64 2.48 0.36
Uap 2.9 2.54 1 - -

“Error < +0.05 um>/s. *Error = 40.05 um?/s. ¢Error = +0.05.

lipid analogues diffused faster within GUVs known to have a
liquid-disordered phase (D p = 2.7 £ 0.05 um?/s) compared to
GUYVs known to comprise a liquid-ordered phase (Do = 0.6 £
0.02 um?/s). The diffusion of TR-DHPE in the My GUVs yielded
an intermediate D value of 1.0 + 0.03 um?/s. All results are
summarized in Table 2. However, confocal analysis of GUVs
with mixed lipids suggested a phase separation of the ordered and
unordered domains (see OSM Figure 1A of the Supporting
Information for an My GUV). In an MSD analysis, molecules
with different mobility cannot be differentiated, but this can be
achieved by a so-called jump distance analysis (46). In this
analysis, the jumps performed by a molecule from frame to
frame are evaluated. The distribution of jump distances follows a
“stretched” Gaussian distribution according to eq 2 for a single
diffusive species. Panels B and D of Figure 2 show the jump
distance distributions for the neutral liquid-ordered and -dis-
ordered single-component GUVs, respectively. The distributions
could be described well by eq 2 and yielded diffusion coefficients
comparable to those from the MSD analysis (see Table 2).
However, for the jump distance distribution of the neutral My
GUYV, afit according to eq 2 did not match the data. If differently
mobile molecules or molecules with different mobility in domains
with different viscosities exist, more than one expression accord-
ing to eq 2 must be evaluated. In the case of the My GUV, we
found an excellent description of the data with two diffusion
terms according to eq 3 (Figure 2C). As suggested by the confocal
analysis of the mixed GUVs, we concluded that TR-DHPE is
moving in two different spatially separate domains exhibiting
different viscosities corresponding to two diffusion coefficients:
Dy = 0.7+ 0.02 um?/s, and D, = 2.55+ 0.7 um?/s. Since ~80%
of the jumps were observed in the more viscous liquid-ordered
and only ~20% were observed in the more liquid-disordered
domain, we can conclude that TR-DHPE localizes preferentially
in the liquid-ordered lipid domain (40). By comparing the two
diffusion constants determined in the My GUVs to the results of
the single-component GUVs, we can conclude that we observed
tracer diffusion in the two spatially separated liquid-ordered
and liquid-disordered lipid phases. This was in good agreement
with the results of ref 39, where micrometer-scale coexisting
liquid phases in GUVs of the employed composition
were detected. Unfortunately, it was not possible to visualize
the domain structure microscopically in the GUVs used
below for single-molecule imaging of TAT peptides, because of
a significant spectral overlap of the available dyes for marking the
domains and the spectrum of the employed fluorescent tracer
molecule.

Following the analysis of lipid tracer mobility in neutral
GUYVs, comparable measurements were performed for anionic
GUVs. We imaged TR-DHPE within anionic liquid-ordered (S4)
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FIGURE 2: Analysis of TR-DHPE diffusion on neutral and anionic
GUVs. (A) MSDs of TR-DHPE molecules plotted as a function of
time for neutral membranes: data from GUVs created with (a) DPPC
and cholesterol (Sy), (l) DPPC, DOPC, and cholesterol (My), and
(®) DOPC and cholesterol (Uy). (B—D) Jump distance analysis for
TR-DHPE in neutral GUVs. TR-DHPE moves more rapidly within
GUVs known to have an unordered phase with a diffusion coefficient
(D) of 2.53 + 0.05 um?/s compared to GUVs known to comprise an
ordered phase (D = 0.6 + 0.02 um?/s). In the neutral two-component
GUYV, the lipid tracer showed two diffusion components, probably
due to diffusion in the two different phases. (E) MSDs of TR-DHPE
plotted as a function of time for anionic membranes: data for GUVs
generated from (a) DPPC, cholesterol, and DPPS (S,), () DPPC,
DOPC, cholesterol, and DPPS (M,), and (®) DOPC, cholesterol,
and DOPS (Uy). (F—H) Jump distance analysis for TR-DHPE in
anionic GUVs. Here, TR-DHPE diffuses faster within GUVs
with an unordered phase with a diffusion coefficient (D) of 2.54 +
0.05 um?/s compared to GUVs, which exhibit an ordered phase
(D = 0.55 =% 0.02 um?/s).

and liquid-disordered (U,) two-component GUYVs, as well
as anionic four-component GUVs (My). We found that the
presence of the charged lipid at 15 mol % changed neither the
phase behavior nor the lipid tracer mobility considerably
(see Figure 2E—H and Table 2). The small changes that were
observed were probably due to the fact that the cholesterol mole
fraction was altered to a minor extent (40).

Confocal Imaging of TAT Peptide—GUYV Interaction.
For analyzing the general features of interaction of the TAT
peptide with the model membranes, we incubated preformed
GUVs with TAT peptides in a glucose solution. These samples
were observed for extended periods of time by confocal laser
scanning microscopy. For anionic GUVs, R-TAT fluorescence at
the GUV surface strongly increased upon incubation with 0.5 uM
rhodamine-TAT (R-TAT) within 30 min. Already after 15 min,
a distinct labeling of anionic GUVs by R-TAT could be
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FIGURE 3: Interaction of the TAT peptide with GUVs in glucose.
(A) Time series of DIC images showing the My GUVs in a glucose
solution, which were imaged in fluorescence mode for panel B.
(B) Confocal fluorescence images of the GUVs incubated with
1 uM R-TAT shown in panel A in the rhodamine channel. R-TAT
does not translocate the M, GUVs but just accumulates on the GUV
membranes. Similar results were obtained for AF-TAT and GUVs
made from all lipid mixtures used in this study.

recognized. Figure 3 shows images of exemplary M, GUVs at
time points of 5, 15, and 30 min. To simplify the detection of the
GUVs, Figure 3A displays images obtained with DIC. Figure 3B
shows the sample in the rhodamine fluorescence channel.
A surface labeling due to TAT binding could also be observed
for neutral GUVs, although the fluorescence intensity was
clearly weaker (data not shown). When the R-TAT concentration
was increased to 1 uM, a very distinct labeling of the GUVs was
already clearly visible after 9 min for anionic and neutral GUVs.
Again, the labeling of the anionic GUVs was stronger than that
of the neutral GUVs. In a final experiment, anionic GUVs were
incubated with 2 uM TAT, a concentration that was well above
the threshold found for efficient import of TAT into living
cells (10). The GUVs were already strongly fluorescent after
2 min. However, we did not detect any R-TAT fluorescence
within neutral or anionic GUVs. Obviously, the peptides were
not able to translocate across the membrane at concentrations of
up to 2 uM under the given experimental conditions.

Lateral Mobility of Single TAT Peptides on the GUV
Surface at Low Concentrations. To study the dynamics of
TAT peptides on the GUV surface, we incubated neutral
and anionic GUVs with 0.25 nM R-TAT. Single-molecule
imaging was started after incubation for 30 min. The concentra-
tion of the R-TAT was so low that single diffraction-limited
spots of R-TAT fluorescence became visible at the GUV
surface, which could well be tracked, resulting in trajectories of
TAT peptides on the GUV surface (movie S2 of the Supporting
Information and Figure 4). The small fluorescent spots
exhibited a higher mobility than the lipid tracers, so the
imaging rate was increased from 30 to 98 Hz to catch the fast
motions without blurring the single-molecule signals.

For the analysis of TAT peptide mobility on the GUV
surface based on single-particle tracking, out-of-focus signals
were sorted out using a size threshold, which was set to restrict
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FiGure 4: Single R-TAT peptides on the GUV surface (A) Sequence
of six successive movie frames illustrating the motions of R-TAT over
a time span of 0.51 s on anionic GUVs (DOPC, cholesterol, and
DOPS at a molar ratio of 0.425:0.425:0.15). The imaging frame rate
was 98 Hz, with a single-frame integration time of 10 ms. Only every
10th image of the image sequence is shown. The field of view of a
single frame was (12.2 um)>. (B) Plot of the corresponding complete
two-dimensional diffusion trajectory of the R-TAT molecule.

the analysis to diffraction-limited signals only corresponding to
single R-TAT peptide molecules in focus. As described above
for lipid tracer mobility, a MSD and a jump distance analysis of
R-TAT dynamics on the GUV surface was performed for
the various lipid compositions. The results of this analysis are
shown in Figure 5.

The MSD plot and also the jump distance histogram clearly
demonstrated a significantly higher mobility of the R-TAT
than the membrane-embedded tracer molecules in all GUV
systems examined (Figure 5 and Table 3). The mobility of
the R-TAT peptide on the GUV surface was virtually identical
for all examined GUV compositions within the precision of
the measurements, and all jump distance histograms could
well be fitted by a single diffusion component. This result
corresponded to the LSM visualization of vesicle-attached
R-TAT, which was uniform also on GUVs made from
M, and My mixtures of components (e.g., see OSM Figure 1B
of the Supporting Information). Obviously, TAT peptide
mobility was virtually independent of the lipid bilayer structure.
A distinct difference, however, was observed for the dynamics
on neutral versus anionic GUVs: TAT mobility on neutral
GUV surfaces was higher than on anionic GUVs as shown
by the average diffusion coefficient on neutral GUVs
(Dnspr = 6.2 £ 0.6 ﬂmz/s), whereas it amounted on anionic
GUVs only to a Da spr of 3.5 £ 0.6 ptmz/s.
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FIGURE 5: Analysis of R-TAT diffusion on neutral and anionic GUVs at a low concentration (0.25 nM). (A) Plot of MSD vs time for R-TAT on
neutral membranes: (o) DPPC and cholesterol (Sy), () DPPC, DOPC, and cholesterol (My), and (®) DOPC and cholesterol (Uy). (B—D) Jump
distance analysis for R-TAT in neutral GUVs for the different GUV compositions as indicated in the plots. (E) Plot of MSD vs time for of R-TAT
on anionic membranes: (o) DPPC, cholesterol, and DPPS (SA), () DPPC, DOPC, cholesterol, and DPPS (M,), and (®) DOPC, cholesterol, and
DOPS (Uy). (F—H) Jump distance analysis for R-TAT in anionic GUVs for the different GUV compositions as indicated in the plots.

The TAT peptide trajectories were considerably shorter
than those of the lipid tracers in terms of the average
number of frames, in which single molecules were observed
sequentially. This indicated a rapid exchange of TAT peptides
between solution and the surface of neutral and anionic
GUVs. Also, in experiments with neutral GUVs, the TAT
trajectories were shorter then those observed with anionic
GUVs. We assume that this was due to an increased strength
of binding of the cationic TAT to the anionic GUVs in
comparison of the neutral ones, which was already observed
in the confocal microscope. The duration of binding of the

R-TAT molecules to the GUVs was quantified by evaluating
the distribution of the trajectory lengths. These are plotted in
histogram form in Figure 6. The track length distributions
showed a rapid decrease, which was approximately exponential.
By fitting monoexponential decay functions to these binding
time distributions, we determined in the case of the neutral
GUVs an average interaction duration of 13 ms, whereas it
amounted to 20 ms in the case of the anionic GUVs.
Short trajectories are problematic for the MSD analysis,
because only relatively few data points contribute to the
calculation of the MSD at longer times, causing strong
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data fluctuation. Therefore, we used only the first five time points
to determine the diffusion constant corresponding to times up
to 50 ms.

Lateral Mobility of Single TATs on the GUV Surface at
High Concentrations. The optical analysis of R-TAT
binding to GUVs revealed that at a concentration of at
least 0.5 uM TAT peptides efficiently bind to and accumulate
on the vesicle surface, especially in the case of anionic GUVs. To
study the dynamics of TAT peptides within such a “peptide
layer”, we incubated the GUVs with up to 2 uM nonfluorescent
b-TAT supplemented with traces of R-TAT (0.1 nM).
This guaranteed that even in the presence of a high overall
TAT concentration single fluorescent TAT peptides would
still be sufficiently sparse to be discerned on the GUV surface.
Single-molecule imaging was started after incubation for
30 min. As described above, we acquired movies revealing
single-TAT peptide mobility on the GUV surface and analyzed
their mobility. We found the mobility of R-TAT peptides on
the GUV surface to be almost identical for all examined
GUYV compositions within the precision of the measurements,
and all jump distance histograms could well be fitted by a
single diffusion component. The jump distance analysis revealed
no reduction in the mobility of R-TAT in comparison to that
in the low-concentration situation (see Table 3).

DISCUSSION.

Previous detailed biophysical characterization of the
structure and interactions of PTDs within membranes
allowed important insights into the energetics of peptide
translocation and the mechanisms of penetration

Table 3: R-TAT Peptide Mobility on GUVs

0.25 nM R-TAT 0.1 nM R-TAT and 2 uM b-TAT

sample Dysp’ (um?/s) Dspr” (um?/s) Dyisp” (um’/s)  Dspr” (um?/s)

SN 6.8 5.7 5.5 5.3
Mn 5.6 4.9 5.6 4.8
Un 6.3 5.0 5.1 49
Sa 3.6 3.7 4.0 3.4
Ma 4.0 33 42 33
Ua 33 3.0 3.9 3.2

“Error = 0.5 um*/s. ?Error = 0.2 um?/s.
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processes (20, 30, 31). An especially well-studied PTD is
the TAT peptide, and its cell penetrating capabilities
have been characterized in detail (/0). Tunnemann
et al. demonstrated by in vivo translocation studies that
fluorescently TAT peptides efficiently translocate into
living cells.

Numerous studies exist on the structures, which are adopted
by PTDs in solution and in membranes, but not much is known
about their mobility on or within membranes. We studied for the
first time the dynamics of the TAT PTD on well-defined
membrane model systems using single-molecule microscopy,
which is particularly well suited to discerning possibly existing
mobility fractions. To begin, we analyzed the mobility of a lipid
tracer molecule, TR-DHPE, within GUV membranes made from
lipid mixtures known to form liquid-ordered membranes, liquid-
disordered membranes, and membrane domains. This part of the
study provided us with reference mobility values for lipids within
the employed model membranes. We found that the mobility of
TR-DHPE varied from 0.5 to 2.5 um?/s for liquid-ordered and
liquid-disordered membranes for the various lipid compositions
examined. Furthermore, we found that addition of 15 mol %
anionic lipids did not change the tracer mobility considerably.
As in approaches using FCS, we detected two different diffusion
coefficients when systems of lipids were employed, which are
known to exhibit micrometer-sized domains of different compo-
sition and mobility (39).

We observed a strong and fast labeling of the GUV surface by
TAT peptides,, which was more efficient for anionic GUVs
compared to neutral GUVs. The binding did not exhibit any
lipid domain correspondence. GUVs were labeled strongly within
minutes, but no TAT was detected within the GUYV interior.

The mobility of TAT peptides bound on the vesicle surface was
significantly higher than that of the membrane-immersed tracer
molecules and not dependent on the phase state of the model
bilayer. In contrast to the lipid mobility, the diffusion of
the cationic TAT peptides was clearly slowed in membranes
containing 15 mol % anionic lipids. Taken together, these
observations suggested that the TAT peptides were not immersed
within the viscous hydrophobic domain of the membrane but
were rather “floating” on the headgroup domain of the bilayer. In
the presence of anionic lipids in the membrane, the cationic TAT
peptides are attracted by the negatively charged lipid headgroups
causing prolonged attachments and a reduced mobility of
peptides in comparison to neutral membranes. The latter

0 10

Trajectory length

20 30

FIGURE 6: Distribution of the trajectory lengths Histograms quantifying the trajectory length of R-TAT molecules on neutral (A) and (B) anionic
GUVs. The duration of binding of the R-TAT molecules to neutral GUVs was shorter compared to that with anionic GUVs. Fits by a
monoexponential decay function indicated binding times of 13 and 20 ms for neutral and anionic GUVs, respectively.
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observation suggested a deeper incorporation of the cationic
peptide into the anionic lipid headgroup region. Quantitative
studies of TAT-mediated cell translocation of cargo molecules
suggested the existence of a limiting concentration, at which
effective penetration would occur (/0). We also detected a strong
concentration-dependent tendency of the TAT peptides to
accumulate on the model bilayers. Therefore, we studied the
peptide mobility also at a concentration at which extensive
TAT—membrane association could be observed up to a concen-
tration that would lead in cells to peptide uptake (~2 uM). Such a
situation might correspond to the situation suggested in the
carpet model of peptide translocation (47). However, we found
no significant change in TAT mobility even at TAT concentrations,
which yielded an efficient membrane staining within minutes.
This suggested that even under these conditions the TAT peptides
are still relatively diluted on the membrane and do not form pore
complexes or carpetlike structures. No glycosaminoglycans were
present in the GUV membranes, which were suggested to play a role
in mediating interactions between TAT and cell membranes (27,
22), but still a strong binding, probably due to charge interaction,
was evident. An extension of the studies presented in this paper to
antimicrobial peptides, which supposedly act by membrane pore
formation, will be most instructive.
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SUPPORTING INFORMATION AVAILABLE

A figure depicting confocal imaging of GUVs, movie 1 which
documents single-molecule imaging of TR-DHPE in a two-
component GUV, and movie 2 which documents single-molecule
imaging of R-TAT peptides in an anionic two-component
GUYV. This material is available free of charge via the Internet
at http://pubs.acs.org.
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Online supplemental material:

OSM Fig 1: Confocal imaging of GUVs

(A) Extended focus images of confocal image stacks of lipid domains in Ma GUVs labeled
with BodipyPC, which distributes into liquid-disordered lipid domains containing mostly
unsaturated DOPC. (B) In contrast to labeling by BodipyPC incubation of Mx GUVs with R-
TAT yields a uniform distribution.

OSM Fig. 1 Ciobanasu et al.



Supplemental Movie S1:
Single molecule imaging of TR-DHPE in a two-component GUV

We imaged the tracer TR-DHPE within a neutral two-component GUV
(DOPC:DPPC:cholesterol was 1:1:1). The tracer added to the lipids at a ratio of 107" mol %.
Single diffraction-limited fluorescence spots representing single TR-DHPE molecules could
be observed diffusing within the GUV membrane in the high-speed video microscope
operated at a frame rate of 30 Hz. The original video data were smoothed by a 3x3 mean
value kernel, and linearly contrast enhanced. The field of view was 12.2 x 12.2 um?.

Supplemental Movie S2:
Single molecule imaging of R-TAT peptides in an anionic two component GUV

We imaged R-TAT peptides within a neutral two-component GUV (DOPC:DPPC:cholesterol
was 1:1:1). The peptides were added at a concentration of 0.25 nM to GUVs. Single
diffraction-limited fluorescence spots representing single R-TAT peptide molecules could be
observed diffusing on the GUV membrane in the high-speed video microscope operated at a
frame rate of 100 Hz. The movie is here displayed at 30 Hz at a 3.3-fold slow motion. The
original video data were smoothed by a 3x3 mean value kernel, and linearly contrast
enhanced. The field of view was 12.2 x 12.2 ym®.



