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Passage of Trojan Peptoids into Plant Cells
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Introduction

It has been well known for several decades, that some pep-
tides with basic amino acid residues are taken up rapidly by
mammalian cells in culture.[1–9] Initial assays suggested that
these peptides could directly traverse the plasma membrane
by an unknown mechanism, independently of classical recep-
tor-mediated pathways. Some of these peptides were discov-
ered as basic domains responsible for the translocation of nat-
urally transduced proteins and were therefore referred to as
protein transduction domains (PTDs).[10–12] They can transport
covalently attached cargo molecules of diverse chemical
nature (oligonucleotides, proteins, fluorophores, and even lipo-
somes or nanoparticles) into target cells. In parallel, many syn-
thetic peptides composed of a-amino acids have been discov-
ered or designed that mediate membrane passage. Peptides
sharing the ability to cross the membrane barrier of living cells
independently of receptor-mediated endocytosis are now con-
ventionally designated as cell-penetrating peptides.[10–12] The
most important structural features for the efficiency of CPP
uptake appear to be: 1) the short size, 2) high content of cat-
ionic residues, and 3) variable spacing between the charges. In
contrast, the backbone conformation does not seem to play a
critical role.[10–12] However, the bioavailability of CPPs is limited
by proteolysis in vivo. Therefore, short peptide mimetics with
modified backbones, carrying basic functionalities, such as

amino or guanidinium groups, might serve as a valuable alter-
native to CPPs because of their enhanced stability in vivo. Pro-
teolytically stable b peptides, for instance, have been under in-
tensive investigation during recent years,[13] and were shown
to be efficiently internalized by cultured mammalian cells.[3]

Peptoids (oligo-N-alkylglycines) are stable against proteases,
similar to b peptides, but usually are less prone to aggrega-
tion.[3, 14, 15] In contrast to both a and b peptides, the side
chains of peptoids are attached to the nitrogen atom instead
of the carbon, therefore, they lack hydrogen-bonding poten-
tial, which prevents backbone-driven aggregation and thus in-
creases bioavailability. These peptide mimetics have been suc-
cessfully synthesized and used as effective, water soluble, non-
toxic molecular transporters for intracellular drug delivery or as
molecular probes for bioconjugation.[16–21] Peptoids with guani-
dinium head groups attached to alkyl chains have also been
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Efficient drug delivery is essential for many therapeutic applica-
tions. In this context, Trojan peptoids have attracted attention
as powerful tools to deliver bioactive molecules into living
cells. Certain cell-penetrating peptides, peptide mimetics, and
peptoids have been shown to be endowed with a transport
function and the structural features of this function have been
characterized. However, most of the research has been done
by using mammalian cell cultures as model organisms and the
actual cellular mechanism of membrane passage has not been
elucidated. Plant cells, which are encased in a cellulosic cell
wall and differ in membrane composition, represent an alterna-
tive experimental system to address this issue, but so far, have
attracted only little attention for both peptide- and peptoid-
based carrier systems. Moreover, efficient delivery of nonprotei-
naceous bioactive macromolecules into living plant cells could
complement genetic engineering in biotechnological applica-
tions, such as metabolic engineering and molecular farming. In
the present study, we investigated carrier peptoids with or
without guanidinium side chains with regard to their uptake
into plant cells, the cellular mechanism of uptake, and intracel-
lular localization. We can show that in contrast to polyamine

peptoids (polylysine-like) fluorescently labeled polyguanidine
peptoids (polyarginine-like) enter rapidly into tobacco BY-2
cells without affecting the viability of these cells. A quantitative
comparison of this uptake with endocytosis of fluorescently la-
beled dextranes indicates that the main uptake of the guanidi-
nium peptoids occurs between 30–60 min after the start of in-
cubation and clearly precedes endocytosis. Dual visualization
with the endosomal marker FM4-64 shows that the intracellu-
lar guanidinium peptoid is distinct from endocytotic vesicles.
Once the polyguanidine peptoids have entered the cell, they
associate with actin filaments and microtubules. By pharmaco-
logical manipulation of the cytoskeleton we tested whether
the association with the cytoskeleton is necessary for uptake,
and observed that the actin inhibitor latrunculin B as well as
the microtubule inhibitor oryzalin impaired uptake and intra-
cellular spread of the guanidinium carrier to a certain extent.
These findings are discussed with respect to the potential
mechanisms of uptake and with respect to the potential of
Trojan peptoids as tools for metabolic engineering in plant
biotechnology.
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used to mimic peptide hormones, antibiotics, and receptor li-
gands.[16–20]

Although the general setup of the plasma membrane is sim-
ilar over the different kingdoms, differences in the composition
of both proteins and lipids do exist. For instance, lipid rafts,
specific domains of the plasma membrane where signaling
proteins are concentrated in a lipid environment that is en-
riched in saturated fatty acids, are characteristic for animal
cells, but are still a matter of debate in plant cells.[22–24] On the
other hand, the content of unsaturated fatty acids can be
strongly up-regulated in an adaptive manner in response to
environmental triggers, such as cold stress.[24] Since these
changes concern the fluidity of the plasma membrane, it is ex-
pected that they influence the uptake of Trojan peptoids.

Results and Discussion

So far, only peptide based carrier systems have been success-
fully employed in plant cells,[25] but at least to our knowledge,
the introduction of peptoid based carrier systems into plant
cells has not been attempted. This is not a matter of mere aca-
demic interest ; if Trojan peptoids can be used as tools to intro-
duce large cargoes into living plant cells, this would be of
great use for plant metabolic engineering and molecular farm-
ing applications, especially for organic precursor molecules
that are difficult to generate by means of genetic engineering.
We, therefore, ventured to study whether Trojan peptoids can
enter plant cells and, if so, by what cellular mechanism. To ad-
dress these questions we had to combine chemical approaches
(design and synthesis of fluorescently-labeled Trojan peptoids)
with molecular plant cell biology (tissue culture, fluorescently
tagged cell lines).

The peptoids were synthesized on solid phase by using a
Rink amide resin by cycles of monomer addition and washing
of unbound substrate. Peptoid TS-063 (Scheme 1 A), as a repre-
sentative of the polyamine (polylysine-like) peptoids, was ob-
tained as a red–brown solid and labeled with rhodamine with
absorption maxima at 200, 257, 354, and 547 nm. Peptoids TS-
165 (Scheme 1 B) and EB-220 (Scheme 1 C) were selected as
representatives of the polyguanidine (polyarginine-like) pep-
toids and were coupled to carboxyfluorescein and rhodamine
B, respectively.

The behavior of the three peptoids was followed over the
first 20 h after addition to tobacco BY-2 cells by epifluores-
cence microscopy in combination with optical sectioning by
using the apotome technology. This approach excludes any
fluorescent signal that does not originate from the focal plane.
By shifting the focus in the z axis through the cell it is thus
possible to record z stacks of images that are void of any non-
focal signal. This approach ensures that a fluorescent signal
collected from the interior of the cell indeed originates from
the cytoplasm and is not contaminated by nonfocal signals
from the surface of the cell. All peptoids first attached to the
apoplast before they entered the target cells (TS-165, Fig-
ure 1 A; TS-063, Figure 1 C). While this attachment was ob-
served at the same time for all three peptides, the time span
after which the first intracellular signal became detectable dif-

fered greatly. The TS-165 signal was observed to become pro-
gressively intracellular already 45 min after the first contact,
and had accumulated in almost all cells within the first 2 h
(Figure 1 A). The uptake of EB-220 was even faster and led to a
redistribution of the signal in a filamentous pattern extending
through the entire cytoplasm already within the first 20 min of
incubation (Figure 1 D). In contrast, at least 6 h incubation was
required for TS-063 before the first intracellular signal became
manifest. After 20 h incubation the TS-165 peptoid was re-
leased into the vacuole in the majority of cells (Figure 1 A).
However, at this time point only very few vesicular structures
could be detected with the TS-063 peptoid (Figure 1 C). Thus,
the two polyguanidine peptoids, TS-165 and EB-220, showed
rapid translocation into plant cells as opposed to the poly-
amine peptoid, TS-063.

To characterize the rapid uptake of polyguanidine peptoids
and its underlying mechanisms in more detail we developed a
microscopic assay to quantify the passage of the Trojan pep-
toid TS-165 in relation to the fluorescently labeled dextrane
FD-4, as inert reference cargo. TS-165 first attached to the cell
before it progressively and rapidly redistributed to the cyto-
plasm (Figure 1 A). In contrast, FD-4 was endocytotically trans-
ported into the cell from the start of incubation, however, at a
much slower pace and without the apoplastic accumulation
that was characteristic for the uptake of the Trojan peptoids
(compare Figure 1 B and 1 A). To follow the uptake of both TS-

Scheme 1. Structure of the Trojan peptoids used in this study. A) The polyly-
sine-like Trojan peptoid TS-063 was tagged with rhodamine (Rhod) as fluo-
rescent marker, B) the polyarginine-like Trojan peptoid TS-165 was tagged
with carboxyfluorescein (Fluo) as marker, and C) EB-220 was tagged with
rhodamine.
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165 and FD-4 over time we quantified the intracellular fluores-
cence intensity relative to the signal in the medium. This time
course confirmed the qualitative impression that TS-165 enters
extremely rapidly to establish a high plateau within the first
hour of incubation (Figure 2). Already after 30 min, the uptake

had reached 50 % of this plateau. In contrast, 5–10 h elapsed
before FD-4 accumulated to around 50 % of its final level. Fur-
thermore, the total amount of TS-165 fluorescence after 20 h
incubation had more than threefold increased in comparison
to the reference substance FD-4 (Figure 3).

FD-4 as hydrophilic cargo can neither pass the membrane
by diffusion nor are any carriers known that allow membrane
passage of this cargo. The uptake of FD-4, therefore, mirrors
the activity of the endocytotic machinery. Thus, the observed
time courses demonstrate very clearly that endocytosis cannot
account for the extremely rapid uptake of the polyguanidine
peptoid TS-165 into plant cells.

Figure 2. Time course of uptake for the Trojan peptoid TS-165 as compared
to the fluorescently labeled dextrane FD-4 into tobacco BY-2 cells. Each data
point represents the mean of 167 to 245 individual cells from two independ-
ent experimental series.

Figure 3. Amount of FD4 and TS-165 taken up by the cells during an incuba-
tion period of 20 h. The data points represent the mean of 227 individual
cells for FD4 and 188 individual cells for TS-165.

Figure 1. Individual tobacco BY-2 cells at different times after incubation
with: A) the Trojan peptoid TS-165, B) fluorescently labeled dextrane FD-4,
C) TS-063, or D) EB-220, in the cortical (co) plane and in the nuclear (nu)
plane of the cell. The incubation time for EB-220 was 20 min; scale bar:
20 mm.
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Once TS-165 had entered the target cell it became manifest
in form of small vesicles. To test whether these vesicles repre-
sent so-called endosomes, we counterstained the vesicles with
the fluorescent endosomal marker FM4-64[26] (Figure 4), but ob-

served that the majority of the vesicular structures labeled by
TS-165 differed from those visualized with FM4-64. Thus, only a
small fraction of TS-165 seems to be associated with classical
endosomes. To test this on the functional level, we incubated
the cells with either TS-165 or the endocytotic test cargo FD-4
in the presence of 33 mm of the endocytosis inhibitor Wort-
mannin[27] for 2 h and quantified the uptake as described
above. The uptake of TS-165 was only marginally reduced
(from a relative value of 16.3�1.9 to 14.4�0.5, i.e. , by 13 %)
whereas the uptake of FD-4 was strongly reduced (from a rela-
tive value of 11.1�0.6 to 6.8�0.6, i.e. , by 40 %); this is consis-
tent with the published values for the inhibition of endocytosis
in BY-2 cells by Wortmannin.[27]

To assess whether the vesicles labeled by TS-165 are teth-
ered to the cytoskeleton, we visualized actin filaments and mi-
crotubules in tobacco cells that had been incubated with TS-
165 (Figure 5). Optical sections through the cortical region of
tobacco BY-2 cells showed that the vesicular structures labeled
by TS-165 decorated actin filaments comparable to beads on a
string (Figure 5 A), although a part of these vesicles could not
be assigned to individual microfilaments. Similarly, cortical mi-
crotubules were decorated by TS-165 vesicles (Figure 5 B), but
again some vesicles were found without an obvious associa-
tion with microtubules. Thus, the vast majority of vesicles were
observed to be tethered to either microtubules or actin fila-
ments.

This association with the cytoskeleton might be a down-
stream event related to the storage or anchoring of Trojan
peptoids after uptake has taken place. On the other hand, it
might be relevant for the uptake process per se. We, therefore,
treated the cells with either latrunculin B, which is an inhibitor
of actin, or with oryzalin, which is a specific inhibitor of plant
microtubules. Both compounds act by sequestering either
monomers or dimers, respectively, such that the polymers are

eliminated due to their innate turnover.[28, 29] After pretreatment
of the target cells with the anticytoskeletal drugs, overnight,
we tested whether the cells were able to take up the polygua-
nidine peptoid TS-165. While both latrunculin B and oryzalin
caused a degradation of the actin filaments or microtubules in
a similar fashion, they differed in their ability to impair the pas-
sage of TS-165 into the target cells. When the inhibition of
uptake was quantified, latrunculin B was found to decrease the
uptake of TS-165 into cells by 13.6 % (from a relative value of
41.0�0.6 to 35.4�0.7), whereas oryzalin inhibited by 22.2 %
(from a relative value of 41.0�0.6 to 32.3�1.1). Thus, al-
though both actin filaments and microtubules appear to influ-
ence the uptake of Trojan peptoids, microtubules have a
slightly stronger involvement as compared to actin filaments.
These findings concur with the visual evaluation of the colocal-
ization experiments that already suggested a slightly higher
preference of the TS-165 vesicles for microtubules (Figure 5).

Our results demonstrate that Trojan peptoids are suitable
carrier systems to deliver cargoes of interest into plant cells.
While both polyamine and polyguanidine peptoids were able
to enter the cells, they differ strongly with respect to their ki-
netic properties. The size of the peptoids seems to be irrele-
vant with regard to the uptake kinetics since the slower poly-
amine peptoid TS-063 is considerably smaller than the fast poly-
guanidine peptoids TS-165 and EB-220. The uptake of the poly-
guanidyl peptoid TS-165 could be clearly delineated from re-
ceptor-mediated endocytosis, because it proceeds at a much
faster rate as compared to fluorescently labeled dextrane FD-4

Figure 4. Simultaneous visualization of the endosomal marker FM4-64 (fm)
and TS-165 (ts) and merge (me) of the two signals in the central nuclear
plane of individual tobacco BY-2 cells ; scale bar: 20 mm.

Figure 5. Dual visualization of the Trojan peptoid TS-165 with: A) actin fila-
ments, and B) microtubules; tr : signal for actin filaments (in A) and micro-ACHTUNGTRENNUNGtubules (in B); ts : signal for TS-165; me: merge of both signals ; scale bar:
20 mm.
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(Figure 2), because most of the intracellular TS-165 is localized
outside canonical endosomes (Figure 4). In addition, the
uptake of TS-165 is only marginally inhibited by the endocyto-
sis inhibitor Wortmannin, in contrast to the endocytotic test
cargo FD-4. Furthermore, the total amount of fluorescent test
cargo delivered into the cell by TS-165 over a span of 20 h is
more than three times the amount of endocytotically acquired
FD-4 (Figure 3).

The polyguanidyl peptoid TS-165 associates with both actin
filaments and microtubules (Figure 5), and this association with
the cytoskeleton is relevant for either the uptake itself or for
the recycling of the uptake machinery, since passage of TS-165
can be impaired but not disabled by inhibitors of actin and mi-
crotubule assembly. We show for the first time that, despite
the structural differences between plant and animal mem-
branes, Trojan peptoids can be used as efficient tools to per-
meate the plasma membrane of plant cells independently of
endocytosis. This indicates that the membrane passage of
these peptoids is based upon mechanisms that have been
conserved throughout evolution and that seem to be depen-
dent on the chemical nature of the peptoids rather than on
their size. To our knowledge, this is the first report for a role of
the cytoskeleton in the uptake of Trojan peptoids, and it re-
mains to be elucidated whether this represents a plant-specific
feature or whether the cytoskeleton is involved in membrane
passage in other systems as well. Future research will be dedi-
cated to the use of functionalized derivatives of Trojan pep-
toids to tailor specific metabolic reactions within tobacco cells
as a step towards metabolic engineering of pathways that are
difficult to design by means of gene technology.

Experimental Section

Synthesis and characterization of the Trojan peptoids

Synthesis of the monomeric units : For the synthesis of the mono-
meric units see refs. [17, 30, 31].

Solid-phase synthesis : Solid-phase reactions greatly facilitated the
synthesis as the growing oligomer attached to a solid support can
easily be purified from excess reactants by washing the resin with
the appropriate solvents and subsequent filtration. The protection
of free amino groups with Fmoc has been well established as this
protecting group can be quantitatively removed under mild condi-
tions in a short reaction time. Rink amide resin was chosen as a
solid support due to its stability at ambient conditions, the ease of
the first coupling step, and good cleavage conditions. Furthermore,
the reaction conditions are the same for attaching the first building
block to the resin and the following coupling cycles. After removal
of the Fmoc group that protects the amino-functionalized resin
(with 20 % piperidine in DMF), an activated Fmoc-protected mono-
mer was coupled to the solid phase via a peptide bond. In this re-
action, bromo-tris(pyrrolidino)phosphonium-hexafluoro-phosphate
(PyBrOP) was used to generate an activated ester and N,N-diisopro-
pylethylamine (DIPEA) was added to enhance the rate of ester for-
mation. For the microwave-assisted reactions HOBt and DIC were
used as coupling reagents. The Fmoc group was removed with pi-
peridine solution to yield the coupled monomer for the attach-
ment of the next building block. Coupling of the monomers to the
growing peptoid chain proceeded under the same conditions as

the attachment of the first building block to the solid support. All
reaction procedures were succeeded by repetitive washing that
ended with a solvent, in which the resin was swelled to expose its
reactive sites to the next reagents. The cycles of coupling and de-
protection were repeated until a peptoid of the desired length was
obtained. Furthermore, microwave-assisted synthesis[18] was per-
formed to shorten coupling time. For milder cleavage conditions
PL Cl-Trt-Cl resin was used. The activation and deprotection steps
were carried out as described above.

Synthesis of peptoids (general procedure A1): The amino-functional-
ized Rink amide resin (0.51 mmol, 1 equiv) was covered with five
times its volume of dichloromethane and swelled for 30 min. After
removal of the solvent, the Fmoc protection group of the linker
amine was removed by incubation with piperidine solution (20 %
in DMF, 6 mL) for 2 min. This procedure was repeated twice. For
the coupling step, the crystalline building block (1.53 mmol,
3 equiv) was added to the resin, followed by PyBrOP (1.02 mmol,
2 equiv) and DIPEA (2.04 mmol, 4 equiv). The solid was suspended
in dichloromethane (6 mL) and shaken for 24 h. Then, the solution
was removed and the resin was washed according to a standard
procedure by using a sequence of MeOH/DMF/MeOH (2 � ), THF/
MeOH/THF/MeOH/THF/pentane, dichloromethane/n-pentane (3 � )
and pentane. Finally, the resin was dried in vacuo (2 Pa) for 48 h.
Coupling of the respective monomers to the peptoid chain pro-
ceeded under identical conditions as the attachment of the first
building block to the solid support. All reaction procedures were
carried out by repetitive cycles of coupling and deprotection until
a peptoid of the desired length was obtained.

Microwave-assisted synthesis (general procedure A2): The resin
(0.264 mmol, 1 equiv) was covered with five times its volume of
dried DMF and swelled for 30 min. Meanwhile the building block
(0.422 mmol, 1.6 equiv) and DIPEA (1.69 mmol, 6.4 equiv) were
mixed in dried DMF (4 mL). After removal of the solvent the reac-
tion solution was added to the resin and shaken for 20 h. Then,
the solution was removed, and the resin was washed according to
a standard procedure by using a mixture of dichloromethane/
MeOH/DIPEA (17:2:1; 2) and by using a sequence of dichlorome-
thane/DMF/dichloromethane (5 � ). Finally, a small amount of the
resin was dried in vacuo (2 Pa) for 24 h to determine the loading
after standard protocols (loading of resin: 0.35 mmol g�1). For fur-
ther coupling steps the Fmoc protection group was removed by
incubation with piperidine solution (20 % in DMF, 3 mL) for 5 min.
This procedure was repeated twice. Then the building block
(0.21 mmol, 3 equiv), HOBt (0.21 mmol, 3 equiv), and DIC
(0.21 mmol, 3 equiv) were dissolved in DMF (2.1 mL, 0.1 m) and
added to the resin (0.07 mmol, 1 equiv). The resin was not dried
after the reactions. The reaction was performed in a CEM micro-
wave (20 min reaction time, 50 8C). All reaction procedures were
carried out by repetitive cycles of coupling and deprotection until
a peptoid of the desired length was obtained.

Attachment to the solid phase and construction of the peptoids

Hexamer at Rink amide linker :[30] As described in general procedure
A1, the Rink amide resin was treated with N-(4-tert-butoxycarbon-ACHTUNGTRENNUNGylaminobutyl)-N-(9H-fluorene-9-ylmethoxycarbonyl)amino acetic
acid. This reaction was repeated five times to obtain the resin-
bound hexamer as a beige resin in a yield of 0.19 g; loading of the
hexamer: 0.33 mmol g�1.

Nosyl-protected hexamer at Rink amide linker : As described in gen-
eral procedure A1 the Rink amide resin was treated with N-(9H-flu-
orene-9-ylmethoxy-carbonyl)-N-{6-(2’-nitrobenzenesulfonyl-amino)-
hexyl}amino acetic acid. This reaction was repeated five times to
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obtain the resin-bound hexamer as a yellow resin in a yield of
0.17 g; loading of the hexamer: 0.28 mmol g�1.

Nosyl-protected hexamer at Cl-Trt-Cl linker : As described in general
procedure A2 the Cl-Trt-Cl resin was treated with N-(9H-fluorene-9-
ylmethoxy-carbonyl)-N-{6-(2’-nitrobenzene-sulfonyl-amino)hexyl}-ACHTUNGTRENNUNGamino acetic acid. This reaction was repeated five times to obtain
the resin-bound hexamer as a yellow resin.

Labeling (general procedure B1): Prior to attaching the fluoro-
phore to peptoids, N-Fmoc-aminohexanoic acid was coupled as a
spacer to limit steric hindrance between marker and transporter.
The immobilized peptoid was first deprotected as described in
general procedure A1. This step was repeated twice. For the cou-
pling step of the spacer, N-Fmoc-aminohexanoic acid (0.25 mmol,
3 equiv) was added to the resin. PyBrOP (0.16 mmol, 2 equiv) and
DIPEA (0.33 mmol, 4 equiv) were added as activating reagents and
the suspension was gently agitated for 24 h in dichloromethane
(6 mL). Then the solvents were removed and the resin was washed
according to the standard procedure (see general procedure A1).
Finally, the resin was dried in vacuo for 48 h. After the resin was re-
swelled and deprotected with piperidine solution (as described in
general procedure A1) the fluorophores 5(6)-carboxyfluoresceine
and rhodamine B isothiocyanate (0.25 mmol, 3 equiv) were at-
tached. To activate 5(6)-carboxyfluoresceine and rhodamine B iso-
thiocyanate the fluorophores (0.25 mmol, 3 equiv) were mixed
with HOBt (0.25 mmol, 3 equiv) in a 50 mL flask, followed byACHTUNGTRENNUNGaddition of dichloromethane/DMF (1:1, v/v ; 2 mL). Then DIC
(0.25 mmol, 3 equiv) was added and the mixture was shaken for
20 min at room temperature, and was then added to the prepared
resin derived from general procedure B. The suspension was agitat-
ed for 5 h.

Microwave-assisted synthesis (general procedure B2): The immo-
bilized peptoid was first deprotected as described in general pro-
cedure A2. For the coupling step of the spacer N-Fmoc-aminohexa-
noic acid (0.21 mmol, 3 equiv), HOBt (0.21 mmol, 3 equiv), and DIC
(0.21 mmol, 3 equiv) were dissolved in DMF (2.1 mL, 0.1 m) and
added to the resin (0.07 mmol, 1 equiv). The reaction was per-
formed in a CEM microwave (20 min reaction time, 50 8C). After the
resin was washed and Fmoc deprotected, as described in general
procedure A2, rhodamine B (0.21 mmol, 3 equiv), HOBt (0.21 mmol,
3 equiv), and DIC (0.21 mmol, 3 equiv) were dissolved in DMF
(2.1 mL, 0.1 m) and added to the resin. The reaction was performed
in a CEM microwave (20 min reaction time, 50 8C).

Labeling of the immobilized peptoids with fluorophores : Prior
to attaching the label to peptoids, N-Fmoc-aminohexanoic acid
was coupled as a spacer to inhibit steric hindrance between label
and transporter.

Fluorophore-labeled hexamer :[30] As in general procedure B1 the
hexapeptoid was treated with rhodamine B isothiocyanate for 5 h,
and afterwards washed and dried as described in general proce-
dure B1; loading: 0.29 mmol g�1.

As in general procedure B1 the nosyl-protected hexapeptoid was
treated with 5(6)-carboxyfluoresceine for 5 h and afterwards
washed and dried as described in general procedure B1. TheACHTUNGTRENNUNGlabeled peptoid was obtained in a yield of 0.09 g; loading:
0.27 mmol g�1.

As in general procedure B2 the nosyl-protected hexapeptoid was
treated with rhodamine B for 30 min and afterwards washed.

Nosyl deprotection (general procedure C1): For the deprotection
of the nosyl-functionalized amino groups, the resin (0.09 mmol,
1 equiv) was covered with dichloromethane (3 vol. according to
the initial resin volume) and swelled for 30 min. After the solvent
was removed by filtration, the resin was deprotected by treatment
with a solution of 2-mercaptoethanol/DBU (0.3 m diaza-[5.4.0]-bicy-
cloundecene in 2 mL DMF). The suspension was shaken for 45 min,
the solvents were removed and the deprotection step was repeat-
ed twice. The resin was washed and dried, as outlined in general
procedure A1.

Microwave-assisted synthesis (general procedure C2): For the de-
protection of the nosyl-functionalized amino groups, the resin
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(0.07 mmol, 1 equiv) was covered with a solution of 2-mercapto-ACHTUNGTRENNUNGethanol/DBU (0.3 m diaza-[5.4.0]-bicycloundecene in 3 mL DMF).
The reaction was performed in a CEM microwave (20 min reaction
time, 50 8C). The resin was washed as outlined in general proce-
dure A2.

Guanidinylation of side-chain amines (general procedure D1):
After the nosyl deprotection of the side chain amines, as outlined
in general procedure C1, the resin was covered with five times its
volume of dichloromethane and swelled for 30 min. After removal
of the solvent, 1H-pyrazol-1-carboxamidine (1.60 mmol, 10 equiv)
was added to the resin, followed by DIPEA (1.60 mmol, 10 equiv)
and DMF (5 mL). The suspension was shaken for 24 h. The solvents
were removed and the resin was washed and dried, as outlined in
general procedure A1.

Microwave-assisted synthesis (general procedure D2): After the
nosyl deprotection of the side chain amines as outlined in general
procedure C2, the resin was covered with a solution of 1H-pyrazol-
1-carboxamidine (0.70 mmol, 10 equiv), DIPEA (0.70 mmol,
10 equiv) and DMF (2.00 mL). The reaction was performed in a
CEM microwave (20 min reaction time, 50 8C). The resin was
washed as outlined in general procedure A2.

Deprotection of the nosyl-protected side chains and treatment
with guanidine groups

Fluorophore-labeled hexamer : The nosyl-protected hexapeptoid was
deprotected as described in general procedure C1, followed by
treatment of the free amines to give the resin bound guanidine
peptoid in a yield of 0.07 g; loading: 0.32 mmol g�1.

Deprotection of the nosyl-protected side chains and treatment
with guanidine groups

Fluorophore-labeled hexamer : The nosyl-protected hexapeptoid was
deprotected as in general procedure C2, followed by treatment of
the free amines to give the resin bound guanidine peptoid.

Cleavage and isolation (general procedure E1): To cleave the
peptoid from solid support, the resin was transferred into a flask
(25 mL) and covered with a solution of TFA/TIS (95:5, v/v ; 1 mL).
The suspension was gently agitated at room temperature for 3 h

under argon atmosphere. Then, the solution was filtered, and the
resin was rinsed with TFA (2 � 3 mL). In order to isolate the product,
cold diethyl ether (50 mL, �78 8C) was added to the solution. After
gentle agitation the peptoid precipitated. It was filtered off and
dried in vacuo.

Microwave-assisted synthesis (general procedure E2): To cleave
the peptoid from solid support, the resin was covered with a solu-
tion of TFA/dichloromethane (1:99, v/v ; 2 mL). The suspension was
gently agitated at room temperature for 2 h. Then, the solution
was filtered and the resin was rinsed with cleavage solution (2 �
3 mL). In order to isolate the product, cold diethyl ether (20 mL,
�78 8C) was added to the solution; no precipitation occurred. The
solvent was evaporated and the substance was lyophilized.

Cleavage and isolation of the carriers

Rhod-{4,4,4,4,4,4}-NH2 (TS-063): As described in general procedures
A1, B1, and E1, the product was obtained as a red–brown solid;
yield: 88 mg (39 % over 9 steps). TLC: CH3CN:H2O (1:1) + TFA
(1 drop), RP-18 F254 TLC-plate; Rf = 0.42; UV/Vis (CH3OH): lmax

(log e) = 200 (4.7), 257 (3.8), 354 (3.0), 547 (4.0); MS (FAB (LR),
matrix: glycerine), m/z (%) [Norm: 899]: 1399 (76) [M�Cl]+ , 1271
(22) [M�monomer]+ , 1144 (18) [M�2 monomers+H]+ , 1016 (32)
[M�3 monomers+H]+ , 899 (100) [M�Rhod�Cl]+ , 888 (56)
[M�4 monomers+H]+ , 760 (52) [M�5 monomers+H]+ ; HR-MS
(FAB, matrix: glycerine), m/z (%): C42H87N14O7, fragment: 100
[M�Rhod�Cl]+ , calcd 899.6882; found 899.6879.

Fluo-{6G,6G,6G,6G,6G,6G}-NH2 (TS-165):[31] As described in general pro-
cedures A1–E1, the product was obtained as an orange solid;
yield: 32 mg (59 %). MS (FAB, matrix: 3-NBA), m/z (%): 1677 (1) [M]+,
1004 (9) [NH2+pentamer�H]+ , 852 (26) [NH2+tetramer+CH2N2]+ ,
810 (18) [NH2+tetramer+H]+ , 612 (10) [NH2+trimer+H]+ , 456 (20)
[NH2+dimer+CH2N2]+ , 414 (6) [NH2+dimer+H]+ , 154 (100) [Ma-
trix+H]+ . IR (drift): n= 3347 (w), 3199 (w), 2945 (w), 2866 (w), 1668
(w), 1471 (w), 1180 (w), 1137 (w), 837 (w), 802 (w), 722 (w). UV/Vis
(CH3OH): lmax, (log e) = 193 (4.9), 486 (3.5).

Rhod-{6G,6G,6G,6G,6G,6G}-OH (EB-220): As described in general proce-
dures A2–E2, the product was obtained as a red solid; crude yield:
72 mg (58 %). The substance was purified with HPLC; yield after
purification 0.44 mg with a HPLC purity of 90 %. MS (MALDI,
matrix: DHB), m/z (%): 1745 [M]+ , 1731 [M of formylated product]+;
two main signals were obtained in a ratio of 1:1 due to formylation
of one side chain during guanidinylation.
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HPLC purification of peptoids : Analytical and preparative HPLC
was performed on a chromatographic system from Jasco (Tokyo,
Japan) equipped with diode-array detector. Reversed-phase C18
analytical (4.6 � 250 mm, 5 mm) or semipreparative (10 � 250 mm,
10 mm) columns from Grace (Grace, Deerfield, IL, USA) were em-
ployed for purity assessment and purification, respectively. For
chromatographic separation of the peptoids, focused gradients
were run from 48 to 56 % at a constant temperature of 40 8C. Sol-
vent A: 0.1 % trifluoroacetic acid (TFA); B: 90 % acetonitrile in 0.1 %
TFA. The separation of the peptoids was monitored with UV detec-
tion in the range 200–650 nm and UV spectra along with MALDI-
TOF mass spectrometry were used to identify the product peaks.
Manually collected fractions of the semipreparative runs were
freeze dried and immediately used in the biological assays. Prior to
lyophilization, fraction aliquots were directly reinjected onto the
analytical column to quantify purity, which was determined byACHTUNGTRENNUNGintegration of the respective single peak area from the chromato-
grams at 220 nm.

Cell lines : The tobacco cell line BY-2 (Nicotiana tabacum L. cv.
Bright Yellow 2)[32] was cultivated in liquid medium containing Mur-
ashige and Skoog salts (4.3 g L�1; Duchefa, Haarlem, The Nether-
lands), sucrose (30 g L�1), KH2PO4 (200 mg L�1), inositol (100 mg L�1),
thiamine (1 mg L�1), and 2,4-dichlorophenoxyacetic acid
(0.2 mg L�1) at pH 5.8. Cells were subcultured weekly by inoculation
of cells in the stationary phase (1.5–2 mL) into fresh medium
(30 mL) in Erlenmeyer flasks (100 mL). Cell suspensions were incu-
bated at 25 8C in the dark on an orbital shaker (KS250 basic, IKA La-
bortechnik, Staufen, Germany) at 150 rpm. Stock BY-2 calli were
maintained on media solidified with agar (0.8 %, w/v) and subcul-
tured monthly. Transgenic cell lines and calli were maintained on
the same media supplemented with either hygromycin (15 mg L�1)
for cell line BY-2 GF-11 or kanamycin (25 mg L�1) for cell line BY-2
TuA3-GFP. All experiments were performed 4 days after subcultiva-
tion.

Treatment of cells : An aliquot (200 mL) from a four day old BY-2
cell culture was transferred to a reaction tube containing sterile
culture medium (1 mL). The Trojan peptoids (25 mm) were applied
directly onto the cells. After incubation in the dark, excess peptide
was removed and cells were washed by using fresh culture
medium. For the inhibitor treatments, stock solutions of latruncu-
lin B (Sigma, Taufkirchen, Germany) and oryzalin (Chem Service,
West Chester, PA, USA) in DMSO were diluted with culture medium
to the final concentrations (500 nm for latrunculin B, 5 mm for ory-
zalin) and incubated with the cells for 12 h.[33, 34] After pretreatment,
the Trojan peptoid TS-165 was added and the cells were then incu-
bated for 2 h, as described above. For covisualization of TS-165
and endosomal vesicles, FM4-64[26] (2 mm ; Molecular Probes, Stein-
heim, Germany) was added to the cells immediately after incuba-
tion with TS-165, and incubated for a further 5 min, as described
above. To inhibit endocytosis, cells were treated with Wortman-
nin[27] (33 mm ; Molecular Probes, Steinheim, Germany) during incu-
bation with TS-165 and FD-4.

Visualization of actin filaments : Actin filaments were visualized
after treatment with TS-165 by the method of Kakimoto and Shi-
baoka[35] modified according to Olyslaegers and Verbelen.[36] After
fixation for 10 min in paraformaldehyde (1.8 %, w/v) in standard
buffer (0.1 m PIPES, 5 mm MgCl2, 10 mm EGTA, pH 7.0), the cells
were incubated for 10 min in standard buffer containing glycerol
(1 %, v/v). Subsequently, an aliquot of the cell suspension (0.5 mL)
was incubated for 30 min with TRITC-phalloidin (0.5 mL, 0.66 mm ;
Sigma–Aldrich, Taufkirchen, Germany) freshly prepared from a
stock solution (6.6 mm in ethanol 96 %, v/v) by dilution with phos-
phate buffered saline (PBS; 0.15 m NaCl, 2.7 mm KCl, 1.2 mm

KH2PO4, 6.5 mm Na2HPO4, pH 7.2). Cells were then washed in PBS
three times for at least 5 min. To confirm the findings of TS-063
and EB-220 localization in vivo, the tobacco BY-2 cell line GF-11,
which stably expresses a fusion construct of the second actin bind-
ing domain (ABD2) of the Arabidopsis thaliana AtFim1 protein[37]

and green fluorescent protein (GFP), was used as reference.

Visualization of microtubules : After incubation with TS-165, as de-
scribed above, the cells were processed for immunofluorescence in
self-made staining chambers by using a nylon mesh of 70 mm
pore-width, as published previously.[38] This allowed fast exchange
of media and simultaneously prevented the loss of cells during
staining. After fixation for 30 min with paraformaldehyde (3.7 %,
w/v) in microtubule stabilizing buffer (MSB: 50 mm PIPES, 2 mm

EGTA, 2 mm MgSO4, 0.1 % Triton-X-100, pH 6.9) cells were washed
in PBS three times for at least 5 min each time to remove excess
paraformaldehyde. Subsequently, the cell wall was digested by
using Macerozym (1 %, w/v ; Duchefa, Haarlem, The Netherlands)
and Pectolyase (0.2 %, w/v ; Fluka, Taufkirchen, Germany) in MSB for
5 min. Again, excess enzyme was washed out for 5 min with PBS.
Unspecific binding sites were blocked for 20 min with bovine
serum albumin (BSA; 0.5 %, w/v) diluted in PBS. Directly after being
blocked, the cells were transferred into a small volume of the pri-
mary antibody. To visualize microtubules, we used a 1:250 dilution
in PBS of monoclonal mouse antibody DM1A[39] (Sigma, Taufkirch-
en, Germany), which recognizes a conserved epitope near the car-
boxy terminus of a-tubulin. This primary antibody was allowed to
bind for 1 h at 37 8C in a moist chamber to prevent desiccation of
the specimen. Immediately thereafter, unbound primary antibody
was removed by washing the cells three times for at least 5 min
each time in PBS. The sample was then incubated with a secondary
FITC-conjugated antibody targeted against mouse IgG for 1 h at
37 8C in a moist chamber. Unbound secondary antibody was re-
moved by washing with PBS. To verify our findings, we used the
BY-2 cell line TuA3–GFP expressing a fusion construct of the tobac-
co tubulin TuA3 with GFP.[40]

Microscopy and quantification of uptake : Samples were exam-
ined under an AxioImager Z.1 microscope (Zeiss, Jena, Germany)
equipped with an ApoTome microscope slider for optical section-
ing and a cooled digital CCD camera (AxioCam MRm). For the ob-
servation of TRITC fluorescence and FM4-64, filter set 43 HE (excita-
tion at 550 nm, beamsplitter at 570 nm, and emission at 605 nm)
was used. FITC and GFP fluorescence were viewed through filter
set 38 HE (excitation at 470 nm, beamsplitter at 495 nm, emission
at 525 nm; Zeiss, Jena, Germany). The images were analyzed by
using the Axio-Vision (release 4.5) software and processed for pub-
lication by using Photoshop (Adobe Systems, San Jose, CA, USA).
For the quantification of uptake, cell suspension (200 mL) and cul-
ture medium (1 mL) were mixed in a reaction tube (1.5 mL). The
Trojan peptoid TS-165 or the 4 kDa FITC-labeled dextrane FD-4
(Sigma–Aldrich, Taufkirchen, Germany) were then added to the
final concentrations (25 mm). The mixture was then incubated on
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an orbital shaker (KS250 basic, IKA Labortechnik, Staufen, Germany)
in the dark at 150 rpm for specified time intervals (ranging from
15 min to 20 h). After incubation, the cells were transferred into
self-made staining chambers by using a nylon mesh of 70 mm
pore-width to allow easy drainage of the fluorescent markers, thor-
oughly rinsed with sterile culture medium, and viewed immediate-
ly. For the quantification of uptake, time series of black and white
images were recorded and analyzed for each time point by using
the Image J software (http://rsb.info.nih.gov/ij/). Image acquisition
parameters were standardized with respect to time of exposure
and adjustment of brightness, contrast and gamma correction to
allow for quantitative comparison of the uptake of both TS-165
and FD-4. For each individual image, brightness was corrected for
background brightness from a reference area outside of the target
cells, and then the fluorescence intensity was averaged over the
cell interior by using the freehand selection tool of the software.
For each time point, 167 to 245 individual cells from two inde-
pendent experimental series were evaluated.
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