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Dual Function MITO-Porter, a Nano Carrier
Integrating Both Efficient Cytoplasmic Delivery
and Mitochondrial Macromolecule Delivery

Yuma Yamada', Ryo Furukawa’, Yukari Yasuzaki' and Hideyoshi Harashima'
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Mitochondrial dysfunction is associated with a variety of
human diseases including inherited mitochondrial dis-
eases, neurodegenerative disorders, diabetes mellitus,
and cancer. Effective medical therapies for mitochon-
drial diseases will ultimately require an optimal drug
delivery system, which will likely be achieved through
innovations in the nanotechnology of intracellular traf-
ficking. To achieve efficient mitochondrial drug delivery,
two independent processes, i.e., “cytoplasmic delivery
through the cell membrane” and “mitochondrial deliv-
ery through the mitochondrial membrane” are required.
In previous studies, we developed an octaarginine (R8)
modified nano carrier for efficient cytoplasmic delivery,
showing that R8-modified liposomes were internalized
into cells efficiently. On the other hand, we also con-
structed MITO-Porter for the mitochondrial delivery of
macromolecules, a liposome-based carrier that delivers
cargos to mitochondria via membrane fusion. Here, we
report the development of a dual function MITO-Porter
(DF-MITO-Porter), based on the concept of integrating
both R8-modified liposomes and MITO-Porter. We show
that the DF-MITO-Porter effectively delivers exogenous
macro-biomolecules into the mitochondrial matrix, and
provide a demonstration of its potential use in therapies
aimed at mitochondrial DNA.
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INTRODUCTION

Mitochondrial dysfunction is implicated in a variety of human
diseases including mitochondrial inherited diseases, neurodegen-
erative disorders, diabetes mellitus, and cancer.'”* Effective medi-
cal therapies for such diseases will ultimately require an optimal
drug delivery system, which will likely be achieved through inno-
vations in the nanotechnology of intracellular trafficking. In addi-
tion, the use of therapeutic agents will be needed to overcome the
impregnable mitochondrial membrane to exert pharmacological
effects inside mitochondria. Previous studies reported that the
conjugation of mitochondrial targeting signal peptides to exog-
enous proteins and small linear DNAs enhanced their delivery to

mitochondria,'® but this strategy failed, in cases of macromol-
ecules and hydrophobic molecules, including mitochondrial DNA
and proteins.'>""

To achieve efficient mitochondrial drug delivery, two inde-
pendent processes i.e., “cytoplasmic delivery through the cell
membrane” and “mitochondrial delivery through the mitochon-
drial membrane” are required.® In previous studies, we reported
on the development of an octaarginine (R8) modified nano carrier
for efficient cytoplasmic delivery'>'® and a MITO-Porter for the
mitochondrial delivery of macromolecules.”” The former, R8 (refs.
18,19) is a synthetic peptide that mimics the trans-activating tran-
scriptional activator derived from the human immunodeficiency
virus.**?! We showed that high-density R8-modified liposomes
were internalized primarily via macropinocytosis and are effi-
ciently delivered to the cytosol, similar to an adenovirus vector.'>'¢
On the other hand, we proposed a MITO-Porter, which is differ-
ent from mitochondrial targeting signal peptide system, for mito-
chondrial delivery."” The MITO-Porter is a liposome-based nano
carrier that delivers cargos to mitochondria via membrane fusion.
Using the green fluorescence protein as a model macromolecule
and analysis by confocal laser scanning microscopy (CLSM), we
were able to confirm mitochondrial macromolecule delivery by the
MITO-Porter. We were also able to verify that the MITO-Porter
delivered cargoes to the mitochondrial matrix, which pools mito-
chondrial DNA (mtDNA), using this novel imaging method.*

A nano-carrier system which achieves both efficient cyto-
plasmic delivery and mitochondrial macromolecule delivery
could open new avenues for mitochondrial disease therapies. We
report herein on the development of a dual function MITO-Porter
(DF-MITO-Porter), which has the potential for serving as a nano-
device for mitochondrial disease therapies, based on the concept
integrating both high-density R8-modified liposomes and the con-
ventional MITO-Porter (Figure 1). The critical structural elements
of the DF-MITO-Porter include a complexed particle of cargos that
are coated with two mitochondria-fusogenic inner membranes
and two endosome-fusogenic outer membranes. Modification of
the outer envelope-surface with a high density of R8 (refs. 18,19)
greatly assists in the efficient internalization of the carriers into cells
(Lst step). Inside the cell, the carrier escapes from the endosome
into the cytosol via membrane fusion, a process that is mediated
by the outer endosome-fusogenic lipid membranes (2nd step). The
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Figure 1 Schematic diagram illustrating mitochondrial macromolecule delivery via a series of membrane fusions using dual function (DF)-
MITO-Porter. Complexed particles of cargos are coated with mitochondria-fusogenic lipid envelope (inner) and endosome-fusogenic lipid envelope
(outer). Octaarginine (R8) functions as a cell-uptake device in the outer envelope and as a mitochondrial targeting device in the inner envelope.

carrier then binds to mitochondria via R8 (3rd step) and fuses with
the mitochondrial membrane (4th step). Recent studies reported
that transcriptional activator has the ability to deliver a certain
cargo to mitochondria,”* and we also showed that modification
of the liposome-surface with R8 significantly enhances binding to
mitochondria, regardless of the lipid composition.® Thus, we chose
R8, not only as a cytoplasmic delivery device but also as a mito-
chondrial targeting device as well.

In this study, we attempted to prepare DF-MITO-Porter
with mitochondria-fusogenic inner membranes and endosome-
fusogenic outer membranes, and optimize the characteristics.
Intracellular observation using CLSM permitted us to compare
mitochondrial targeting activity between DF-MITO-Porter
and conventional MITO-Porter. Moreover, we validated that
DF-MITO-Porter delivered exogenous macro-biomolecules into
mitochondria matrix. Finally, we screened the optimal lipid com-
position for the DF-MITO-Porter, for achieving a high mitochon-
drial membrane fusion activity and low cytotoxicity.

RESULTS

Construction of DF-MITO-Porter

The findings reported herein, confirm that the DF-MITO-Porter
has the ability to deliver macromolecules into the mitochondrial
matrix, which pools mtDNA, over the mitochondrial double-
membrane structure. DNase I protein was chosen as a model
macromolecule, which permitted us to estimate mitochondrial
matrix delivery of the carrier. It was expected that mtDNA would
be digested, when the mitochondrial matrix delivery of DNase I
progressed. The construction of the DF-MITO-Porter encapsulat-
ing DNase I requires the following three steps (Figure 2a): (i) the
construction of nano particles containing DNase I; (ii) coating the
nano particles with mitochondria-fusogenic envelope; (iii) fur-
ther coating endosome-fusogenic envelope in a step-wise manner,

1450

based on our previous report regarding gene packaging with two-
different types of lipid layers.*

We first determined the optimal conditions for complexation
between DNase I protein (M.W. 36kDa, weak negative charge)
and stearyl R8 (STR-R8)* that would be suitable for the compl-
exation of proteins.” We mixed DNase I with STR-R8 at several
complex-inducer/protein (C/P) molar ratios to form nano parti-
cles and then determined their diameters and -potentials (surface
charges) (Figure 2b,c). Figure 2b shows data for the diameters of
the complexes. Particles with diameters of less than 200 nm were
formed at C/P molar ratios higher than 10. Figure 2c shows the
{-potentials for the complexes. The charges of the particles were
changed from minus to plus with increasing C/P ratios. In this
study, we chose small positively charged particles formed at a C/P
molar ratio of 10 for preparation of the DF-MITO-Porter. We
also prepared small unilamellar vesicles (SUV's) with various lipid
compositions (Supplementary Table S1). The positively charged
particles were then coated with the first two-layered envelope by
the assembly of negatively charged SUVs. The resulting structure
was modified with STR-R8 to reverse the surface charge, and
then coated with the second envelope via the fusion of negatively
charged SUVs. Finally, the carrier-surface was modified with
STR-R8 to give the final DF-MITO-Porter, which is a tetra-lamel-
lar structured nano particle. The physiochemical properties of the
intermediate particles are summarized in Table 1.

The size, polydispersity index as an indicator of the particle-
size distribution, and the {-potential of the DF-MITO-Porter and
control carrier are summarized in Figure 2d. The outer envelope
of all carriers had a endosome-fusogenic composition [DOPE/
PA/STR-R8 (7:2:1, molar ratio)].?® For the DE-MITO-Porter, inner
envelope had a mitochondria-fusogenic composition [DOPE/
SM/CHEMS/STR-R8 (9:2:1:1, molar ratio) or DOPE/PA/STR-
R8 (9:2:1, molar ratio)],"” while a non-mitochondrial fusogenic
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Figure 2 Construction of the dual function (DF)-MITO-Porter. (a) Schematic diagram of the preparation of the DF-MITO-Porter. D-SNP, di-
lammelar structured nano particle; SUV, small unilamellar vesicles; T-SNP, tetra-lamellar structured nano particle. (b) Diameter and (c) {-potential of
nano particles of DNase | complexed with stearyl octaarginine (STR-R8) at various molar ratios. Data are represented by the mean + SD (n = 3-7).
C/P, complex-inducer (STR-R8)/protein (DNase I). (d) Characteristics of the DF-MITO-Porter containing DNase |. Diameter, polydispersity index (PDI)
and {-potential of carriers were measured. Data are represented by the mean + SD (n = 3-4). CHEMS, cholesteryl hemisuccinate (5-cholesten-3-ol
3-hemisuccinate); DOPE, 1,2-dioleoyl-sn-glycero-3-phosphatidyl ethanolamine; PA, phosphatidic acid; SM, sphingomyelin.

Table 1 Physicochemical properties of intermediated particles of the DF-MITO-Porter

Lipid compositions Diameter (nm) {-potential (mV)
Outer envelope
Inner envelope (1st SUV) (2nd SUV) D-SNP D-SNP + R8 T-SNP D-SNP D-SNP + R8P T-SNP
DOPE/SM/CHEMS (9/2/1, molar ratio) ~ DOPE/PA 142 151 156 8 38 —48
DOPE/PA (9/2, molar ratio) (7/2, molar ratio) 144 182 154 - 19 37

Abbreviations: CHEMS, cholesteryl hemisuccinate (5-cholesten-3-ol 3-hemisuccinate); DF, dual function; DOPE, 1,2-dioleoyl-sn-glycero-3-phosphatidyl ethanolamine;
D-SNP, di-lammelar structured nano particle; PA, phosphatidic acid; SM, sphingomyelin; SUV, small unilamellar vesicles; T-SNP, tetra-lammelar structured nano particle.

composition [EPC/CHEMS/STR-R8 (9:2:1, molar ratio)]'”” was  Intracellular observation of DF-MITO-Porter

used in the control inner envelope. As shown in Figure 2d, the  using CLSM and evaluation for mitochondrial

prepared carriers were positively charged nano particles with a  targeting activity

homogeneous structure. We also prepared a conventional MITO- ~ We observed the intracellular trafficking of the DF-MITO-Porter
Porter for purposes of checking the multi-layered structure value  and the conventional MITO-Porter using CLSM to validate that the
(Supplementary Figure S1). carrier was able to regulate its intracellular trafficking for efficient
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Figure 3 Intracellular distribution of carriers was analyzed by con-
focal laser scanning microscopy. (a) DF-MITO-Porter (SM) and (b)
conventional MITO-Porter (SM) labeled with NBD-DOPE (green) were
incubated with Hela cells. Mitochondria were stained with MitoFluor
Red 589 (red) prior to observation. The clusters present in the mito-
chondria (yellow) are indicated. Bars = 10 ym. DF, dual function; DOPE,
1,2-dioleoyl-sn-glycero-3-phosphatidyl ethanolamine; NBD, 7-nitrobenz-
2-oxa-1, 3-diazole; SM, sphingomyelin.

mitochondrial delivery. In the case of the DE-MITO-Porter, many
yellow clusters were observed (Figure 3a), indicating that the NBD-
DOPE in the carriers (green) are colocalized with mitochondria
(stained red with MitoFluor Red 589). Moreover, it was confirmed
that the DE-MITO-Porter accumulated in mitochondria more effi-
ciently compared to the conventional MITO-Porter (Figure 3). We
next evaluated the fraction of mitochondrial targeted positive cells
based on images observed by CLSM (see Materials and Methods
for details). The fraction of mitochondrial targeted positive cells of
the total number of observed cells was calculated as follows;

Fraction of mitochondrial targeted positive cells (%) =N_ /N, x 100

where N_, N represent the number of mitochondrial targeted
positive cells and the total number of cells observed, respectively.

Figure 4a,b show Z-series images of the intracellular observa-
tion of the DF-MITO-Porter and the conventional MITO-Porter,
respectively. The yellow pixel areas where carriers (green) are colo-
calized with mitochondria (red) were marked in each xy plane. We
defined cells where carriers were colocalized with mitochondria in
atleast one Z-series image as mitochondrial targeted positive cells.
Consequently, the fraction of mitochondrial targeted positive cells
of the DE-MITO-Porter (more than 80%) was considerably higher
than the corresponding value for the conventional MITO-Porter
(Figure 4c). This suggests that a multi-layered structure can be
very useful for mitochondrial delivery in living cells.

Relationship between mitochondrial membrane
fusion activity and cytotoxicity

The possibility that the DF-MITO-Porter might induce cytotoxic-
ity cannot be excluded, since this system fuses with the mitochon-
dria, which play a role in the homeostasis of vital physiological
functions. Therefore, we investigated the relationship between
mitochondrial membrane fusion activity and cytotoxicity. In this
experiment, we prepared an empty DF-MITO-Porter with various
inner mitochondria-fusogenic envelopes as previously reported,'”
and then evaluated their cell viabilities. The graph in Figure 5
shows the relationship between mitochondrial membrane fusion
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Figure 4 Z-series images of intracellular observation and the frac-
tion of mitochondrial positive targeted cells. (a) DF-MITO-Porter (SM)
and (b) the conventional MITO-Porter (SM) labeled with NBD-DOPE
were incubated with Hela cells at 37°C for 1 hour. After replacing the
medium with fresh medium, the cells were incubated for a further 1 hour.
Mitochondria were stained with MitoFluor Red 589 prior to observation.
Fluorescent and bright-field images were captured using confocal laser
scanning microscopy (LSM510). Images obtained from the bottom of the
coverslip to the top of the cells were recorded by the LSM510 on a PC.
The clusters present in the mitochondria are indicated as yellow arrows.
Bars = 50 pm. (c) Mitochondrial targeting activity was calculated from the
images shown in Figure 4a,b, (see Materials and Methods for details).

activity (x-axis) and cell viability (y-axis). We also calculated
Pearson’s correlation coefficient (r = 0.21), and determined if the
correlation coeflicient was significantly different from zero using a
t-test (P > 0.05). We did not find a significant correlation between
mitochondrial membrane fusogenic activity and cell viability.
These results suggest that a high fusogenic activity with the mito-
chondrial membrane induces cytotoxicity is not universally true.
The finding that a carrier with an inner envelope composed of
sphingomyelin (SM) was optimal for the DE-MITO-Porter is par-
ticularly noteworthy, since it has a high mitochondrial membrane
fusogenic activity but low cytotoxicity.

Evaluation of mtDNA-levels after the mitochondrial
delivery of DNase | using the DF-MITO-Porter

To validate the conclusion that the DF-MITO-Porter is use-
ful as a carrier of therapeutic cargos, we examined the delivery
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Figure 5 Relationship between mitochondrial membrane fusion
activity (x-axis) and cell viability (y-axis). For x-axis, we used data
reported in our previous study'” (Supplementary Figure $2). For the
y-axis, we calculated cell viability after the addition of carriers without
DNase | to Hela cells. Data are represented by the mean + SE (n = 4-5).
CHEMS, cholesteryl hemisuccinate (5-cholesten-3-ol 3-hemisuccinate);
Chol, cholesterol; CL, cardiolipin; PA, phosphatidic acid; PG, phosphati-
dyl glycerol; Pl, phosphatidyl inositol; PS, phosphatidyl serine; SM,
sphingomyelin.

of DNase I protein to the mitochondrial matrix, since the latter
is an active bio-molecule that functions inside mitochondria. In
a previous study, we reported on the successful mitochondrial
matrix delivery of the MITO-Porter, as evidenced by the use of
our novel imaging method.”> In the paper, we used propidium
iodide, a membrane-impermeable red-fluorescent dye for staining
nucleic acids as an aqueous phase marker for the MITO-Porter.
This dye permits mitochondrial matrix delivery to be confirmed,
by the detection of red-fluorescent light, because the light is emit-
ted as the result of the conjugation of the dye with mtDNA in the
mitochondrial matrix. We first confirmed mitochondrial matrix
delivery in isolated rat liver mitochondria using the MITO-Porter.
CLSM analyses showed that this system can be used to efficiently
visualize mtDNA, not only in isolated mitochondria, but in living
cells as well. We also verified that no red-fluorescent light was pro-
duced when propidium iodide only was incubated with isolated
mitochondria or living cells, indicating that propidium iodide did
not gain access to mtDNA inside mitochondrial matrix. Finally,
the fact that the red fluorescence could be detected in living cells
in spectral imaging fluorescent microscopy experiments clearly
demonstrated that the MITO-Porter successfully delivered its
cargo to the mitochondrial matrix. Based on our previous report,
we conclude that the DE-MITO-Porter has the ability to deliver
cargoes to the mitochondrial matrix.

To verify that mtDNA-levels were decreased after the mitochon-
drial delivery of DNase I using the DF-MITO-Porter, we evaluated
mtDNA-levels within cells using PCR. DNase I protein encapsu-
lated in carriers were incubated with HeLa cells. The cellular DNA
was then purified and subjected to the PCR. PCR assays to detect
the ND6 and f-actin genes were performed in order to detect both
mtDNA and nuclear DNA. The primers used in these experiments
are summarized in Supplementary Table S2. Figure 6 shows
agarose gel electrophoresis data for the PCR products derived
from mtDNA (Figure 6a) and nuclear DNA (Figure 6b). In the
case of the DF-MITO-Porter, decreases in mtDNA-levels were
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Figure 6 Evaluation of mtDNA-levels after the mitochondrial deliv-
ery of DNase | using PCR. DNase | encapsulated in the DF-MITO-Porter
(SM), the DF-MITO-Porter (PA) or the control carrier with low mitochon-
drial fusion activity were incubated with Hela cells. Cellular DNA was
then purified and subjected to the PCR as described in the Materials
and Methods section. PCR assays for ND6 and f-actin genes detection
were performed in order to detect (a) mitochondrial DNA (mtDNA)
and (b) nuclear DNA , respectively. Lane 1, 100bp DNA ladder; lane
2, non-treatment; lane 3, control carrier with low mitochondrial fusion
activity (EPC/CHEMS/STR-R8); lane 4, DF-MITO-Porter (SM); lane 5,
DF-MITO-Porter (PA). (c) We also quantified mtDNA-levels within cells
using real-time PCR. Data are represented as the mean + SD (n = 3-6).
*Significant difference between control carrier (EPC/CHEMS/STR-R8)
and other carriers (P < 0.05 by one-way analysis of variance, followed by
Bonferroni correction). CHEMS, cholesteryl hemisuccinate (5-cholesten-
3-ol 3-hemisuccinate); DF, dual function; EPC, egg yolk phosphatidyl
choline; ND6, mitochondrial NADH dehydrogenase 6; PA, phosphatidic
acid; SM, sphingomyelin; STR-R8, stearyl octaarginine.

observed (lanes 4, 5 in Figure 6a), whereas carriers with a low
mitochondrial fusion activity had a negligible effect on mtDNA-
levels (lane 3 in Figure 6a). This result suggests that DNase I is
delivered to mitochondria by the DF-MITO-Porter, as indicated
by the digestion of mtDNA by DNase I to some extent. On the
other hand, a decrease in nuclear DNA-levels was not detected in
any of the carriers (Figure 6b). Moreover, we quantified mtDNA-
levels within the cells using real-time PCR (Figure 6¢). The results
showed that the DF-MITO-Porter decreased mtDNA-levels com-
pared with carriers with a low mitochondrial fusion activity. We
also confirmed that the MITO-Porter has a high fusogenic activ-
ity for mitochondria, but that is failed to effectively fuse with the
nucleus (data not shown). Based on these results, it is presumed
that the mitochondrial specific fusion activity of the MITO-Porter
might be involved in a pathway related to the selective digestion
of mtDNA.

DISCUSSION

In this study, we attempted to achieve macromolecule packaging
using a multifunctional envelope-type nano-device preparation
technique. The multifunctional envelope-type nano-device con-
sists of a condensed pDNA core and a lipid envelope equipped
with various functional devices that mimic envelope-type
viruses.”*® The condensation of pDNA into a compact core
prior to its inclusion in the lipid envelope has several advantages

1453



DF-MITO-Porter, an Innovative DDS for Mitochondria

as follows: protection of pDNA from DNase; size control; and,
improved packaging efficiency resulting from electrostatic interac-
tions between the condensed core and the lipid envelope. To date,
we have been successful in efficiently packaging not only pDNA,
but also oligo nucleic acids, proteins, and other substances into
a multifunctional envelope-type nano-device.”*'** On the other
hand, the MITO-Porter system delivers cargos into mitochondria
via a membrane fusion mechanism. Therefore, large cargoes could
be delivered to mitochondria, provided that the cargoes can be
encapsulated in the MITO-Porter. Accordingly, a combination
of a MITO-Porter and a macromolecule packaging technique in
multifunctional envelope-type nano-device preparations would
likely achieve the mitochondrial delivery of macromolecules such
as pDNA, mtDNA, oligo nucleic acids, and proteins.

We constructed the DF-MITO-Porter according to Figure 2a,
using the multi-layering method.* First, a di-lamellar structured
nano particle (D-SNP) was prepared through membrane fusion of
neighboring SUVs, triggered by the assembly of negatively charged
SUVs around the positively charged complexed nano particle of
DNase I protein. As previously proposed, it is possible that core
particles can form a di-lamellar structure during liposome incuba-
tion.** The surface of the resulting particles is then modified with
STR-R8 to reverse the surface charge. Next, R8-modified D-SNP
was coated with the second envelope, again through the fusion of
negatively charged SUV to produce tetra-lamellar structured nano
particle (T-SNP). If the 2nd SUV's (~60 nm) only bind to the D-SNP
(~140nm), the mean diameter would be expected to be ~260 nm.
However, the resulting particle had a diameter of ~150 nm, suggest-
ing that the 2nd SUVs fuse with each other, forming a T-SNP. The
conversion of {-potential in each coating process strongly suggests
that the complexed nano particles of DNase I protein underwent
a step-wise encapsulation. Thus, the resulting DF-MITO-Porter
consists of two types of lipid layers. Table 1 shows physicochemi-
cal properties of intermediate of DF-MITO-Porter.

We applied the confocal image-assisted three-dimension-
ally integrated quantification method to evaluate the fraction of
mitochondrial targeted positive cells*®* and counted number of
mitochondrial targeted positive cells (see Materials and Methods
for details). Z-series images of the cells after transduction were
observed by the LSM510 as shown in Figure 4a,b, and the total
brightness of each region of interest was then quantified by the
confocal image-assisted three-dimensionally integrated quantifi-
cation method.*>* The yellow pixel areas where carriers (green)
colocalized with mitochondria (red) were marked in each xy plane.
Mitochondrial targeted positive cells were defined as cells where
carriers were colocalized with mitochondria in at least one Z-series
image, and have a significant effect on the fraction of mitochon-
drial targeted positive cells (%). As shown in Figure 4c, the frac-
tion of mitochondrial targeted positive cells produced using the
DF-MITO-Porter (more than 80%) was considerably higher than
that for the conventional MITO-Porter (about 25%). This result
indicates that the DF-MITO-Porter was threefold more efficient
than a conventional MITO-Porter in numbers of mitochondrial
targeted positive cells, suggesting that a multi-layered structure
can be very useful for improving mitochondrial delivery.

Mitochondrial delivery requires the regulation of many intra-
cellular trafficking steps. In this study, we attempted to improve
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endosomal escape using a multi-layered structure with endo-
somal fusogenic activity. As a result, the DE-MITO-Porter could
deliver molecules to mitochondria more efficiently than a conven-
tional carrier. However, it would be difficult to achieve selective
mitochondrial delivery using the current DF-MITO-Porter. On
the other hand, the conjugation of mitochondrial targeting sig-
nal peptides can achieve selective mitochondrial delivery,'! but
this strategy fails, in cases of macromolecules and hydrophobic
molecules.’>™ In the future, we plan to integrate mitochondrial
targeting signal peptides and a MITO-Porter system to achieve
the selective delivery of macromolecules to mitochondria. Studies
concerning this are currently in progress.

The DE-MITO-Porter developed in this study, is an innova-
tive nano-device for mitochondrial delivery, which has the abil-
ity to pass through endosomal and mitochondrial membranes
via step-wise membrane fusion. The findings show that the
DF-MITO-Porter delivers exogenous macro-biomolecules into
the mitochondrial matrix. Moreover, we identified the optimal
lipid composition for the DF-MITO-Porter, for achieving a high
mitochondrial membrane fusion activity and low cytotoxicity.
Our ultimate goal is to develop a mitochondrial drug delivery sys-
tem, not only effective cargo delivery, but also a system that will
be functional inside a mitochondrion for therapy. Future studies
will involve attempts to improve the DF-MITO-Porter in terms
of mitochondrial gene function with experts in the field of mito-
chondrial molecular biology. Studies directed toward this goal are
currently in progress.

MATERIALS AND METHODS

Materials. Cholesterol, 1,2-dioleoyl-sn-glycero-3-phosphatidyl etha-
nolamine (DOPE), 7-nitrobenz-2-oxa-1, 3-diazole labeled DOPE (NBD-
DOPE), and rhodamine-DOPE were purchased from Avanti Polar lipids
(Alabaster, AL). Egg yolk phosphatidyl choline (EPC) was obtained from
Nippon Oil and Fats (Tokyo, Japan). Cholesteryl hemisuccinate (5-choles-
ten-3-ol 3-hemisuccinate; CHEMS), cardiolipin, phosphatidic acid (PA),
phosphatidyl glycerol, phosphatidyl inositol, phosphatidyl serine, and SM
were purchased from Sigma (St Louis, MO). STR-R8 (ref. 26) was obtained
from KURABO Industries (Osaka, Japan). DNase I protein (from bovine
pancreas, Grade II) was purchased from Roche Diagnostics (Mannheim,
Germany). HeLa human cervix carcinoma cells were obtained from RIKEN
Cell Bank (Tsukuba, Japan). Dulbeccos modified Eagle medium (DMEM)
and fetal bovine serum were purchased from Invitrogen (Carlsbad, CA).
All other chemicals used were commercially available reagent-grade
products.

Preparation of complexed protein particles with STR-R8. DNase I pro-
tein was gently mixed with the STR-R8, as complex-inducer, in 100 ul of
10 mmol/l HEPES buffer (pH 7.4), followed by incubation for 15 minutes
at 25°C to form complexed protein particles. Particles of the DNase I/
STR-R8 were formed using 50 g of DNase I and STR-R8 in a series of
molar ratios of complex-inducer/protein (C/P).

Construction of DF-MITO-Porter. The DNase I-encapsulated DE-MITO-
Porter was constructed by the multi-layering method (Figure 2a), as pre-
viously reported.” A solution of DNase I protein in HEPES buffer (1 mg/
ml) was mixed with an STR-R8 solution to form complexed protein par-
ticles by gently pipetting at a C/P molar ratio of 10, followed by incubation
for 15 minutes at 25 °C. For inner and outer envelopes, various SUV's were
prepared. The suspended negatively charged SUVs and complexed protein
particles were mixed at a ratio of 3: 1 (v/v) to coat the complexed protein
particles with a double-lipid envelope to produce a D-SNP. These SUV's
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composed of mitochondria-fusogenic lipid [DOPE/PA = 9:2, DOPE/SM/
CHEMS = 9:2:1 (molar ratio)] or non-fusogenic lipid [EPC/CHEMS = 9:2
(molar ratio)]. An STR-R8 solution (10 mol% of total lipid) was added to
the suspension of D-SNPs to reverse the surface charge. This suspension
was then mixed with endosome-fusogenic SUV [DOPE/PA = 7: 2 (molar
ratio)] at a ratio of 1:2 (v/v) to generate particles with a double endosome-
fusogenic envelope, hereafter referred to a T-SNP. The STR-R8 solution
(10 mol% of endosome-fusogenic lipid) was added to the suspension of
T-SNP to modify the outer envelope with R8. We refer to the R8 modi-
fied T-SNP with mitochondria-fusogenic inner envelope that contain PA
and SM as the DF-MITO-Porter (PA) and the DF-MITO-Porter (SM),
respectively.

Measurement of diameter and {-potential. Particle-diameter was mea-
sured by a quasi-elastic light scattering method and {-potentials were
determined electrophoretically by means of an electrophoretic light scat-
tering spectrophotometer (Zetasizer Nano ZS; Malvern Instruments,
Herrenberg, Germany).

Intracellular trafficking observation of DF-MITO-Porter using CLSM.
HelLa cells (4 x 10* cells/ml) were cultured in 35mm dishes (BD Falcon,
Franklin Lakes, NJ) with DMEM, which contained 10% fetal bovine
serum, under an atmosphere of 5% CO,/air at 37 °C for 24 hours. The cells
were washed with serum-free medium before incubation with carriers. The
DE-MITO-Porter or conventional MITO-Porter, labeled with 0.5 mol%
NBD-DOPE lipids, were incubated with HeLa cells (final lipid concen-
tration, 13.5umol/l) to observe the intracellular trafficking of the carriers
themselves. After a 1-hour incubation under an atmosphere of 5% CO,/air
at 37°C, the cells were washed with serum-free medium, and further incu-
bated in medium with 10% serum for 100 minutes in the absence of carri-
ers. After incubation, MitoFluor Red 589 (Molecular Probes, Eugene, OR)
was applied to the medium at a final concentration of 100 nmol/I to stain
the mitochondria. After incubation for 20 minutes, the cells were washed
with serum-free medium and then observed by CLSM (LSM510; Carl
Zeiss, Jena, Germany). The cells were excited with 488 nm and 568 nm light
from an Ar/Kr laser. A series of images were obtained using an LSM510
microscope with a water immersion objective lens (Achroplan 63x/NA =
0.95) and a dichroic mirror (HFT488/568). The two fluorescence detection
channels (Ch) were set to the following filters: Ch1: LP585 (red); Ch 2: BP
505-550 (green).

Fluorescence image processing for calculation of fraction of mitochon-
drial targeted positive cells. Fluorescent and bright-field images were cap-
tured using an LSM510 microscope. Images obtained from the bottom of
the coverslip to the top of the cells were recorded by the LSM510 on a PC
as shown in Figure 4a,b. Each 8-bit TIFF image was analyzed using the
Image-Pro plus v.4.5.1.26 software (Media Cybernetics, Bethesda, MD) to
quantify the total brightness of each region of interest based on confocal
image-assisted three-dimensionally integrated quantification method.**
The fraction of mitochondrial targeted positive cells was determined as
described below. First, the yellow pixel areas where carrier (green) colocal-
ized with mitochondria (red) were marked in each xy plane. We define
cells where carriers colocalized with mitochondria in at least one Z-series
image as mitochondrial targeted positive cells. In some cases, it was dif-
ficult to distinguish the localization of the carrier between on and outside
the mitochondria. Therefore, criteria were introduced to classify the car-
rier cluster as colocalized in the mitochondria when more than 50% of the
pixels of the carrier were mitochondria targeted positive (defined as green
fluorescent values larger than 130). The fraction of mitochondrial targeted
positive cells was calculated as follows;

Fraction of mitochondrial targeted positive cells (%) =N_ /N, x 100

where N, N represent the number of mitochondrial targeted positive

cells and the total number of cells observed, respectively.
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Investigation of the relationship between mitochondrial membrane
fusion activity and cell viability. We prepared a graph showing mito-
chondrial membrane fusion activity (x-axis) and cell viability (y-axis). For
the x-axis, we used data reported in a previous study,"” where we calcu-
lated mitochondrial fusion activities in terms of the cancellation of fluo-
rescent resonance energy transfer (Supplementary Figure S2). For the
y-axis, we prepared various DF-MITO-Porters unencapsulating DNase I
and evaluated their cell viabilities as described below. HeLa cells (1 x 10*
cells/well) were incubated in a 24-well plate (Corning, Corning, NY) with
DMEM containing 10% fetal bovine serum, under 5% CO,/air at 37°C
for 24 hours. Sample-suspensions in 0.25ml of serum-free DMEM (con-
taining 12.5l of carriers) were added to the cells after washing the cells
with phosphate-buffer saline (PBS (-)), followed by incubation under 5%
CO, at 37°C for 3 hours. After replacing the medium with fresh DMEM
containing 10% serum, the cells were incubated for a further 21 hours.
The cells were then washed with PBS (-), and cell viability was measured
using a Cell Proliferation Assay System with a Tetra Color ONE (Seikagaku
Biobusiness, Tokyo, Japan), according to the instructions provided by the
manufacturer. Briefly, a tetrazolium (WST-8) was added to a final volume of
275 ul/well. After 1-hour incubation, absorbance at 450 nm was measured
by means of a Benchmark plus microplate reader (Bio-Rad Laboratories,
Hercules, CA). Cell viability was calculated as follows;

Cell viability (%) = A /A x 100

where A, A, represent the absorbance at 450 nm when cells were treated
and untreated with samples, respectively.

Evaluation for mtDNA-levels after the mitochondrial delivery of DNase .
HeLa cells (2 x 10° cells/well) were seeded on a 6-well plate (Corning) with
DMEM containing 10% fetal bovine serum, under 5% CO,/air at 37 °C for
24 hours. Sample-suspensions containing 6 l1g of DNase I in 1 ml of serum-
free DMEM were added to the cells after washing them with PBS (-), fol-
lowed by incubation under 5% CO, at 37°C for 3 hours. After the addition
of fresh DMEM containing 10% serum, the cells were incubated for a fur-
ther 21 hours. The cells were then washed with PBS (-), trypsinized, sus-
pended in DMEM with serum, precipitated by centrifugation (1,800g, 4°C,
3 minutes). The pellets were washed with PBS (-) and precipitated by cen-
trifugation (1,800¢, 4°C, 3 minutes). To evaluate the levels of mtDNA and
nuclear DNA, total cellular DNA was purified from cell lysates by means
of a GenElute Mammalian Genome DNA Miniprep kit (Sigma-Aldrich, St
Louis, MO) and subjected to the PCR.

The PCR reaction mixture contained, in a total volume of 25y,
10 mmol/l of Tris-HCI (pH 8.3), 1.5mmol/l of MgClz, 50 mmol/l of KCl,
200 umol/I of each one of the deoxynucleoside triphosphates, 0.5 umol/l of
primers ND6 (+) and ND6 (-) for mtDNA detection or primers B-actin (+)
and B-actin () for nuclear DNA (as shown in Supplementary Table S2),
and 10ng of DNA obtained from HeLa cell lysates. After the addition
of 0.625U of Taq DNA polymerase (Finnzymes PCR Reagents; Thermo
Fisher Scientific, Waltham, MA), the reaction mixture was first incubated
at 94°C for 2 minutes, then subjected to 30 cycles of 30 seconds at 94°C,
30 seconds at 55°C and 45 seconds at 72°C, and finally to 10 minutes at
72°C. Each 5yl of PCR products were subjected to electrophoresis in 2%
agarose gel in TAE (40 mmol/l Tris-HCI, 40 mmol/l acetic acid, 1 mmol/l
EDTA, pH 8.0) at 100V for 30 minutes. The DNA bands were visualized
by UV after ethidium bromide staining.

For quantitative real-time PCR, each target, ND6 encoded on
mtDNA, was amplified on the same plate with the reference, f-actin,
with the SYBR Green Real-time PCR Master Mix (TOYOBO, Osaka,
Japan) and the 7500 Real Time PCR System (Applied Biosystems,
Foster City, CA), and the relative mtDNA amounts and range were
determined. Briefly, we normalized each set of samples using the
difference in threshold cycles (AC)) between the sample mtDNA
and the housekeeping gene (B-actin): AC, = (AC - AC

T sample T B-Actin)'
The calibrator sample (AC ) was assigned as the sample with

T calibration
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non-treatment cell. Relative mtDNA-levels were calculated by the
expression 274" where AAC = AC - AC Each

T sample (n) T calibration ()’
reaction was done, at least in duplicate. For the real-time PCR, two types

of primers ND6 (+) and ND6 (-) and primers -actin (+) and B-actin
(—) were used as shown in Supplementary Table S2.

SUPPLEMENTARY MATERIAL

Figure $1. Construction of the conventional MITO-Porter encapsu-
lating DNase I.

Figure $2. Summary of mitochondrial membrane fusion activities of
R8-modified DOPE-LP.

Table S1. Lipid composition and property of SUV.

Table $2. Primers used in the PCR to evaluate the levels of mtDNA
and nuclear DNA.
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