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Abstract

The mitochondrion performs critical roles in eukaryotic cells including ATP production, cell
growth, survival, apoptosis, and differentiation. Many human diseases can be traced to dysfunction
within the mitochondria, but selective delivery of therapeutics into the mitochondria has been
challenging. This chapter describes the detailed protocols for the synthesis of a new family of
mitochondrion-targeting, cell-penetrating molecules (CPMs) and their application for the delivery
of small-molecule and peptidyl cargos into the mitochondrial matrix. Live-cell confocal
microscopic imaging of HelLa cells treated with a variety of CPM-cargo conjugates revealed that
the CPMs efficiently and specifically deliver membrane-impermeable linear and cyclic peptidy!l
cargos into the mitochondrial matrix, as long as the cargo carries no more than two negative
charges.
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1. Introduction

Mitochondria play critical roles in many biochemical pathways including ATP production,
heat production, apoptosis, calcium storage and signaling, cell cycle and cell differentiation
(Fulda et al., 2010). Dysfunction of the mitochondria is associated with some 300 different
human diseases including several rare genetic diseases, obesity, cancers, diabetes,
Alzheimer’s and Parkinson’s diseases (Arruda et al., 2014; Castellani et al., 2002; Martin &
McGee, 2014; Sarparanta et al., 2017; Vyas et al., 2016; Yan et al., 2013; Yang et al., 2016).
The mitochondrial matrix is surrounded by two lipid bilayers, an outer membrane which is
readily permeable to small molecules (due to the presence of membrane pores) and an inner
membrane impermeable to most molecules (Mejia & Hatch, 2016). This renders the
development of mitochondrion-specific drugs exceedingly difficult, because a drug molecule
must traverse at least two lipid bilayers (the plasma membrane and the inner mitochondrial
membrane) in order to gain access to a target inside the mitochondrial matrix. Several
mitochondrion-targeting strategies have been reported in the literature. For membrane-
permeable small molecules, covalent conjugation with lipophilic cations, such as
triphenylphosphonium (TPP) ion, results in the accumulation of the conjugates inside the
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mitochondrial matrix, due to the presence of a negative membrane potential across the
mitochondrial membrane (Murphy, 2008). However, this method is not applicable to cargo
molecules that are inherently membrane impermeable, such as peptides and proteins. The
latter must be genetically modified with an N-terminal mitochondrion-targeting sequence
(MTS) and expressed inside eukaryatic cells, making it unsuitable for therapeutic
applications. Previous researchers have reported short mitochondrion-penetrating peptides
(MPPs) which, when covalently attached to small-molecule or peptide cargoes, can deliver
the latter into the mitochondrial matrix with modest specificity and efficiency (Chuah et al.,
2015; Horton et al., 2008; Jean et al., 2016). More recently, we discovered a family of non-
peptidic cell-penetrating molecules (e.g., CPM1-3; Figure 1) which are capable of delivering
both membrane-permeable small molecules and membrane-impermeable peptidyl cargoes
into the mitochondrial matrix with high specificity and efficiency (Appiah Kubi et al., 2018).
Finally, nanoparticle-based (Pathak et al., 2015) and liposomal-based mitochondrial delivery
systems have been reported (Yamada & Harashima, 2012). In this chapter, we provide a
detailed protocol for the preparation and application of CPM-cargo conjugates and evaluate
the cargo capacity of the CPMs by using a set of p-peptides of different sequences.

2. Synthesis of CPM-Cargo Conjugates

CPMs and CPM-cargo conjugates are most conveniently synthesized on solid phase. To
minimize any mutual interference between the CPM and a cargo molecule, we recommend
the use of one or more 8-amino-3,6-dioxaoctanoyl-lysine (miniPEG-K) moieties as a
flexible linker between the CPM and the cargo (Figure 2). Figure 2 illustrates the synthesis
of CPM3-miniPEG-K, starting with the coupling of Fmoc-miniPEG-Lys onto the solid
support (e.g., Rink amide resin). This is followed by the addition of p-2-naphthylalanine
(nal) and L-2-naphthylalanine (Nal), by using the standard Fmoc-based peptide chemistry.
Next, 3,5-bis(bromomethyl)benzoic acid is coupled to the N-terminal amine by using 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide
hexafluorophosphate (HATU) as the coupling agent. Finally, the two resin-bound benzyl
bromides are reacted with excess 1,1’-(azanediylbis(hexane-6,l-diyl))diguanidine (via Sy2
reactions) to install the four guanidinium groups. Subsequent treatment with trifluoroacetic
acid (TFA) removes the Boc group from the Fys side chain and releases CPM3-miniPEG-K
from the resin.

CPM-cargo conjugates are similarly synthesized. When the cargo is a fluorescent dye
molecule, it may be attached to the lysine side chain by simply treating CPM-miniPEG-K
with an activated ester of the dye, e.g., 5(6)-carboxytetramethylrhodamine-N-
hydroxysuccinimide (TMR-NHS). Small-molecule drugs may be conjugated to the lysine
side chain in a similar manner. Alternatively, the lysine residue may be replaced with a
cysteine, which is then conjugated to a cargo molecule via a disulfide or thioether bond (e.g.,
by reacting with a maleimide) (Appiah Kubi et al., 2018). When the cargo is a peptide (or
cyclic peptide), the entire CPM-cargo conjugate is synthesized on solid phase. Typically, the
peptidyl cargo is synthesized first and CPM-miniPEG-K is next added to the N-terminus of
the peptidyl cargo (or a side chain of the cyclic peptide). Figure 3 shows the preparation of
TMR-labeled CPM1-miniPEG-LB76 as an example. LB76 is a cyclopentapeptidy! inhibitor
of heat shock protein 90 (HSP90) (Rahimi et al., 2019). The synthesis begins with coupling
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the sidechain carboxyl group of Fmoc-Asp-O-All (where -All is allyl) to Rink amide resin.
After removal of the N-Fmoc group, Fmoc-Ser(tBu), Fmoc-Tyr(tBu), methyltrityl (Mtt)-
protected Fys [Fmoc-Fys(Mtt)-OH], and Boc-protected lysine [Fmoc-Fys(Boc)-OH] are
sequentially coupled to form the pentapeptide. The C-terminal allyl group is removed by
treatment with Pd(PPhg)4 and the N-terminal Fmoc group is removed by treatment with
piperidine. The pentapeptide is cyclized on resin by treatment with benzotriazole-1-yl-oxy-
tris-pyrrolidino-phosphonium hexafluorophosphate (PyBOP). Next, the Mtt group is
selectively removed from the first Fys side chain with 2% (v/v) TFA in DCM and the
synthesis is continued onto the Fys side chain to construct the CPM1-miniPEG moiety, as
described above. Treatment of the resin with TFA simultaneously releases the peptide off the
solid support and removes the sidechain protecting groups. After purification by reversed-
phase HPFC, the compound is labeled with TMR on the side chain of the second lysine
residue by reacting with TMR-NHS. The purity of the peptides is usually checked by
analytical HPFC on a C18 column (typically =295%) and the authenticity of the peptides is
confirmed by high-resolution mass spectrometry (e.g., MAFDI-ICR).

3. Mitochondrion-Specific Cargo Delivery by CPMs

The mechanism by which the CPMs enter mammalian cells has not yet been extensively
investigated. Preliminary studies indicate that they enter the cells by endocytosis, followed
by highly efficient escape from the endosome into the cytosol (Appiah Kubi et al., 2018).
Five-cell confocal microscopic imaging of HeFa cells treated with 2 uM CPM3TMR showed
that CPM3TMR was almost exclusively localized inside the mitochondria, with only a small
fraction apparently remaining inside the endosomes/lysosomes (Figure 4). High-resolution
confocal imaging further demonstrated that a CPM3-peptide conjugate was localized within
the mitochondrial matrix (Appiah Kubi et al., 2018). Their apparent absence from the
cytosol suggests that the CPMs specifically target the mitochondria and that, once escaping
the endosome, they are rapidly internalized by the mitochondria.

The CPMs have been evaluated for their capacity to deliver small-molecule and peptidyl
cargoes. Conjugation of geldanamycin, an HSP90 inhibitor, to CPM3 selectively delivered
the small-molecule drug into the mitochondrial matrix and greatly enhanced its anticancer
activity (Appiah Kubi et al., 2018). To test whether the CPMs can deliver membrane-
impermeable cargoes into the mitochondria, Appiah Kubi et al. (2018) conjugated CPM3 to
the N-terminus of a p-peptide, ala-asn-ala-asn-ala-asn-miniPEG-Lys (ananan), which is
more stable against proteolytic degradation than the corresponding L-peptide. High-
resolution confocal imaging of He La cells treated with the peptide (CPM3-anananT™R)
showed that the peptide cargo was specifically delivered into the mitochondrial matrix.
Labeling of the same peptide with a pH-sensitive dye, naphthofluorescein (NF), allowed its
cytosolic/mitochondrial entry efficiency to be quantitated by flow cytometry. It was found
that CPM3-anananNF entered the cytosol/mitochondria of HeLa cells with remarkable
efficiency, being 170- to 1300-fold more efficient than some of the most widely used
mitochondria-targeting vehicles, such as (Fyr)s (where Fy is cyclohexylalanine and r is p-
arginine) and TPP.
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In this work, we further evaluated the cargo capacity of CPM3 by conjugating it to a panel of
p-peptides including dnnnnnK, dqdqdgK, dddddgK, and rararaK (where d is p-aspartic acid,
n is p-asparagine, g is p-glutamine, r is p-arginine and a is p-alanine). The peptides were
labeled with 5(6)-carboxyfluorescein-N-hydroxysuccinimide or TMR-NHS to give CPM3-
dnnnnnK ™R ' cPM3-dqdgdgKFL, CPM3-dddddgKF! and CPM3-rararakF2, which contain
-1, -3, -5 and +3 charged cargoes, respectively, at physiological pH. HeLa cells were
treated with the peptides and MitoTracker Green (or MitoTracker Red) and imaged by live-
cell confocal microscopy. CPM3-dnnnnnK ™R produced intracellular fluorescence that
overlapped well with MitoTracker Green with a Pearson’s correlation coefficient (R) of 0.83
(Figure 5a). Similarly, CPM3-rararakF, which carries a positively charged cargo (+3),
effectively entered the mitochondria, although it exhibited significant cytotoxicity at
concentrations above 3 pM (Figure 5b). We previously observed that CPM3 labeled with
Alexa488, which carries a —2 charge at physiological pH, was also specifically localized
inside the mitochondria of HelLa cells (Appiah Kubi et al., 2018). On the other hand, He La
cells treated with CPM3-dqdqdgK™! and CPM3-dddddgKF! produced weak, punctate
fluorescence signals which poorly overlapped with those of MitoTracker Red (Pearson’s
correlation coefficient R = 0.19 and 0.16, respectively) (Figure 5¢ and 5d).

Finally, we tested whether CPMs can deliver cyclic peptides into the mitochondria. To this
end, we conjugated CPML1 to cyclic pentapeptide LB76, an Hsp90 inhibitor (Rahimi et al.,
2019) and labeled LB76 with TMR (Figure 3). Live-cell confocal microscopic imaging of
HeLa cells treated with CPM1-miniPEG-LB76 ™R showed efficient uptake and excellent
co-localization with MitoTracker Green (Pearson’s correlation coefficient R = 0.83) (Figure
6a). To further examine the effect of negative charges on CPM delivery efficiency, we
conjugated CPM3 to two fluorescein-labeled cyclic peptides, cyclo(Lys-asn-Asp-asp-Asp-
asn-GlIn)-Lys"L and cyclo(Lys-asp-Asp-asp-Asp-asp-GIn)-LysFL (where asn is p-asparagine
and asp is p-aspartic acid), through their lysine side chains. The resulting conjugates
[CPM3-c(KnDdDnQ)-KF! and CPM3-c(KdDdDdAQ)-KF1] carry -3 and -5 charges,
respectively, in their cargo moieties. HeL a cells treated with CPM3-c(KnDdDnQ)-K™1
exhibited weak, punctate fluorescence, which had little overlap with the MitoTracker Red
signals (R = 0.09) (Figure 6b). Cells treated with CPM3-c(KdDdDdQ)-K"! showed little
intracellular fluorescence (Figure 6¢). Taken together, these data demonstrate that the CPMs
are capable of efficiently delivering both small-molecule and peptidyl (linear or cyclic)
cargoes into the mitochondrial matrix. However, for most effective delivery, the cargo should
carry no more than two negative charges. Highly negatively charged cargoes (with >3
negative charges) presumably interact with the positively charged CPMs (either intra- or
intermolecularly) and inhibit their interaction with the plasma and/or endosomal membranes,
reducing the cellular uptake and/or endosomal escape efficiencies. Consequently, the small
amount of conjugates that enter the cell remain entrapped inside the endosomal/lysosomal
pathway, producing punctate but non-overlapping signals with the mitochondria.

4. Protocol

Synthesis of 1,1’-(azanediylbis(hexane-6,1-diyl))diguanidine and 3,5-
bis(bromomethyl)benzoic acid has been described elsewhere (Appiah Kubi et al., 2018) and
will not be detailed in this chapter. Below we outline the detailed protocols for the synthesis
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of CPM3 and CPM1-miniPEG-LB76. All experiments are performed under ambient
temperature unless otherwise stated. This protocol may be used to synthesize other CPMs
(e.g., CPM1 and CPM2) and their peptide conjugates. The protocol assumes that the user is
knowledgeable about standard organic chemistry techniques and has access to basic organic
laboratory equipment.

4.1. Materials and Reagents

1
2.

10.

TentaGel S NH> resin (0.26 mmol/g)

Coupling reagents: 4 eq. 1 -[b/s(dimethylamino)methylene]-1H-1,2,3-
triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate (HATU), 4 eq. A-
hydroxybenzotriazole (HOBY), 8 eq. N, A-diisopropylethylamine (DIPEA) as
solids or as prepared as stock solutions in N, A-dimethylformamide (DMF)

Fmoc deprotection reagent: 20% (v/v) piperidine in DMF
Solvents for synthesis: Dichloromethane (DCM) and DMF

Amino acids: 4 eq. of the desired Fmoc-protected amino acids dissolved in DMF
(2 mF), to be used on the same day.

Cyclization reagent: 5 eq. (benzotriazol-1-yloxy)tripyrrolidinophosphonium
hexafluorophosphate (PyBOP), 5 eq. HOBt and 10 eq. DIPEA, dissolved in 2 mF
of DMF

Cleavage/deprotection cocktail: 2.5:2.5:2.5:92.5 (v/v) doubly distilled water
(H20)/triisopropyl silane (T1S)/1,3-dimethoxybenzene (DMB)/trifluoroacetic
acid (TFA)

Methyltrityl (Mtt) deprotection reagent: 2:2:96 (v/v) TFA/TIS/DCM

Fluorescent dyes: 5(6)-carboxytetramethylrhodamine N-succinimidyl ester
(TMR-NHS), 5(6)-carboxyfluorescein A-succinimidyl ester (F1-NHS),
MitoTracker Red, MitoTracker Green

HPLC solvents: 0.05% (v/v) TFA in doubly distilled water and 0.05% (v/v) TFA
in acetonitrile

4.2. Solid-phase synthesis of CPM3

1.

Swell 100 mg of TentaGel S amine resin in 3 mL of DMF for 20 min.

Tip: TentaGel resin is recommended, but other hydrophilic resins (e.g.,
aminomethyl ChemMatrix resin) may also be used.

Drain the DMF solution and wash the resin twice with DCM and DMF (3 mL
each).

Add 4 eq. of Rink amide linker, 4 eq. of HATU and 8 eg. of DIPEA and allow
the contents to mix for 1 h.

Tip: First dissolve the Rink amide linker and HATU in 2 mL of DMF, add
DIPEA to the solution, vortex and then add the mixture to the swollen resin. The
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uronium-based coupling reagents (e.g., HATU, HBTU, and HCTU) provide cost-
and time-effective synthesis with minimal racemization. However, phosphonium-
(e.g., PyBOP), or carbenium- (e.g., COMU) reagents are also effective.

Drain the mixture and wash the resin exhaustively with DMF, DCM and DMF (3
X 3 mL each).

Add 20% (v/v) piperidine in DMF (3 mL) and incubate for 10 min. Repeat this
step once.

Tip: If Fmoc deprotection with 20% piperidine in DMF is incomplete (as
revealed by MS), a mixture of 2:2:96 (v/v) 1,8-diazabicyclo[5.4.0Jundec-7-ene
(DBU)/piperidine/DMF is recommended. A 3 mL solution of 20% piperazine in
DMF is also an acceptable alternative.

Drain the mixture and wash the resin exhaustively with DMF, DCM and DMF (3
x 3 mL each).

Tip: Make sure that any residual piperidine on the vessel cap is completely
removed by inverting the capped vessel several times. Even trace amounts of
piperidine may complicate the next coupling reaction.

Add 4 eq. of Fmoc-Lys(Boc)-OH, 4 eq. HATU and 8 eq. of DIPEA and allow the
contents to mix for 1 h.

Tip: Refer to Tip under step 3.

Repeat steps 4 through 7 with different amino acids to obtain resin-bound
peptide sequence Fmoc-Nal-nal-miniPEG-Lys.

Remove the N-terminal Fmoc group by following steps 5 and 6.

Add 4 eq. of 3,5-bis(bromomethyl) benzoic acid, 4 eq. of HATU, and 8 eq. of
DIPEA and allow the contents to mix for 30 min.

Drain and wash the resin exhaustively with DMF, DCM and DMF (3 x 3 mL
each).

Incubate the resin in 3 mL of 1:1 (v/v) water/DMF for 20 min.

Drain the water/DMF mixture from the resin and resuspend it in 3 mL of water.
Incubate for 20 min.

Drain the water and add 10 eq. of 1,1’-(azanediylbis(hexane-6,1-
diyl))diguanidine in 5 mL of 2:1 (v/v) mixture of 0.5 M NaHCCh (pH 9) and
acetonitrile. Incubate the contents at 50 °C for 14 h with mixing.

Drain the solution and wash the resin exhaustively with water, DMF and DCM (5
x 3 mL each). Make sure that the final washing step is carried out with DCM.

Add 10 mL of 2.5:2.5:2.5:92.5 (V/v) H,O/TIS/IDMBJ/TFA and incubate for 2 h to
deprotect the lysine side chain and release CPM3 from the solid support.
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Drain the released compound solution into a 15-mL Falcon tube and evaporate
the solvents by gently blowing an inert gas (nitrogen or argon) over the liquid
until a semi-solid is obtained.

Tip: Safety precautions should be taken to prevent TFA burns. This step must be
performed inside a well-ventilated fume hood.

Gently add 10 mL of chilled diethyl ether to precipitate the product.

Centrifuge at 7,000 rpm for 5 min. Carefully remove the diethyl ether with a
glass pipette, while leaving the precipitated crude product behind.

Repeat steps 18 and 19 twice.

Dissolve the crude product (3-5 mg) in a minimal volume of DMF (30 pL).
Dilute the solution with 400 L of 3:1 (v/v) water/acetonitrile and purify the
crude product by reversed-phase HPLC by using a semi-preparative C-18
column.

Lyophilize the purified CPM3-miniPEG-Lys solution to obtain a white powder.

4.3. Fluorescent labeling of CPM3

1.

Weigh ~2 mg (1.4 umol) of HPLC purified CPM3-miniPEG-Lys in a
microcentrifuge tube.

Add 20 uL of DMF to dissolve the compound. Adjust the pH to ~8 by adding
~15 pL of 0.5 M NaHCCOj3 buffer.

Weigh 1.2 eq. of TMR-NHS into another microcentrifuge tube and dissolve it in
20 uL of DMF.

Mix the two solutions, wrap the tube with aluminum foil, and allow the reaction
to proceed with mixing for 2 h.

Tip: If precipitate forms, add a small amount of DMF to solubilize the
precipitate.

Purify the fluorescently labeled CPM3-miniPEG-KTMR py reversed-phase HPLC
using a semi-preparative C18 column.

Lyophilize the purified CPM3-miniPEG-K MR tg obtain a red solid.

4.4. Solid-phase synthesis of CPM3-peptide cargo conjugates

The protocol described below was employed for the preparation of CPM1-miniPEG-LB76.
Other CPM3-peptide cargo conjugates were similarly synthesized.

1
2.
3.

Swell 100 mg of TentaGel S amine resin in 3 mL of DMF for 20 min.
Drain the solvent and wash the resin with DCM and DMF (2 x 3 mL each).

Dissolve 4 eq. of Rink amide linker and 4 eq. of HATU in 2 mL of DMF. Add 8
eg. of DIPEA and vortex to dissolve all the contents. Add the reagent solution to
the swollen resin and incubate for 1 h with constant mixing.
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Drain the mixture and wash the resin exhaustively with DMF, DCM and DMF (3
x 3 mL each).

Add 20% (v/v) piperidine in DMF (3 mL) and incubate for 10 min. Repeat this
step once.

Drain the mixture and wash the resin exhaustively with DMF, DCM and DMF (3
x 3 mL each).

Dissolve 4 eq. of Fmoc-Asp-O-All and 4 eq. of HATU in 2 mL of DMF. Add 8
eq. of DIPEA and vortex to dissolve all the contents. Add the solution to the
resin and incubate for 1 h with constant mixing.

Repeat steps 4 through 7 for the other four amino acids to obtain the resin-bound
peptide sequence Fmoc-Ser(tBu)-Tyr(tBu)-Lys(Mtt)-Lys(Boc)-Asp-O-All.

Remove the allyl protecting group on the C-terminal Asp residue by treating the
resin with 0.3 eq. of tetrakis(triphenylphosphine)palladium and 10 eq. of
phenylsilane in 2 mL of dry DCM for 15 min. Wash the resin with 3 mL of dry
DCM after each incubation. Repeat this step twice.

Drain and wash resin with DMF, DCM, and DMF (3 x 3 mL each).

Incubate the resin in 10% (wt/v) sodium dimethyldithiocarbamate in 3 mL of
DMF for 10 min. Repeat this step once.

Drain and wash resin with DMF, DCM and DMF (3 x 3 mL each).

Remove the N-terminal Fmoc group by treating with 3 mL of 20% piperidine in
DMF for 10 min. Repeat this step once.

Drain and wash resin with DMF, DCM and DMF (3 x 3 mL each).

Add 3 mL of 1 M HOBt in DMF to the resin and incubate for 10 min. Repeat
this step once.

Drain the HOBt solution. Add 5 eq. of PyBOP, 5 eq. of HOB, and 10 eq. of
DIPEA in 2 mL of DMF to the resin and incubate for 2 h with mixing. Repeat
this step once.

Drain and wash the resin exhaustively with DMF and DCM (4 x 3 mL each)

Remove the Mtt group by treating the resin with 3 mL of 2:2:96 (v/v) TFA/
TIPS/DCM for 5 min. Wash the resin with dry DCM (3 mL). Repeat this step
five times.

Incubate the resin in 3 mL of 5% (v/v) DIPEA in DMF for 10 min.

Dissolve 4 eq. of Fmoc-miniPEG-OH and 4 eq. of HATU in 2 mL of DMF. Add
8 eq. of DIPEA and vortex to dissolve all the contents. Add the solution to the
resin and incubate for 1 h with mixing.

Repeat steps 4 through 6.
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Dissolve 4 eq. of Fmoc-L-2-Nal-OH and 4 eq. of HATU in 2 mL of DMF. Add 8
eq. of DIPEA and vortex to dissolve all the contents. Add the solution to the
resin and incubate for 1 h with mixing.

Repeat steps 4 through 6.

Dissolve 4 eq. of 3,5-bis(bromomethyl)benzoic acid and 4 eq. HATU in 2 mL of
DMF. Add 8 eq. of DIPEA and vortex to dissolve the contents. Add the solution
to the resin and incubate for 30 min with mixing.

Drain and wash the resin exhaustively with DMF, DCM and DMF (3 x 3 mL
each).

Incubate the resin in 3 mL of 1:1 (v/v) water/DMF mixture for 20 min.
Drain the water/DMF mixture and incubate the resin in water (3 mL) for 20 min.

Drain the water and add 10 eq. of 1,1’-(azanediylbis(hexane-6,1-
diyl))diguanidine dissolved in 5 mL of 2:1 (v/v) 0.5 M NaHCOg3 (pH 9)/
acetonitrile to the resin. Incubate at 50 °C for 14 h with mixing.

Drain and wash the resin exhaustively with H,O, DMF and DCM (5 x 3 mL
each). Make sure that the final washing step is carried out with DCM.

Add 10 mL of 2.5:2.5:2.5:92.5 (v/v) HoO/TIS/DMB/TFA and incubate for 2 h
with mixing.

Carefully drain the resin and collect the solution into a clean 15-mL Falcon tube.
Evaporate the solvents by gently blowing an inert gas (nitrogen or argon) over
the liquid until a semi-solid is obtained.

Gently add 10 mL of chilled diethyl ether to precipitate the product.

Centrifuge at 7,000 rpm for 5 min. Carefully remove the diethyl ether with a
glass pipette, while leaving the precipitated crude product behind.

Repeat steps 31 and 32 twice.

Dissolve the crude product (3-5 mg) in a minimal volume of DMF (~30 pL).
Dilute the solution with ~400 pL of 3:1 (v/v) water/acetonitrile and purify the
crude product by reversed-phase HPLC by using a semi-preparative C-18 column
on a linear gradient of 10 - 50% acetonitrile over 40 min.

Lyophilize the purified CPM1-miniPEG-LB76 to obtain a white solid.

4.5. Confocal microscopic imaging

1

Culture HeLa cells by following the supplier’s instructions. Other cell lines may
be used.

Seed 5 x 104 cells/mL in a 35-mm glass-bottomed microwell (MatTek; 500 pL)
and culture for 24 h.

Gently wash the cells twice with Dulbecco’s phosphate buffer saline (DPBS).
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4.  Add 500 pL of 2 uM CPM3-miniPEG-K™R in Dulbecco’s modified eagle
medium (DMEM) to the cells and incubate at 37 °C for 1 h 45 min in the
presence of 5% CO,.

Tip: Use DMEM (phenol red free, equipped with 1% fetal bovine serum (FBS)
and 1% streptomycin/penicillin) to prepare 500 uL of 2 uM CPM3-miniPEG-
KTMR and add to the cells.

5. Prepare a 200 nM MitoTracker green solution in DMEM (phenol red free,
equipped with 1% FBS and 1% streptomycin/penicillin) and add 500 pL to the
cells to give a final volume of 1000 pL.

6. Incubate the cells at 37 °C for 15 min in the presence of 5 % CO,.

7. Gently wash the cells with DPBS twice. Add 500 pL of fresh DMEM (equipped
with 1% FBS and 1% penicillin/streptomycin).

8. Image the cells using live-cell confocal microscope equipped with 100X oil
objective.

5. Summary

To the best of our knowledge, the CPMs described in this chapter represent the most
powerful mitochondrion-targeting vehicles that have been reported to date. They are
effective for delivering small-molecule and peptidyl cargoes that are positively charged,
neutral, or if negatively charged, contain no more than two negative charges. For these
cargoes, delivery is both highly efficient and mitochondrion-specific. Synthesis of the CPMs
and CPM-cargo conjugates is straightforward and most conveniently performed on the solid
phase, by following the detailed protocols provided in this chapter. Their capacity for
delivering other types of cargoes, e.g., proteins and nucleic acids, as well as their mechanism
of cellular/mitochondrial entry remain to be determined.
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Structures of CPM1-3.
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Solid-phase synthesis of CPM3-miniPEG-KTMR_ Reagents and conditions: a) Solid-phase
peptide synthesis by standard Fmoc/HATU chemistry; b) 3,5-bis(bromomethyl)benzoic acid,
HATU; c) 1,1’-(azanediylbis(hexane-6,1-diyl))diguanidine in 2:1 (v/v) 0.5 M NaHCO3 (pH
9)/acetonitrile; d)TFA; and e) TMR-NHS.
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Synthesis of CPM1-miniPEG-LB76 TR Reagents and conditions: a) Solid-phase peptide
synthesis using Fmoc/HATU chemistry; b) Pd(PPhs)4; ¢) piperidine; d) PyBOP; €) 2% (v/v)
TFA in DCM; f) 3,5-bis(bromomethyl)benzoic acid, HATU; g) 1,1°-
(azanediylbis(hexane-6,1-diyl))diguanidine in 2:1 (v/v) 0.5 M NaHCOg3 (pH 9)/acetonitrile;
h) TFA; and i) TMR-NHS.
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GREEN

Merge

cPm3™® Mito

Figure 4.
Live-cell confocal microscopic images of Hela cells after treatment with 2 uM CPM3TMR

for 2 h (red) and incubation with MitoTracker Green for 15 min (green). A merged image is
shown on the right with the R value representing Pearson’s correlation coefficient for co-
localization. This figure was reproduced from Appiah Kubi et al. (2018) with permission.
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d CcPM3-dddddgk” MitoRED

Figureb.
Live-cell confocal microscopic images of HelL a cells after treatment with various CPM3-

linear peptide conjugates (2 uM) for 2 h and MitoTracker for 15 min. Merge, overlap of
peptide and MitoTracker signals; R, Pearson’s correlation coefficient.
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d  CPM1-LB76™R MitoGREEN
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Figure 6.
Live-cell confocal microscopic images of HelL a cells after treatment with 2 yM CPM-cyclic

peptide conjugates for 2 h and MitoTracker for 15 min. Merge, overlap of peptide and
MitoTracker signals; R, Pearson’s correlation coefficient.
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