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Using the Peptide Bp100 as a Cell-Penetrating Tool for the
Chemical Engineering of Actin Filaments within Living

Plant Cells

Kai Eggenberger,*? Christian Mink,"™ Parvesh Wadhwani,” Anne S. Ulrich,” and Peter Nick®

The delivery of externally applied macromolecules or nanopar-
ticles into living cells still represents a critically limiting step
before the full capabilities of chemical engineering can be ex-
plored. Molecular transporters such as cell-penetrating pep-
tides, peptoids, and other mimetics can be used to carry cargo
across the cellular membrane, but it is still difficult to find suit-
able sequences that operate efficiently for any particular type
of cell. Here we report that BP100 (KKLFKKILKYL-amide), origi-
nally designed as an antimicrobial peptide against plant patho-
gens, can be employed as a fast and efficient cell-penetrating
agent to transport fluorescent test cargoes into the cytosol of
walled plant cells. The uptake of BP100 proceeds slightly more
slowly than the endocytosis of fluorescent dextranes, but

Introduction

Cell-penetrating peptides (CPPs) and their synthetic analogues,
such as p-peptides or peptoids, have attracted considerable at-
tention due to their ability to deliver functionally active cargo
like RNA, DNA, drugs, antibodies, and nanoparticles into cells
in a nondestructive manner." CPPs tend to be short cationic
peptides with an amphiphilic character that are attracted by
the anionic cell surface and can eventually penetrate through
the hydrophobic lipid bilayer. Despite a lot of effort to eluci-
date the mechanism of membrane penetration, this process is
still poorly understood, yet it seems to be independent of clas-
sical receptor-mediated pathways and might, in some cases,
involve endocytosis as an initial step.”®

Most studies have concentrated on the application of CPPs
to mammalian cells and have shown that the uptake efficiency
of different peptides varies considerably with the type of cell.
With a view to the chemical engineering of plants, several con-
ventional CPPs have been explored with some success, for
example, arginine-rich TAT analogues, transportan, penetratin,
and pVec.”™ In previous work, we successfully used peptoids
to deliver a fluorescent cargo into intact, walled plant cells.!"”
Peptoids are resistant to protease degradation, which is espe-
cially important in plant cells with their huge vacuole filled
with hydrolytic enzymes. A drawback of peptoids is their diffi-
cult synthesis and the fact that they are not accessible for re-
combinant expression. We therefore explored the performance
of peptides as vehicles to introduce functional cargoes into
plant cells. Yet, it is evident that a new, optimized generation
of peptides will be required for plant cells, as they possess a
rigid wall and exhibit a very different membrane composition
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BP100 accumulates more efficiently and to much higher levels
(by an order of magnitude). The entry of BP100 can be effi-
ciently blocked by latrunculin B; this suggests that actin fila-
ments are essential to the uptake mechanism. To test whether
this novel transporter can also be used to deliver functional
cargoes, we designed a fusion construct of BP100 with the
actin-binding Lifeact peptide (MGVADLIKKFESISKEE). We dem-
onstrated that the short BP100 could transport the attached
17-residue sequence quickly and efficiently into tobacco cells.
The Lifeact construct retained its functionality as it successfully
labeled the actin bundles that tether the nucleus in the cell
center.

and intracellular trafficking machinery from animals. Having
tried out various membrane-active sequences with low effi-
ciency, the aim of our study was to test a designated plant-
compatible peptide as a novel CPP and to demonstrate its effi-
cient uptake and ability to carry a functionally relevant cargo
inside.

BP100 (KKLFKKILKYL-amide) is an antimicrobial peptide that
has been optimized against plant pathogens. Its sequence was
obtained by systematic mutation of Pep3 (WKLFKKILKVL-
amide), a hybrid peptide derived from the naturally occurring
cecropin-A (an antimicrobial peptide from the moth Hyalo-
phora cecropia) and melittin (a membrane-permeabilizing com-
ponent of bee venom)."*"* Both BP100 and Pep3 display high
antimicrobial activity against plant pathogens such as Erwinia
amylovora, Pseudomonas syringae, and Xanthomonas vesicato-
ria. They share structural similarities with some of the com-
monly used CPPs in that they are cationic and amphiphilic, but
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their potential use as a vector for cellular delivery has not
been explored.

To test BP100 as a molecular transporter, we first needed to
monitor whether the fluorescent-labeled peptide could per se
enter tobacco cells rapidly and efficiently. The next critical
question was whether it can carry a cargo along, and whether
it would affect cell viability in the long term. Actin is the cen-
tral element of the cytoskeleton and has important and highly
specific functions in eukaryotic cells. While mammalian cells
rely on actin filaments for cellular migration and cytokinesis, in
plant cells the actin cytoskeleton forms the backbone of inter-
and intracellular trafficking."® These filaments are also key
players in cell division, defense against pathogens, and the
polar transport of the plant hormone auxin.'"’'¥ These func-
tions of actin have been identified from different visualization
techniques, such as staining with fluorescent phalloidin or
fusion constructs of actin-binding proteins with fluorescent
proteins.™ These techniques have the drawback that they
either rely on fixation (in the case of fluorescent phalloidin that
otherwise cannot permeate the plasma membrane) or on ge-
netic transformation of the target cell. Thus, for in vivo imag-
ing, novel approaches that require neither fixation nor (time-
consuming) transformation and selection steps are highly de-
sirable. Actin filaments make ideal markers to study these crite-
ria, as even subtle effects on the cellular physiology would
drastically perturb the structure and functionality of the actin
network.?

We therefore combined the general aim of finding a plant-
compatible CPP with the specific need to apply this tool to
chemical engineering of actin filaments. This approach utilizes
the recently discovered actin marker peptide “Lifeact” as a
cargo, which of itself is only 17 amino acids long (MGVADLIKK-
FESISKEE).?" Lifeact was designed from an actin-binding
domain that is specific for yeasts and cannot be found in
higher eukaryotic cells. It has been successfully used as a pow-
erful marker in different target cells.”? However, so far, this ap-
proach has required genetic engineering that involves transfor-
mation and selection of the target cell. In a proof-of-principle
approach, we have fused the Lifeact sequence (as functional
cargo) to BP100 (as cell-permeating transporter); this allowed
us to visualize actin filaments in living, untransformed tobacco
BY-2 cells. To our knowledge this is not only the first time that
BP100 has been used as a cell-penetrating carrier, but also the
first time that actin filaments have been specifically targeted
for labeling by a CPP.

Results and Discussion

BP100 accumulates more rapidly and to much higher levels
than the endocytotic test cargo FD-4

We first followed the internalization of fluorescein-isothiocya-
nate (FITC)-labeled BP100 into tobacco BY-2 cells over time by
epifluorescence microscopy in combination with optical sec-
tioning by using apotome technology. This approach ensures
that the observed signal originates only from the focal plane,
and excludes potential out-of-focus fluorescence signals from
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cell-wall-bound marker that has not been internalized. The flu-
orescent signal appeared inside the vacuole shortly after the
start of incubation and intensified with time. We quantified the
uptake of BP100 as described previously and compared the
time course and amplitude of uptake with that of the fluores-
cently labeled 4-kDa dextrane (FD-4), a membrane-impermea-
ble endocytosis tracer.'** As shown in Figure 1A, FD-4 accu-

Figure 1. Individual tobacco BY-2 cells at different times after incubation
A) with the endocytosis tracer FD-4, and B) with the cell-penetrating peptide
BP100. Scale bar=20 pm.

mulates only to very low levels, whereas the signal of fluores-
cent BP100 increases steadily to a much higher plateau around
12 h after the start of incubation (Figure 1). When uptake is
plotted relative to the final value recorded after 20 h (Fig-
ure 2A), FD-4 is seen to reach the 50% level after 2 h, whereas
BP100 is transported over a much longer period (reaching half-
maximum at more than 6 h). When uptake is plotted in abso-
lute values, corrected for the concentration differences of the
two fluorophores (25 um for FD-4, 2.15 um for BP100; Fig-
ure 2B), it becomes clear that BP100 permeates to a much
higher extent than FD-4. Even after just 2 h, BP100 exceeds the
endocytosed FD-4 by a factor of 9, and after 20 h, this excess
has increased further to a factor of 14. Thus, although it
cannot be excluded that some of BP100 could enter cells
through the same endocytotic pathway that drives the uptake
of FD-4, the major part of BP100 uptake seems to occur by a
mechanism other than standard endocytotic turnover.

The uptake of BP100 is enhanced in post-cycling cells

To test whether the amount of BP100 internalized by the to-
bacco BY-2 cells depends on developmental stage, we moni-
tored uptake during different stages of the cultivation cycle
and compared it with that of the endocytosis tracer FD-4.
When the uptake (within the first interval of 2 h, and after cor-
rection for the increasing cell density) was plotted as a func-
tion of cell age, an increase was observed for both FD-4 and
BP100 that reached a plateau between four and five days after

133

www.chembiochem.org


www.chembiochem.org

BIO

A) 1204

100 L]

HEH

80

60

40

Uptake /% of final value
L,
L 2]

i

HH

20

350

=

250

200

Uptake/mean pixel brightness

0 ) 10 15 20 25

Figure 2. Time course of uptake for the cell-penetrating peptide BP100 (m)
and the endocytosis tracer FD-4 (). A) Values calculated relative to the final
value at 20 h, B) Absolute values adjusted with respect to fluorophore con-
centration in the incubation medium (25 um for FD-4, 2.15 um for BP100).
Each data point represents the mean of 178-495 individual cells from two
independent experimental series. Error bars indicate standard error: n=178-
495

subcultivation (Figure 3). However, from day 3 onwards, the
uptake of BP100 progressively exceeded that of FD-4 by about
twofold. In tobacco cell lines, a logarithmic phase of vigorous
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Figure 3. Uptake of the cell-penetrating peptide BP100 (m; 2.15 um) and the
endocytosis tracer FD-4 (e, 25 um), depending on the stage of the cultiva-
tion cycle indicated as days after subcultivation. Uptake over 2 h was quan-
tified and corrected for the increase in cell density with progression of the
culture cycle, but, unlike Figure 2, not with respect to fluorophore concen-
tration to allow both graphs to be compared. Each data point represents
the mean of 146-328 individual cells from two independent experimental
series. Error bars indicate standard error: n=146-328
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cell division is followed by a phase of post-cycling cell expan-
sions that are regulated by different auxin-signaling pathways
triggered by different receptors and conveyed by different
transduction machineries.”” In the rapidly growing BY-2 line,
the transition from the division to the expansion phase occurs
between three and four days after subcultivation. Thus, the
increased uptake of BP100 coincides with the transition from
division-dependent to expansion-driven growth and with the
switch to a different system of auxin-signaling.

The uptake of BP100 is only partially driven by endocytosis

Despite extensive research to elucidate the mechanism of
membrane penetration, this process is still poorly understood.
To probe for potential factors that influence the unknown
mechanism of BP100 uptake, we examined the effect of pH,
because it has previously been reported that low pH facilitates
protein uptake in mammalian cells.”® We incubated tobacco
BY-2 cells with both FD-4 and BP100 for 2 h in sterile culture
medium, in which the pH was either increased or decreased by
1 pH unit compared to the regular pH of 5.8. Uptake of the
endocytosis tracer FD-4 decreased by almost 50% under the
more neutral, and increased by almost 50% under the more
acidic conditions (Figure 4); this is consistent with published
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Figure 4. Changes in the uptake of FD-4 (o) and BP100 (=) in comparison to
untreated cells. Duration of incubation 2 h; pH 6.8 and 4.8: pH increased or
decreased by 1 pH unit; LatB: 500 nm latrunculin B; ory: 5 um oryzalin.

reports.”” In contrast, the uptake of BP100, although decreas-
ing similarly at the neutral pH, did not increase significantly at
the more acidic pH.

To gain insight into the role of the cytoskeleton in the inter-
nalization of FD-4 and BP100, we pretreated the tobacco cells
either with latrunculin B, an inhibitor of actin filaments, or with
oryzalin, a plant-specific inhibitor of microtubules for 12 h
overnight before probing the uptake of BP100 or FD-4 for 2 h.
Both drugs act by sequestering the monomers (in the case of
actin) or heterodimers (in the case of tubulin), thereby leading
to depolymerization of the corresponding cytoskeletal element
due to its innate turnover.”>% When uptake was quantified
after inhibitor treatment, both the endocytosis tracer FD-4 and
the fluorescent-labeled peptide BP100 were reduced by latrun-
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culin B. Surprisingly, the elimination of microtubules by oryza-
lin caused a significant increase in both FD-4 and BP100 within
the cells. According to these results, actin seems to be the
driving force for uptake, which decreased in the absence of
actin filaments. However, the finding that uptake increased
when the actin filaments remained the only cytoskeletal com-
ponent present, suggests that microtubules act as negative
regulators of uptake. This effect is independent of the molecu-
lar nature of the cargo (FD-4 or BP100), thus suggesting that it
invokes an endocytotic component of uptake that is shared by
the two cargoes. These results are therefore consistent with
published reports that, in plants, actin filaments but not micro-
tubules participate in receptor-mediated endocytosis.*'?

BP100 can be targeted to the phragmosome by using the
Lifeact motif

After successful delivery of the fluorescent marker FITC by
BP100, we explored possible applications of delivering a bio-
functional cargo, Lifeact, into tobacco cells in vivo. It has al-
ready been shown that the 17-residue sequence of Lifeact
binds to actin microfilaments upon stable expression of a
fusion construct of Lifeact and a fluorescent protein. We there-
fore designed two modular peptides (Figure 5), each harboring

RhB-BP100-Lifeact (RBL): BRBl - KKLFKKILKYL - MGVADLIKKFESISKEE
RhB-Lifeact-BP100 (RLB): RAB! - MGVADLIKKFESISKEE - KKLFKKILKYL

Figure 5. Modular design of the two test peptides, which are each com-
posed of a transport module based on the cell-permeating domain of
BP100, a functional module based on the actin-binding Lifeact motif, and a
detection module (RhB to report intracellular localization in a background,
where actin filaments are labeled by GFP). The peptide RBL was synthesized
such that the functional module at the C terminus was free to bind the actin
target, whereas the control peptide RBL should serve as a negative control,
given that the functional module is masked on both sides.

a transport module based on the CPP BP100, a functional
module based on the actin-binding Lifeact motif, plus a detec-
tion module (Rhodamin B (RhB) to report intracellular localiza-
tion in a background, where actin filaments are labeled by
green fluorescent protein (GFP)). The two peptides differed in
the sequence of these three modules. In RBL (RhB-BP100-Life-
act), the Lifeact sequence was exposed freely at the C termi-
nus, whereas in RLB (RhB-Lifeact-BP100) the Lifeact motif was
masked by Rhodamin B at the N terminus and BP100 at the
C terminus. While both peptides are assumed to be able to
enter tobacco BY-2 cells, only the freely exposed Lifeact motif
of the RBL peptide should be able to bind to actin filaments.
The RLB peptide, in which Lifeact is placed between the trans-
porter sequence and the fluorescent label, would be expected
to serve as a negative control.

In the rapidly cycling BY-2 cells, actin is organized into two
major structures: a fine mesh of cortical actin is found adjacent
to the cell wall, whereas the nucleus is tethered in the center
of the cell by a characteristic “Maltese cross” composed of
transvacuolar actin cables, the so-called phragmosome. These
actin structures not only differ functionally, but also with re-
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spect to their accessory proteins.®™ For instance, the actin ca-

bles of the phragmosome are decorated with the plant-specific
microtubule motor KCH, which crosslinks actin filaments to
microtubules.®”

Both 28-residue-peptide constructs were able to enter the
cells rapidly, but their intracellular distribution differed com-
pletely. Whereas the RLB control peptide accumulated in the
vacuole and was excluded from the actin cables of the phrag-
mosome (Figure 6), the RBL construct localized in transvacuolar
strands and colocalized with the actin cables of the phragmo-
some. This characteristic distribution of the peptides was ob-
served in untransformed BY-2 cells (Figure 7A), as well as in
the actin-marker line GF-11 (Figure 7B). The tight colocalization
of the RBL peptide with the GFP-tagged actin filaments in the
GF-11 line results in a yellow signal when both channels merge
(Figure 7B). Thus, the RBL peptide has been successfully tar-
geted to a subpopulation of the actin cytoskeleton, the phrag-
mosome.

We have recently demonstrated that polyguanidine peptoids
are rapidly taken up by tobacco BY-2 cells."? The immediate

darme

Figure 6. Localization of the control peptide RLB A) in individual cells of un-
transformed tobacco BY-2 cells and B) in the GF-11 line, where actin fila-
ments are visualized by a GFP-tagged actin-binding protein. dic: differential
interference contrast, rhb: signal for the RLB construct, drme: merged dic
and rhb signals; this demonstrates that the RLB peptide is able to enter the
cells, ac: signal for actin microfilaments, ar: merged actin and RLB signals;
this shows that the peptide does not colocalize with the transvacuolar actin
cables. Scale bar=20 um.
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Figure 7. Localization of the RBL peptide A) in individual cells of untrans-
formed tobacco BY-2 cells and B) in the line GF-11, where actin filaments are
visualized by a GFP-tagged actin-binding protein. Abbreviations as in Fig-
ure 6; the merged actin and RBL signals produce a yellow signal from the
strong colocalization of the peptide with the transvacuolar actin cables.
Scale bar=20 pm.

advantage of peptoids as cell-penetrating agents is their resist-
ance to protease degradation. Peptides, on the other hand,
provide a far greater versatility for sequence optimization and
a better ease of chemical and recombinant synthesis, the latter
aspect being particularly relevant when working with a pep-
tide cargo such as Lifeact. We therefore selected BP100 as a
suitable short peptide sequence that is known to be compati-
ble with plants. It was originally designed as an antimicrobial
agent against plant pathogens. Here we demonstrate, as a
second functionality, its highly efficient uptake into tobacco
cells. BP100 is found to exhibit a higher efficiency at much
lower concentrations than the cell-penetrating polyguanidine
peptoid carriers. Based on this success, if any need for pro-
tease-resistance should arise in the future, this could be real-
ized by producing the enantiomeric all-p analogue of BP100,
given that this type of peptide operates in a receptor-inde-
pendent manner at the cellular membrane.®!

In summary, BP100 has been introduced as an efficient cell-
penetrating peptide for plant cells, the first time to our knowl-
edge that actin filaments have been targeted by using a CPP.
Peptide constructs with the actin binding peptide Lifeact are
thus now available for chemical engineering of the actin cyto-
skeleton.
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Experimental Section

Peptide synthesis: All peptides were synthesized by using stan-
dard 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase peptide syn-
thesis.®® Briefly, Fmoc deprotection was carried out with piperidine
(22% v/v in DMF), and amino acid coupling was performed in DMF
by using a mixture of Fmoc-amino acid/2-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphonate (HBTU)/1-hy-
droxybenzotriazole (HOBt)/N,N-diisopropylethylamine (DIEA;
4:3.9:4:8 molar ratio). FITC or RhB was used to label the peptides
at the N terminus. The resin-bound peptide was labeled with FITC
at RT in amine-free DMF, and the mixture was allowed to react
overnight. RhB was also coupled at RT but in HOBt/HBTU/DIEA as
described above. Peptides were cleaved from the resin by using a
solution of trifluoroacetic acid (92 %, v/v), triisopropylsilane (4%, v/
v), and water (4%, v/v). The peptides were purified by HPLC with
acetonitrile/water gradients, as previously described.®’-*> Purified
peptides were characterized by analytical liquid chromatography
combined with mass spectrometry (LC-MS, for details see the Sup-
porting Information). All peptides were synthesized as C-terminal
peptide amides.

Cell lines: The tobacco cell line BY-2 (Nicotiana tabacum L. cv.
Bright Yellow 2) was cultivated in liquid medium containing Mura-
shige and Skoog salts (4.3 gL™"; Duchefa), sucrose (30gL™"),
KH,PO, (200 mgL™"), inositol (100 mgL™"), thiamine (1 mgL™"), and
2,4-dichlorophenoxyacetic acid (0.2 mgL™") at pH 5.8."! Cells were
subcultured weekly by inoculating stationary cells (1.5-2 mL) into
fresh medium (30 mL) in 100 mL Erlenmeyer flasks. The cell sus-
pensions were incubated at 25°C in the dark on an orbital shaker
(KS250 basic, IKA Labortechnik) at 150 rpm. Stock BY-2 calli were
maintained on media solidified with agar (0.8% w/v) and subcul-
tured monthly. The transgenic cell line GF11, which expresses the
actin binding domain of plant fimbrin was maintained on the
same media supplemented with hygromycin (15 mgL™").%" If not
stated otherwise, the experiments were performed at three days
after subcultivation.

Treatment of cells: For the quantification of uptake, cell suspen-
sion (50 pL) and culture medium (950 pL) were mixed in a 1.5 mL
reaction tube. If not stated otherwise, fluorescent-labeled BP100 or
the 4-kDa FITC-labeled dextrane FD-4 (Sigma-Aldrich) were added
to final concentrations of 25 um (FD-4) and 2.15 pum (BP100). These
concentrations had been found during preliminary dose-response
studies (data not shown) to be in the linear range without any in-
dications of saturation. The mixture was then incubated with con-
tinuous shaking for specified time intervals ranging from 30 min to
20 h. After incubation, the cells were transferred into custom-made
staining chambers by using a nylon mesh of 70 um pore width to
allow easy drainage of the fluorescent markers, thoroughly rinsed
with sterile culture medium, and viewed immediately.*? For the
quantification of age-dependent uptake, aliquots (50 uL) were
taken at different time points after subcultivation and incubated
with BP100 or FD-4 for 2 h, as described above. For the inhibitor
treatments, stock solutions of latrunculinB (1 mm in DMSO;
Sigma-Aldrich), and oryzalin (10 mm in DMSO; Chem Service) were
diluted with culture medium to final concentrations of 500 nm (la-
trunculin B) or 5 pum (oryzalin) and incubated with the cells for
12 h#** After pretreatment, BP100 or FD-4 was added, and the
cells were incubated for 2 h, as described above. To investigate the
effects of pH on the uptake, cells were incubated with BP100 or
FD-4 in sterile culture medium that had been adjusted to either
pH 4.8 or 6.8. After 2 h excess BP100 and FD-4 was removed and
the cells were washed in pH-adjusted culture medium, as de-
scribed above.
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Lifeact: To test whether the fluorescent CPP fusion constructs RhB-
Lifeact-BP100 (RLB) or RhB-BP100-Lifeact (RBL; see Figure 5) are
able to label actin filaments in vivo, cell suspension (50 L) and cul-
ture medium (950 pL) were carefully mixed in a 1.5 mL reaction
tube, and the corresponding peptide was added to a final concen-
tration of 1 um, and the mixture was incubated for 12 h with con-
tinuous shaking. After incubation, the cells were washed, as de-
scribed above, and directly viewed by fluorescence microscopy. To
verify binding to actin filaments in vivo, the tobacco BY-2 cell line
GF-11 was used as reference, as it stably expresses a fusion con-
struct of the second actin binding domain (ABD2) of the Arabidop-
sis thaliana AtFim1 protein with GFP.

Microscopy and quantification of uptake: Samples were exam-
ined under an Axiolmager Z.1 microscope (Zeiss) equipped with an
ApoTome microscope slider for optical sectioning and a cooled
digital CCD camera (AxioCam MRm). For the observation of RhB,
the fluorescence filter set 43 HE (1,,=550 nm, beam splitter at
570 nm, and A.,=605 nm) was used. FITC and GFP fluorescence
were viewed through filter set 38 HE (1.,,=470 nm, beam splitter
at 495 nm, and A, =525 nm; Zeiss). The images were analyzed by
using Axio-Vision (release 4.5) software and processed for publica-
tion by using Photoshop (release 5.5, Adobe Systems).

We used the method described previously to quantify the uptake.
Briefly, time series of black-and-white images were recorded and
analyzed for each time point with the Image J software (http://
rsb.info.nih.gov/ij/). Image-acquisition parameters were standard-
ized with respect to time of exposure and adjustment of bright-
ness, contrast and gamma correction to allow for a quantitative
comparison of the uptake of BP100 and FD-4. For each individual
image, the fluorescence intensity (averaged over the cell interior
by using the freehand selection tool of the software) was mea-
sured and corrected for background brightness against a reference
area outside of the target cell and the initial concentration of fluo-
rophore. For the age-dependent uptake kinetics, the measured in-
tensity value was corrected for cell density because the number of
cells per volume increases during progression of the culture cycle.
Each data point for the uptake kinetics and the inhibitor treatment
experiments represents 136 to 495 individual cells from two to
four independent experimental series.
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