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Cationic amphiphilic polyproline helix P11LRR targets intracellular mitochondria

Li Li b,1, Iris Geisler b,1, Jean Chmielewski a,b,c, Ji-Xin Cheng a,b,c,⁎
a Weldon School of Biomedical Engineering, Purdue University, West Lafayette, IN 47907, United States
b Department of Chemistry, Purdue University, West Lafayette, IN 47907, United States
c Purdue Cancer Center, Purdue University, West Lafayette, IN 47907, United States

a b s t r a c ta r t i c l e i n f o

Article history:
Received 2 July 2009
Accepted 9 October 2009
Available online 24 October 2009

Keywords:
Cell penetrating peptide
Mitochondria
ROS
Endocytosis
Membrane translocation

We demonstrate that P11LRR, a recently developed amphiphilic polyproline, cell penetrating agent, is able to
locate inside the mitochondria of various cell lines when administrated at high concentrations.
Mitochondrial targeting was verified by confocal fluorescence co-localization of P11LRR-fluorescein with
Mitotracker Red. Elimination of mitochondrial membrane potential dramatically inhibits the localization of
P11LRR to mitochondria. Concentration-dependency experiments suggest that cellular internalization of
P11LRR occurs via two different pathways: endocytosis and direct transport. Results indicate that the latter
pathway predominates at high concentrations of P11LRR, resulting in localization of the agent to the
mitochondria. The membrane translocation pathway was further confirmed by two endocytosis inhibitors,
cytochalasin D and phenylarsine oxide, and by modulation of plasma membrane potential. The potential of
using P11LRR as a mitochondrial drug delivery vector was demonstrated through the delivery of a covalently
linked small antioxidant, dimethyltyrosine (Dmt), which allowed for the reduction of chemically induced
reactive oxygen species within the mitochondria.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The discovery of cell penetrating peptides (CPP) has enabledmany
advances toward efficient cellular delivery of membrane-imperme-
able drugs. Attachment of CPPs to hydrophilic macromolecules such
as proteins [1–3] or oligonucleotides [4–6] permits cellular uptake of
these cell-impermeable molecules. To date, nearly 30 different CPPs
have been developed [7], including peptides derived from protein
transduction domains such as penetratin [8] and Tat [9], as well as
designed and synthesized agents such as transportan [10], oligoargi-
nine [11] and model amphipathic peptides [12]. The internalization
mechanisms of CPPs have been extensively investigated. Based on live
cell studies it is generally accepted that endocytosis is the major route
[13–15].

The majority of CPPs are cationic in nature, originating from the
presence of basic amino acid residues such as arginine and lysine. The
cationic property of CPPs is believed to play a crucial role in cellular
uptake. Additionally, it has been demonstrated that hydrophobic
residues contribute substantially to membrane translocation. For
example, it has been shown that stearylation of the Tat peptide

significantly enhanced transfection of DNA into COS-7 cells [16]. In the
case of nonpeptidic oligo-guanidinium vectors, placing a tert-
butyldiphenylsilane group (TBDPS) at one terminus of the oligo-
guanidinium vectors promoted 4-fold more efficient translocation
than the vectors without this hydrophobic moiety [17]. The
incorporation of both hydrophilic and hydrophobic amino acids into
CPP sequences allows for the creation of overall amphiphilic agents.
The role of amphiphilicity in cellular internalization has been
examined in various peptide models [18–21]. Generally, the hydro-
philic region can serve to concentrate the CPPs near the cell surface
through electrostatic interactions with the negatively charged plasma
membrane components, while the hydrophobic region can assist
membrane destabilization and translocation [22].

P11LRR is such an amphiphilic agent that consists of a pre-
organized polyproline scaffolds structure functionalized with cationic
and hydrophobic moieties. The polyproline backbone allows for the
formation of a polyproline type II helix (PPII) [23]. This type of helix
contains three residues per turn with a pitch of 10 Å, thereby aligning
every third ring on the same face of the helix. The individual proline
monomers comprising the final peptide are first functionalized
through O-alkylation of the hydroxyproline monomer to provide the
necessary building blocks featuring both hydrophobic and cationic
moieties. Specifically, the hydroxyproline monomer was functiona-
lized to yield either a leucine (hydrophobic) or arginine (hydrophilic)
mimic through a number of synthetic steps [23]. Such structure grants
P11LRR-Fl amphiphilicity with controlled orientation of cationic
(blue) and hydrophobic (pink) moieties (Fig. 1). Recent studies have
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shown that P11LRR-Fl has greater internalization into cancer cells than
the well studied Tat peptide with minimal cytotoxicity [23]. However,
the internalizationmechanism and subcellular localization of P11LRR-
Fl was not specifically addressed in this earlier study.

In the present study the internalization mechanism of P11LRR-Fl
has been carefully investigated. By combining live cell imaging and
quantitative flow cytometry analysis, we demonstrate herein that
both endocytosis and direct transport are involved in cellular uptake
of P11LRR. At relatively low concentrations (e.g., 5.3 μM), endocytosis
primarily contributes to cellular uptake of P11LRR, whereas at high
concentrations (e.g., 21 µM), direct membrane transport dominates
P11LRR internalization. Moreover, the direct transport pathway
allows for efficient localization of P11LRR within mitochondria.

2. Materials and methods

2.1. Chemicals

Cell culture medium RPMI 1640, penicillin–streptomycin, Lyso-
tracker Red and Mitotracker Red CMXRos were purchased from
Invitrogen (Carlsbad, CA). Compactin, cytochalasin D (Cyto-D),
carbonylcyanide p-trifluoromethoxy phenyl-hydrazone (FCCP), fetal
bovine serum, gramicidin, mevalonate, nigericin, phenylarsine oxide
(PAO), and BCA protein assay reagent kit were purchased from Sigma

Fig. 1. Macro model and molecular structures of P11LRR-fluorescein (P11LRR-Fl). The
molecule contains three repeating units. In each unit the hydroxyproline monomer is
functionalized to incorporate either a leucine (pink) or arginine (blue) mimic. The
modified polyproline oligomers fold into a PPII helix displaying hydrophobic and
cationic faces.

Fig. 2. P11LRR localization into the mitochondria of various cell lines. After incubation with 21 µM P11LRR-Fl for 1 h KB cells (A, C), MCF-7 cells (D, F) and CHO cells (G, I), confocal
fluorescence imaging showed mitochondrial staining by P11LRR-Fl. Corresponding transmission images of multiple cells are shown in (B), (E) and (H). Overlay of P11LRR-Fl with
Mitotracker Red in (C, F, I) indicates localization of P11LRR-Fl in the mitochondria. Bar=10 μm for all images.
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(St. Louis, MO). P11LRR-fluorescein (P11LRR-Fl) and P11LRR-rhoda-
mine (P11LRR-Rh) were synthesized using the same procedure
described previously [22]. P11LRR-Dmt was synthesized by adding
Fmoc-(S)-2,6-dimethyltyrosine (Dmt) to P11LRR as the final residue
in place of a fluorophore using standard solid phase Fmoc chemistry.

2.2. Cell culture

CHO, KB, and MCF-7 cells were maintained in standard or folate-
free (for KB cells) RPMI 1640 culture media supplemented with 10%
FBS, 100U/mL penicillin, and 0.1 mg/mL streptomycin. The cells were
grown in a humidified 5% CO2 atmosphere at 37 °C. Prior to the
imaging experiment, 6×104 cells in 1 mL growth medium were
seeded on a Petri dish and incubated for 3 to 4 days until confluence.

2.3. Drug treatment

To evaluate the role of mitochondrial or plasmamembrane potential
in the mitochondrial localization of P11LRR, KB cells were pre-treated
with1 μMFCCP, 1 μMnigericinor 1 μMgramicidin in serumfreemedium
for 30 min and then incubated with P11LRR-Fl in the presence of FCCP,
nigericin or gramicidin. Endocytic inhibitors Cyto-D and PAO were used
to test the role of endocytosis in P11LRR uptake. KB cells were incubated
with 10 μMCyto-Dor5 μMPAOfor30 minand thenwith 21 μMP11LRR-

Fl in the presence of Cyto-D or PAO. For all drug treatments, after
incubation with P11LRR-Fl the cells were washed three times with PBS
and imaged by confocal fluorescence microscopy or analyzed by flow
cytometry. All incubations were done in serum free media.

2.4. Laser scanning confocal microscopy

Live cells were imaged on an inverted confocal fluorescence
microscope (Olympus, FV1000) equipped with a 60× water immer-
sion objective (Numerical aperture 1.2). Coverslip-bottomed Petri
dishes (MatTek, Ashland, MA) were used for high-resolution imaging
of cells. A 488-nm Ar+ laser was used to excite P11LRR-Fl. A 543-nm
HeNe laser was used to excite Mitotracker Red. The typical laser
power at the sample was ~80 µW. For co-localization of P11LRR-Fl
with Mitotracker Red, cells were incubated at 37 °C with 21 μM (final
concentration) P11LRR-Fl for 1 h. Cells were then washed and in-
cubated with 200nM Mitotracker Red (final concentration) for
30 min. Multicolor images were captured by high-speed frame se-
quential imaging in order to eliminate fluorescence bleed-through.

2.5. Reactive oxygen species (ROS) measurements

MCF-7 breast cancer cells were plated into a 4-well LabTek
confocal dish (VWR, NY) at 75,000 cells/well and grown for 2 days at

Fig. 3. Cellular uptake and mitochondrial targeting of P11LRR are affected by mitochondrial and plasma membrane potential. Treatment with 1 µM of FCCP (A, B), 1 µM gramicidin
(C, D) and 1 µM nigericin (E, F) significantly decreases the localization of P11LRR-Fl in the mitochondria. In the overlay images (B, D, F) the red color represents the signal of
Mitotracker Red. Bar=10 μm. (G) Flow cytometry quantification of P11LRR-Fl uptake in normal cells, FCCP, gramicidin and nigericin treated cells. (H) Effects of various
concentrations of unlabeled P11LRR on the mitochondrial membrane potential as determined by flow cytometry. The standard deviations were obtained from three independent
measurements.
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37 °C and 5% CO2 in RPMI 1640 media supplemented with 10% HIFBS.
After 2 days the media was removed and the cells were treated with
either fresh media or incubated with 40 μM P11LRR-Dmt for 2.5 h in
serum free RPMI 1640. After incubation, the cells were washed 3×
with PBS and incubated for an additional 2 h with 500 μM t-BHP
(Aldrich, WI) in serum free RPMI 1640. t-BHP was removed after 2 h
and the cells were washed 3× with PBS and labeled with 20 μM of the
ROS indicator carboxy H2-DCFDA (C-400, Invitrogen, CA) for 30 min in
PBS. After 30 min the cells were washed 3× with PBS and allowed to
recover for 30 min in fresh media at 37 °C and 5% CO2 before confocal
microscope imaging. A 488 nm laser was used for excitation (see
above). All images were obtained at equal laser intensity to allow for
direct comparison.

2.6. Flow cytometry

Cellular uptake of P11LRR-Fl was quantified by flow cytometry. The
KB cells were seeded into 12-well plates at a density of 0.5×105 cells/
well in 1 mL ofmedia and grown in a humidified 5% CO2 atmosphere at
37 °C for 3 days. Cells were incubated for 1 h in 1 mL media with
P11LRR-Fl at indicated concentrations. Following the incubation, the
cells were washed three times with PBS, gently dissociated from the
wells with 100 μL of cell dissociation solution, and then re-suspended
in 300 μL of culture medium. Cellular fluorescence was measured on a
flow cytometer (BD FACSCalibur™) with 488 nm excitation. Control
cells that were not treated with the agents were also analyzed to
determine the background fluorescence level.

3. Results and discussion

Intracellular localization of P11LRR was studied by confocal fluo-
rescence imaging of P11LRR-Fl in live cells. After incubation with
21 μMP11LRR-Fl at 37 °C for 1 h, elongated and thread-like organelles
labeled by the fluorescent peptide were observed in the cytoplasm of
majority of KB cells (Fig. 2A). The morphology of the organelles was
observed to be unlike cytosolic vesicles, but more closely resembled
mitochondria. In order to confirm that P11LRR was localized to
mitochondria, a co-localization study of P11LRR-Fl with Mitotracker
Red (a mitochondria-specific dye) was performed. The confocal
fluorescence images in Fig. 2C clearly demonstrated a high level of
co-localization of P11LRR-Fl with Mitotracker Red in KB cells,
corroborating the association of P11LRR with mitochondria. This
phenomenon was also observed in other cell types such as MCF-7 and
CHO cells, as shown in Fig. 2D–F and G–I, respectively. No
perturbation of cell morphology was found (Fig. 2B, E and H). The
same phenomenon was observed at 50 µM P11LRR (data not shown).
These results suggest that P11LRR is capable of targeting mitochon-
dria of different cell types. In order to rule out the possibility of
mitochondrial targeting due to the effect of conjugated dye, we
additionally tested rhodamine labeled P11LRR (P11LRR-Rh), which
also indicated mitochondrial localization (Fig. S1).

One of the major roles of mitochondria in cellular metabolism is the
synthesis of ATP by oxidative phosphorylation via the respiratory chain.
This process creates a transmembrane electrochemical gradient, which
includes contributions from both a membrane potential and a pH dif-
ference [24]. Therefore, lipophilic cations such as triphenylphospho-
nium cations (TPP) and rhodamine 123 can target the mitochondrial
inner membrane and accumulate in the matrix in accordance to the
negative mitochondrial transmembrane potential [25–27]. In order to
determine whether the mitochondrial transmembrane potential also
directs the localization of P11LRR to mitochondria, we treated KB cells
with FCCP, a selective decoupler of mitochondrial membrane potential.
KB cells were pre-incubated for 60 min with media containing 1 μM
FCCP todepolarizemitochondria [28]. Subsequent confocalfluorescence
imaging showed little co-localization of P11LRR-FlwithMitotracker Red
in FCCP treated cells (Fig. 3A–B), indicating a critical role of mito-

chondrial transmembrane potential in attracting P11LRR to mitochon-
dria. FCCP also decreased the cellular uptake of P11LRR-Fl by 50% as
quantified by flow cytometry (Fig. 3G).

The integrity of ATP levels was also investigated to determine if
P11LRR wouldmanipulate mitochondrial function. To this end, MCF-7
cells were incubatedwith various concentrations of unlabeled P11LRR
for 5 h followed by the determination of ATP levels using an
ApoSENSOR Assay Kit (Fig. S4). The data obtained indicated that
P11LRR has no significant effect on the overall ATP level of the cell.
Therefore, P11LRR does not seem to negatively effect mitochondrial
function. Tat was used as a negative control, as it was not expected to
have an effect on ATP levels.

The mitochondrial targeting behavior of P11LRR is consistent with
its structural properties: P11LRR features a rigid polyproline scaffold
with a pre-organized structure to systematically position cationic and
hydrophobic moieties. The guanidinium groups positioned along the
polyproline backbone allow for the display of six positive charges
within the peptide. Conceivably, these charges facilitate the move-
ment of P11LRR to mitochondria in response to the highly negative
mitochondrial transmembrane potential as shown above. Previously
reported mitochondrial targeting peptides are also rich in positive
charged residues [29–31]. The mitochondrial outer membrane is
known to be permeable to ions and solutes smaller than 6 kDa [32],
which would allow P11LRR-Fl (MW=2384) to efficiently penetrate
into the intermembrane space. The hydrophobic face of P11LRR may
facilitate the insertion of the peptide into the mitochondrial inner

Fig. 4. Concentration-dependent uptake of P11LRR-Fl. (A) Flow cytometry analysis of
internalized P11LRR-Fl (various concentrations) in KB cells after incubation for one
hour at 37 ºC. (B) Flow cytometry analysis of internalized P11LRR-Fl in KB cells after
incubation with 21 µM P11LRR-Fl for different periods of time. Confocal images show
the distribution of P11LRR-Fl in KB cells after incubating KB cells with 5.3 µM
(C) 10.5 µM (D) and 15.8 µM (E) P11LRR-Fl for one hour at 37 ºC. In (C–E) the red signal
represents Mitotracker Red.
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membrane. As supporting evidence for the strong association of
P11LRR with mitochondria, we observed that P11LRR-Fl remained
associated with mitochondria after 48 h incubation with fresh media
(Fig. S2).

To test whether the uptake of P11LRR into mitochondria could
alter the mitochondrial membrane potential, Mitotracker Red (a
potential sensitive dye) was used as an indicator of mitochondrial
membrane potential change in P11LRR treated KB cells. In this
experiment KB cells were pre-treated with unlabeled P11LRR at dif-
ferent concentrations for 5 h, followed by incubationwithMitotracker
Red for 30 min in the presence of unlabeled P11LRR. The intracellular
intensities of Mitotracker Red were measured by flow cytometry. The
results (Fig. 3H) show that P11LRR does not have a significant impact
on the mitochondrial membrane potential even at a concentration of
84 μM.

In order for P11LRR to associate withmitochondria, P11LRR should
be able to diffuse inside of the cytoplasm. Two possible pathways exist
that would allow for the internalization of P11LRR into the cytoplasm.
One being the release of P11LRR from endosomes into the cytosol after
internalization via endocytosis and followedby the peptidesmigration
to mitochondria [33]. Another pathway is the direct translocation of
P11LRR across the plasmamembrane and its diffusion tomitochondria
in response to the mitochondrial membrane potential. The direct
transport mechanism has been observed in the uptake of some cell
penetrating peptides including Tat [34]. Horton et al. have recently
demonstrated that a group of mitochondrial penetrating peptides are
able to permeate the plasma membrane in a potential-driven manner
[29]. To determine whether a direct transport mechanism exists to
assist the targeting of P11LRR to mitochondria, we modulated the
plasma membrane potential with two different agents. When KB cells
were treatedwith gramicidin, an agent that is known to depolarize the
plasma membrane [35], P11LRR-Fl is no longer observed within the
mitochondria, with remaining punctuate fluorescence suggesting
localization within cytosolic vesicles other than mitochondria
(Fig. 3C, D). Accordingly, the flow cytometry results showed 80%
decrease of P11LRR-Fl uptake (Fig. 3G). However, when KB cells were

treated with nigericin, a drug that can induce plasma membrane
hyperpolarization [36], a more diffuse signal for P11LRR-Fl was
observed inside of the cytoplasm. The treatment with nigericin also
resulted in a 3.3-fold increase in P11LRR-Fl uptake (Fig. 3G). The
dependence of P11LRR uptake on the plasma membrane potential
supports the existence of a direct transport pathway.

In order to further gain insight into the cellular internalization
mechanism of P11LRR-Fl, we have utilized flow cytometry to quantify
P11LRR-Fl accumulation inside cells at different concentrations of
administered peptide. The results showed that cellular uptake of
P11LRR-Fl was concentration-dependent and non-saturable (Fig. 4A).
A nonlinear increase of uptake was observed with increasing P11LRR-
Fl concentration. It is important to note that P11LRR-Fl uptake was
dramatically enhanced when the concentrations were above 10.5 μM.
Confocal studies indicated that P11LRR-Fl mainly localized in
cytoplasmic vesicles, such as endosomes, at concentrations as low as
5.25 μM, with no co-localization with Mitotracker Red (Fig. 4C). At
increased concentrations of 10.5 and 15.8 µM, more cells exhibited
localization of P11LRR-Fl to the mitochondria, i.e., the merged images
in Fig. 4D and E showed an increased overlap between P11LRR-Fl
(green) and Mitotracker Red (red). A kinetic analysis of the
internalization process of P11LRR-Fl at 21 μM showed progressively
increasing internalizationwith time, without reaching saturation after
5 h incubation (Fig. 4B), indicative of a direct transport mechanism.

The above concentration-dependent uptake study suggests that
both endocytosis and direct transport are involved in cellular uptake
of P11LRR. At relatively low concentration (e.g. 5.3 µM), endocytosis
makes a major contribution to the cellular uptake of P11LRR (Fig. 4C).
Interestingly, Pooga et al. recently demonstrated that CPPs are able to
cause the formation of three different endo-lysosomal vesicles, guided
by CPP characteristics, concentration and time. Efflux of CPP-cargo
complex is believed to occur, depending on time, CPP characteristics
and the pH of the vesicle formed [37]. In case of P11LRR, a majority
of the peptide remained in endosomes even after an 8 h incubation
(Fig. S3), therefore we believe that mitochondrial staining by P11LRR-
Fl is unlikely due to endosomal escape.

Fig. 5. P11LRR-Fl is able to directly translocate across the plasma membrane. (A) FACS data showing that Cyto-D and PAO treatment has a greater impact on the uptake of P11LRR-Fl
at low concentrations. The decrease of uptake in the presence of inhibitors as compared to normal cells is expressed in percentages. Both Cyto-D (B) and PAO (C) treatment does not
block the localization of P11LRR-Fl to mitochondria at a concentration of 21 µM P11LRR-Fl. Both inhibitor treated cells internalizing P11LRR-Fl are co-localized with Mitotracker Red
as shown in the overlay images placed in the corners of (B) and (C). D–F represent control experiments showing inhibition of endocytosis by Cyto-D and PAO. Confocal fluorescence
images of DiIC18 uptake in normal KB cells, Cyto-D treated and PAO treated KB cells are shown in (D), (E), and (F), respectively. KB cells in (D) were treated with 200nM DiIC18 for
15 min at 0 °C, rinsed three times with PBS and then placed back into the incubator for 1 h. KB cells in (E) and (F) were pre-treated with 10 µM Cyto-D or 5 µM PAO for 30 min at
37 °C, then treated with 200 nM DiIC18 in the presence of the endocytic inhibitors. Bar=10 µm.
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In contrast, at high concentrations (e.g. 21 µM) direct membrane
transport may dominate the P11LRR internalization, resulting in
effective localization of P11LRR-Fl in mitochondria as shown in Fig. 2.
Known inhibitors of endocytosis, cytochalasin D (Cyto-D) and
phenylarsine oxide (PAO), were used to further examine the role of
endocytosis for P11LRR-Fl administered at different concentrations.
KB cells were treated with 10 μM Cyto-D which inhibits endocytosis
by disrupting the actin cytoskeleton [38], or 5 μM PAO, a general
endocytosis inhibitor [39,40]. Quantitative flow cytometry analysis
demonstrated that cell treatment with Cyto-D and PAO lead to
decreased uptake of P11LRR-Fl at lower concentrations (Fig. 5A).
These data support the coexistence of endocytosis and direct trans-
port for P11LRR uptake as stated above. In accordance with previously
obtained flow cytometry data, the overlaid (P11LRR-Fl and Mito-
tracker Red) confocal images shown in Fig. 5B and C demonstrate that
neither Cyto-D nor PAO treatment was able to block localization of
P11LRR-Fl to mitochondria at a concentration of 21 μM. In a control
experiment the ability of Cyto-D and PAO to block endocytosis of
DiIC18 was confirmed by a significant decrease of DiIC18 internali-
zation into KB cells as shown in Fig. 5D–F.

Accumulated evidence has shown that mitochondrial damage
leads to cardiovascular disease, diabetes, and various neurodegener-
ative diseases such as Parkinson's and Alzheimer's diseases [41].
Mutations inmitochondrial DNA are also associatedwith a wide range
of human diseases such as Friedreich's ataxia and Wilson's disease
[42,43]. Currently the most often reported mitochondrial delivery
carriers are delocalized lipophilic cations such as TPP cation and
rhodamine 123 [25,44]. Delivery of non-polar molecules such as
antioxidants [45] and peptide nucleic acids (PNA) oligomers [46]
using TPP has been reported. Cell permeable Szeto–Schiller peptide
antioxidants that target the mitochondria inner membrane represent
another approach to delivering antioxidants to mitochondria [47].

The mitochondria-targeting property of P11LRR opens new
opportunities for a CPP to serve as a novel mitochondrial drug de-
livery vector. To demonstrate the use of a CPP for the delivery of small
functional molecules into the mitochondria the P11LRR derivative
P11LRR-Dmt (see Fig. 6A) was constructed. Specifically, the (S)-2,6-
dimethyltyrosine (Dmt) residue has previously been shown to be an
effective scavenger of reactive oxygen species (ROS) [48]. Therefore,
the delivery of Dmt covalently linked to P11LRR has been chosen to

Fig. 6. P11LRR-Dmt treatment leads to a decrease in ROS. (A) Chemical structure of P11LRR-Dmt. (B–G) Detection of ROS in cells treated with and without P11LRR-Dmt (40 μM,
2.5 h) using carboxy H2-DCFDA (20 μM, 30 min) for visualization of ROS generated (green channel and transmission/green channel overlays). (B) Cells treated with H2-DCFDA only
(green channel) (C) Transmission image overlaid with green channel of B. (D) Production of ROS was induced using t-butyl hydroperoxide (t-BHP) (500 μM, 2 h), ROS production
visualized using H2-DCFDA (green channel). (E) Transmission image overlaid with green channel of D. (F) Cells pre-treated with P11LRR (40 μM, 2.5 h), followed by treatment with
t-BHP and H2-DCFDA as above (green channel). (G) Transmission image overlaid with green channel of F.
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investigate the potential of P11LRR as a functional mitochondrial
delivery system. The generation of ROS inside cells can be achieved
using tert-butyl hydroperoxide (t-BHP), an agent known to lead to
increased ROS production in mitochondria [49]. Specifically, cells were
pre-treated with and without P11LRR-Dmt (40 μM, 2.5 h) before an
additional incubation of cells with t-BHP (500 μM, 2 h). The degree of
ROS production was visualized using confocal microscopy, after
treatment with H2-DCFDA (20 μM), an oxidation sensitive non-
fluorescent probe that becomes fluorescent upon oxidation by ROS
[50,51]. There was no evidence of ROS in untreated cells (Fig. 6B, C),
whereas treatmentof cellswith t-BHP led to anoticeable increase inROS
(Fig. 6D, E). Pre-incubation of cellswith P11LRR-Dmt, followed by t-BHP
treatment led to anoverall decrease of ROSgenerated (Fig. 6F, G),which
suggests a successful delivery of P11LRR-Dmt to the mitochondria.
These data further corroborate themitochondrial localization of P11LRR
and its potential use as a mitochondrial delivery agent.

4. Conclusions

The work presented herein demonstrates that a polyproline agent,
P11LRR, can targetmitochondria of various cell types. After incubation of
KB, CHO, and MCF-7 cells with P11LRR at concentrations of 21 μM or
above, P11LRR was efficiently localized in the mitochondria, verified by
co-localization of P11LRR-Fl with Mitotracker Red and P11LRR-Rh with
Mitotracker Green. The accumulation of P11LRR-Fl in mitochondria was
found to be driven by the mitochondrial transmembrane potential, and
cellular uptake of P11LRR-Fl depended on plasma membrane potential.
Concentration-dependent experiments suggest that the cellular inter-
nalization of P11LRR-Fl may involve both endocytosis and direct
transport pathways. At high concentrations thedirect transport pathway
dominates and accounts for the extensive mitochondrial localization.
Increasing plasmamembrane permeability throughmetabolic depletion
of cholesterol increased the uptake of P11LRR-Fl and also resulted in
greater accumulation of P11LRR-Fl to mitochondria. The potential of
P11LRR as a mitochondrial delivery agent was also demonstrated
through the delivery of a covalently linked small antioxidant, which
allowed for the reduction of ROS insideMCF-7 breast cancer cells. Taken
together, these results suggest the excitingpossibility of using P11LRR as
a new type of mitochondrial drug delivery vector for various cargoes.
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