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We study for the first time whether triphenylphosphonium (TPP) moiety can improve cellular delivery and redox
properties of amphipathic cationic peptides based on YRFK/YrFK cell-penetrating and cytoprotective motif. TPP
moiety was found to increase reducing activity of both stereoisomeric peptides in solution and on electrode
surface in association with TPP-mediated intramolecular interactions. Among TPP-conjugated peptides, newly
synthesized TPP3-YrFK featured both increased antioxidant efficacy and proteolytic resistance. TPP-conjugated
peptides preferably mitigated endogenic ROS in mitochondria and cytoplasm of model glioblastoma cells with
increased oxidative status. This anti-ROS effect was accompanied by mild reversible decrease of reduced gluta-
thione level in the cells with relatively weak change in glutathione redox forms ratio. Such low interference with
cell redox status is in accordance with non-cytotoxic nature of the compounds. Intracellular concentrations of
label-free peptides were analyzed by LC-MS/MS, which showed substantial TPP-promoted penetration of YrFK
motif across cell plasma membrane. However, according to AWy, analysis, TPP moiety did not profoundly enhance
peptide interaction with mitochondrial inner membrane. Our study clarifies the role of TPP moiety in cellular
delivery of amphipathic cationic oligopeptides. The results suggest TPP moiety as a multi-functional modifier for
the oligopeptides which is capable of improving cellular pharmacokinetics and antioxidant activity as well as
targeting increased ROS levels. The results encourage further investigation of TPP3-YrFK as a peptide antioxidant
with multiple benefits.

1. Introduction peptides with both natural (aa isomers, saccharides, lipids) and

non-natural synthetic moieties. Conjugation with the synthetic moieties

Solid-phase peptide synthesis (SPPS) is an established powerful
technique to develop and produce peptide sequences for therapeutic and
diagnostic applications (Chan and White, 1999). In comparison with
recombinant protein production, SPPS is generally restricted by shorter
peptides with less than 50 amino acid (aa) residues, nevertheless it
provides much greater possibilities for in situ modification of biomimetic

is a promising strategy to generate hybrid peptides with improved
physicochemical, pharmacokinetic, and pharmacological properties. The
latter strategy is particularly aimed at overcoming rapid biodegradation
of the therapeutic peptides and their poor accumulation in targeted cells
(Yang et al., 2021; Lucana et al., 2021; Gentilucci et al., 2010).

Among pharmacologically relevant synthetic moieties, delocalized
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lipophilic cations such as triphenylphosphonium (TPP) compounds have
proved to be a powerful modifier for existing drugs. TPP modifiers, which
are generally considered biochemically inert, act by driving a conjugated
cargo into living cells and mitochondria by the electrochemical gradient
across the plasma and mitochondrial membranes (Zielonka et al., 2017).
To date, numerous low molecular weight drug molecules were success-
fully modified with TPP cation, resulting in improved drug candidates for
treating cancer (Tsepaeva et al., 2017, 2020, 2021; Theodossiou et al.,
2013), infectious (Tsepaeva et al., 2020; Nazarov et al., 2017; Wang
et al., 2021), and degenerative diseases (Wang et al., 2020).

In spite of enormous interest in using TPP carriers, few works have
been devoted to TPP-conjugated therapeutic peptides. FFK peptide
coupled with 6-(triphenylphosphonio)hexyl via e-amino group of lysine
was synthesized as a cancer cell-damaging agent. The compound accu-
mulated in mitochondria and formed stiff mitochondria-damaging fibrils
as a result of diphenylalanine self-assembly (Kim et al., 2020; Hong et al.,
2021). Similarly, single or multiple 5-(triphenylphosphonio)pentanoyl
moieties were linked to D-(KLAKLAK), proapoptotic peptide via
e-amine(s) of Lys,-Ahx- linker (n = 1-3) (Kolevzon et al., 2011). Three
TPP moieties were required to render these conjugates active against
cancer cells (Kolevzon et al., 2011), reflecting poor translocating ability
of peptide molecules across lipid membranes (Yang and Hinner, 2015).
Furthermore, no promoting effect on cellular and mitochondrial uptake
of cell-penetrating peptides Tat (YGRKKRRQRRRP) and penetratin
(RQIKIWFQNRRMKWKK) was reported after N-terminal coupling with a
single TPP group irrespective of alkyl linker length (C4, Cs, C12) (Ross
et al., 2004; Ross and Murphy, 2004).

In contrast to the aforementioned peptides, the conjugates of model
hemagglutinin A epitope YPYDVPDYA with 5-(triphenylphosphonio)
pentanoic acid (via Lysy,-Ahx- linker) exhibited increased cellular and
mitochondrial accumulation in proportion to the number of carrier
groups (n = 1-3) (Abu-Gosh et al., 2009). Notably, these peptide-TPP
conjugates were labelled with relatively bulky fluorophore molecules
(FITC, Cy5, Oregon Green), though even smaller dansyl group was shown
to profoundly change cellular pharmacokinetics of oligopeptides (Szeto
etal., 2005). Carrier activity of the TPP moiety toward peptide-like cargo
such as cell-impermeant iron chelator desferrioxamine (Alta et al., 2017)
and poly(amidoamine) dendrimer (PAMAM, 4 generation) (Bielski et al.,
2015) was also reported. Multiple-modified PAMAM showed increased
cellular internalization and mitochondrial targeting (ca. 5 TPP groups) as
well as enhanced cytotoxicity (ca. 10 TPP groups), which were decreased
by introducing polyethylene glycol (PEG) linker between the moieties
(Bielski et al., 2015). In addition to the above drug-related applications,
TPP-conjugated cyclo-RGD peptide was proposed as a cellular modulator,
which induces the formation of multicellular tumor spheroids in culture
(Akasov et al., 2016).

The existing data do not clearly reveal the potential of TPP modifiers
in developing therapeutic peptides. Along with improving bioavail-
ability, an important unaddressed issue is whether the TPP moiety can
modulate specific activities of the peptide molecules. The modulation of
small bioactive peptides is envisaged, for instance, via induction of
physicochemical and conformational changes in the peptide moiety by
the TPP cation. The promising structures to be evolved using the TPP
modifier are amphipathic cationic tetrapeptides composed of alternating
aromatic and cationic amino acids, which have been recognized as cell-
penetrating, mitochondria-modulating and cytoprotective compounds
(Szeto, 2008; Sheu et al., 2006; Rocha et al., 2010).

In particular, Szeto-Schiller (SS) tetrapeptides were earlier discovered
as biomimetic peptide agonists of p-opioid receptors and cellular anti-
oxidants with their active sequences generally evolved as follows: Tyr--
DArg-Phe-Lys-NH, (SS-01), Dmt-PArg-Phe-Lys-NH, (SS-02, Dmt -
dimethyltyrosine), PArg-Dmt-Lys-Phe-NH, (SS-31) (Szeto, 2008; Sheu
et al., 2006; Rocha et al., 2010). These peptides rapidly penetrate plasma
membrane escaping endocytic pathways; moreover, they accumulate at
the inner mitochondrial membrane with low dependence on the mito-
chondrial potential and exert versatile cytoprotective and antiapoptotic
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effects mainly attributed to the scavenging of reactive oxygen species
(ROS) generated by mitochondria (Szeto, 2008; Sheu et al., 2006; Rocha
et al., 2010).

The therapeutic potential of SS-peptides was established using
different in vitro and in vivo models of degeneration-related disorders of
the cardiovascular system (Dai et al., 2011; Escribano-Lopez et al., 2018;
Allen et al., 2020), central nervous system (Szeto, 2006a; Manczak et al.,
2010; Toyama et al., 2018), lung (Powers et al., 2011), kidney (Miz-
uguchi et al., 2008) (see also reviews (Rocha et al., 2010; Toyama et al.,
2018; Meloni et al., 2020)). Recently, additional mitoprotective mecha-
nisms of SS-31 peptide were reported. These are based on its affinity
binding to mitochondrial membrane cardiolipin to improve structural
organization and bioenergetics of mitochondria under stress conditions
(Allen et al., 2020; Toyama et al., 2018; Mitchell et al., 2020; Chavez
et al., 2020).

With respect to SS-peptides, the TPP cation can be considered as a
synthetic analog of both aromatic and cationic amino acids. We have
previously shown that N-terminal conjugation of YRFK motif with TPP-
carboxylic acid drastically alters spatial structure and some bio-
interactions of the peptides depending on the presence of L- or D-isomer
of arginine and the length of alkylene linker in the TPP moiety (Akh-
madishina et al., 2018; Garifullin et al., 2019). The TPP-conjugated
peptides increased viability of mammalian cells subjected to acute
damage by oxidative agents (Akhmadishina et al., 2018).

This study provides important findings on multiple effects of the TPP
moiety on pharmacological properties of YRFK derivatives in vitro. In
particular, it shows whether delivery of the motif can be promoted by the
TPP moiety at cellular and mitochondrial levels, providing quantification
of intracellular concentration of the conjugated peptides. Furthermore,
the study proposes the TPP moiety as a redox modulator for the peptides,
which can specifically enhance antioxidant efficacy of YRFK derivatives
and their targeting ability toward endogenic cellular ROS. The study also
identifies a new proteolytically stable and cell-penetrating TPP-conju-
gated peptide as a potential inhibitor of oxidative stress.

2. Materials and methods
2.1. Materials

Rink amide MBHA resin, Fmoc-Tyr(tBu)-OH, Fmoc-Arg(Pbf)-OH,
Fmoc-D-Arg(Pbf)-OH, Fmoc-Phe-OH, Fmoc-Lys(Boc)-OH, (5-carbox-
ypentyDtriphenylphosphonium bromide, (2-carboxyethyl)triphenylphos-
phonium bromide, 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate (HBTU), N,N-diisopropylethylamine (DIPEA), trii-
sopropylsilane (TIPS), trifluoroacetic acid (TFA), N,N-dimethylformamide
(DMF), dichloromethane (DCM) were purchased from Merck and Fisher
Scientific.

Monochlorobimane, JC-1, MitoSOX Red, MitoTracker™ Red CM-
H2Xros dyes were purchased from ThermoFisher Scientific. 2,2'-azino-
bis(3-ethylbenzthiazoline-6-sulfonic acid) diammonium salt (ABTS),
2',7'-dichlorofluorescin diacetate (DCFDA), carbonyl cyanide 3-chloro-
phenylhydrazone (CCCP), antimycin A, Hoechst 33258 were purchased
from Sigma-Aldrich. Milli-Q grade water (Milli-Q® Advantage A10,
Merck Millipore) was used to prepare buffers and solutions. Cell culture
media and reagents were purchased from Paneco (Russia). LC-MS-grade
solvents (Acros Organics) were used for mass-spectrometric analysis.

2.2. Peptide synthesis

Synthesis and structure characterization of YRFK-NH,, YrFK-NH,
TPP3-YRFK-NH,, TPP6-YRFK-NH,, TPP6-YrFK-NH, peptides were per-
formed previously (Akhmadishina et al., 2018). TPP3-YrFK-NH; peptide
was additionally synthesized as C-terminal amide by Fmoc solid-phase
peptide synthesis (SPPS) method. Briefly, Rink amide resin was
swollen in DMF and deprotected using 20% (v/v) piperidine in DMF.
Subsequent coupling and deprotection cycles were carried out using 2
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equiv. of Fmoc-protected amino acids, 1.98 equiv. of HBTU and 3 equiv.
DIPEA in DMF. The peptide was cleaved from the resin in cleavage
mixture (95% TFA, 2.5% H-0, 2.5% TIPS), and collected with DCM,
which was removed alongside with TFA on a rotary evaporator.
Following trituration with cold diethyl ether, peptide was separated
through centrifugation, and finally lyophilized.

2.3. Characterization of peptides

The synthesized peptides were purified by preparative HPLC and
analyzed by LC-MS technique using the Agilent 1200/6530 instrument
(Fig. S1).

The peptides were dissolved in phosphate-buffered saline (PBS, pH =
7) at a concentration of 400 pM. Circular dichroism (CD) spectra of the
peptides were recorded on the Jasco J-1500 circular dichroism spectro-
photometer in the wavelength region 250-300 nm. The CD measure-
ments were performed in a 1 cm quartz cuvette with 6 accumulations.
Fluorescence spectra of the peptides were recorded on the Horiba Jobin
Yvon spectrofluorometer FL3-221-NIR using a 1 cm quartz cuvette at hex
= 275 nm (slit: 5 nm).

2.4. ABTS-radical scavenging assay

The ABTS microplate assay was performed according to the previous
procedure (Ishkaeva et al., 2021) with some modifications. The scav-
enging activity was assessed in mixed methanol-water solution at final
concentrations of the antioxidants of 0.2, 1, and 5 mM and ABTS of 0.4
mM. The reactive mixture was incubated for 10 min at room temperature
followed by the detection of the optical absorbance at 734 nm on the
Tecan Infinite M200PRO microplate analyzer.

2.5. Electrochemical analysis

The electrochemical analysis of the peptides on graphene oxide-
modified electrodes (GOE) was performed as detailed previously (Ish-
kaeva et al., 2021). Briefly, 5 pL aliquot of 1 mM peptide aqueous solu-
tion was pre-incubated on the surface of GOE for 5 min and then rinsed
with water. The adsorbed peptide molecules were detected using the
square-wave voltammetry technique in the range of potentials 0-1.1 V at
a frequency of 10 Hz, amplitude of 10 mV, and a potential step of 5 mV.
The measurements were performed on the PalmSens EmStat potentiostat.
The voltammograms were treated with PSTrace 5.5 software (Analytical
mode).

2.6. Cell culture and viability

SNB-19 and LN-229 human glioblastoma cell lines (ATTC) as well as
human skin fibroblasts (HSF) isolated from healthy donor (Tsepaeva
et al.,, 2017) were used. The cells were cultured aseptically in DMEM
containing 5% fetal bovine serum (FBS) for glioblastoma cells and in
a-MEM containing 10% FBS for HSF, 2 mM L-glutamine, 100 U/mL
penicillin and 100 pg/mL streptomycin at 37 °C in humidified air at-
mosphere with 5% COs. The MTT microplate proliferation assay (Akh-
madishina et al., 2018) was performed after culturing the cells in the
presence of peptides (0.04, 0.2 or 1 mM) for 24 h. Cell viability was
presented relatively to the untreated cells (100% viability) as mean +
standard error (n = 3).

2.7. JC-1 and monochlorobimane (MCB) based microplate assays

Transmembrane potential of mitochondria in SNB-19 and LN-229
cells was assessed with JC-1 fluorescent probe. The cells were seeded in a
96-well plate and cultured until 80-90% cell confluency was reached.
Then the cells were washed with Hank's balanced salt solution (HBSS),
pre-stained with 2.5 pM JC-1 for 15 min and exposed to the peptides
(0.04, 0.2, 1 mM) or CCCP (10 pM) for 2 h. The green fluorescence (Aex/
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em = 490/530 nm) and red fluorescence (Aex/em = 525/590 nm) were
collected from the treated cells on the Infinite M200PRO analyzer, and
the signal was presented as red to green fluorescence ratio (mean +
standard error, n = 4).

MCB-assisted detection of reduced glutathione (GSH) in living cells
was performed as detailed in (Ishkaeva et al., 2022). The cells were
seeded in a 96-well plate at a density of 20 x 10° cells per well in the
culture medium and grown overnight. Next day, the cells were exposed to
the peptides for 2 h in HBSS followed by staining with 5 yM MCB for 1 h
(both steps in COz-incubator). The relative increment of MCB fluores-
cence (Aex/em = 380/480 nm) in the cells was detected as a measure of
cellular GSH (Ishkaeva et al., 2022). The data were presented as mean +
standard error (n = 6).

2.8. DCFDA and MitoSOX based flow cytometry analysis

SNB-19 and LN-229 cells were collected by trypsinization, washed
with HBSS and suspended in HBSS at a density of 1 x 10° cells/mL. The
cells were exposed to the peptides in HBSS (0.2 or 1 mM) for 2 h. The
treated cells were stained with 5 pM MitoSOX or 20 pM DCFDA for 20
min at 37°C to detect mitochondrial and cytoplasmic ROS, respectively.
The analysis was performed on a Guava EasyCyte 8HT flow cytometer
(Millipore, MA, USA) in the green (DCFDA) or red (MitoSOX) fluores-
cence regions.

2.9. Laser scanning confocal microscopy (LSCM)

SNB-19 and LN-229 cells were grown overnight in a 6-well plate on
coverslips (diameter = 25 mm) at a density of 20 x 10° cells per
coverslip. The cells were treated with 0.04 mM peptide solutions in HBSS
for 2 h and then stained with 100 nM MitoTracker™ Red CM-H,Xros and
3 pg/mL Hoechst 33258 for 40 min. LSCM analysis of the stained cells
was performed in an Attofluor™ cell chamber (ThermoFisher Scientific)
and using the Zeiss LSM 780 confocal microscope with 63 x /NA 1.4 oil
DIC M27 objective.

LSCM main parameters were as follows: dimensions x: 2048, y: 2048,
2 channels: 8-bit; master gain: 808; filter: 582-704; laser 543 nm: 89.7%.
The mean fluorescence signals of the mitochondria in the control and
treated cells were randomly collected from LSCM images (>10 images)
using a NIH ImageJ 1.48v software.

2.10. Liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis

2.10.1. GSH/GSSG ratio in peptide-treated cells

LC-MS/MS analysis in multiple reaction monitoring (MRM) mode
was performed to quantify GSH and GSSG in the cells. The analysis was
performed using an Infinity 1290 HPLC system (Agilent, Santa Clara, CA,
USA) combined with a QTRAP 6500 triple quadrupole mass spectrometer
(ABSciex, Singapore) equipped with Turbo Spray Ion Drive as an elec-
trospray ionization (ESI) source. The parameters of chromatographic
separation, generation of negatively charged ions and MRM transitions
for GSH and GSSG were detailed previously (Ishkaeva et al., 2022).

The cells were seeded in 6-well plates (3.5 x 10° cells per well), pre-
cultured for 24 h and treated with 0.2 mM peptide solutions in HBSS for
5 h. Then the cells were scraped and lysed with 1% TFA solution on ice
for 10 min. The cell lysates were frozen at —80 °C, thawed and diluted
with mQ water to obtain final cell density of 1 x 10° cells/mL and TFA
concentration of 0.1%. GSH and GSSG standards in TFA solution were
used.

2.10.2. Proteolytic cleavage and cellular accumulation of peptides

The source parameters used in the study were as follows: capillary
voltage 5.2 kV, gas 1 pressure 60 psi, gas 2 pressure 60 psi, curtain gas
pressure 35 psi, temperature 500 °C. The quantifier/qualifier ions m/z,
declustering potential, and collision energy were optimized for each
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analyte using an automated "Compound optimization" algorithm of the
Analyst 1.6.2 software (ABSciex, MA, USA).

The transitions monitored were: TPP3-YrFK (m/z 310.3 — 318.6 and
m/z 310.3 — 452.2), YrFK (m/z 306.7 — 129.0 and m/z 306.7 — 320.0),
TPP6-YrFK (m/z 324.2 — 339.6 and m/z 324.2 — 129.1). Compounds
were separated on a Discovery HS C18 column (3 pm, 5 cm x 2.1 mm,
Supelco, Sigma-Aldrich, USA) with mobile phases consisting of A (99.9%
water, 0.1% formic acid) and B (94.9% acetonitrile, 5% water, 0.1%
formic acid). The flow rate was 0.4 ml/min throughout the following 5
min multistep gradient (min — % phase B): 0-0.1 min - 1%, 0.1-2.6 min —
up to 40%, 2.6-2.7 min — up to 95%, 2.7-3.7 min — 95%, 3.7-3.8 min —
decrease to 1%, 3.8-5.0 min — 1%. All reagents used for the MS analysis
were of LC-MS grade (Sigma Aldrich).

For studying proteolytic stability, YrFK and TPP3-YrFK (1 pM) were
mixed with trypsin (0.02 pg/mL) in 50 mM Tris-HCl (pH = 7.4), and the
mixture was incubated at room temperature. The concentration of un-
digested peptides was quantified over time.

For studying cellular penetration, SNB-19 cells suspended in HBSS (1
x 10° cells in 1 mL) were incubated with YrFK, TPP3-YrFK or TPP6-YrFK
(0.2 mM) for 2 h upon gentle agitation in COs-incubator. The treated cells
were washed with PBS, pelleted by centrifugation and frozen in low-
temperature freezer. The cell pellet was mixed with methanol-water
mixture (200 pL) in ice bath for lysis followed by the centrifugation of
cell debris. The supernatant was analyzed using the above LC-MS/MS
procedure.

2.11. Statistical analysis

Data were presented as mean =+ standard error (n = 3), unless
otherwise stated. Statistical significance was determined by two-way
analysis of variance (ANOVA) followed by Bonferroni post-test to
compare replicate means by row (*p < 0.05, **p < 0.01, ***p < 0.001).

3. Results

3.1. TPP moiety promotes antioxidant activity of conjugated peptides
depending on intramolecular association

Six peptides based on YRFK biomimetic sequence were synthesized
(Fig. 1), including previously characterized structures YRFK, YrFK, TPP3-
YRFK, TPP6-YRFK, TPP6-YrFK (Akhmadishina et al., 2018) and a new
TPP-conjugated peptide TPP3-YrFK. In the above abbreviations, R/r are
L-/D-Arg residues and TPP3/TPP6 are TPP-propanoyl/TPP-hexanoyl
groups; C-amide group is omitted for simplicity. Radical-scavenging
properties of the compounds were assessed by the ABTS assay with

OH

o] o)
H H
R1\ N\)J\ N\)k
N N " “NH,
H \LH :
H,N NH NH

R1=H, YRFK
R1 = 3-(triphenylphosphonio)propanoyl, TPP3-YRFK
R1 = 6-(triphenylphosphonio)hexanoyl, TPP6-YRFK

R2 = H, YrFK
R2 = 3-(triphenylphosphonio)propanoyl, TPP3-YrFK
R2 = 6-(triphenylphosphonio)hexanoyl, TPP6-YrFK
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increased sensitivity compared to the DPPH assay (Ishkaeva et al., 2021).
The unmodified peptides YRFK and YrFK did not scavenge ABTS radical
under assay conditions; their conjugates with the TPP6 group possessed a
significant but relatively weak scavenging effect (Fig. 2A).

TPP3-YRFK and TPP3-YrFK similarly to each other showed superior
ABTS scavenging in proportion to the concentration (Fig. 2A). The
enhanced antiradical activity of the TPP3-derived conjugates can be
explained through their distinctive spatial structure, which features
intramolecular association of the TPP cation with side aromatic groups of
Tyr and Phe residues according to previous comparative analysis of
TPP3-YRFK and TPP6-YRFK using NMR and circular dichroism (CD)
spectroscopy (Garifullin et al.,, 2019). Similarly, CD spectrum of
TPP3-YrFK contained a characteristic induction signal in the wavelength
range 250-300 nm, which was not observed for TPP6-YrFK (Fig. 3A),
indicating  specific = aromatic-aromatic  interactions in  the
TPP3-conjugated peptide.

In addition, fluorescence spectroscopy revealed a considerable
decrease of Tyr emission intensity in TPP3-YrFK compared to YrFK and
TPP6-YrFK (Fig. 3B) attributed to quenching of Tyr fluorescence due to
TPP3-mediated n-n intrapeptide interactions. Together, these data sug-
gest that the TPP3 group with a shorter linker modulates Tyr charac-
teristics in both YrFK and YRFK in a specific way, promoting radical-
quenching activity of Tyr considered as a redox center (Nag et al., 2017).

To further assess the redox-modulating effect of the TPP moiety, the
peptides were subjected to voltammetric analysis using graphene oxide-
modified electrodes with increased sensitivity (Ishkaeva et al., 2021).
After pre-incubation on the electrode surface, the peptides generated
well-defined symmetrical peaks in the anodic region (Fig. 2B), indicating
both effective adsorption and oxidation processes.

Among the compounds, TPP3-YRFK and TPP3-YrFK exhibited
significantly lower oxidation potential (Eo) (Fig. 2B and C) and thus
better electron-donating ability of Tyr. The detected effect of the TPP3
group on Ey; was still low (compared to ABTS-quenching effect), seem-
ingly due to its underestimation as a result of disruption of intra-
molecular aromatic association of the conjugates by graphene structures
(Zhang et al., 2013). In its turn, the intramolecular association is ex-
pected to competitively decrease hydrophobic adsorption and detection
of the conjugates on the modified electrode. This is supported by
significantly lower currents of TPP3-YRFK and TPP3-YrFK compared to
TPP6-YRFK and TPP6-YrFK counterparts pre-adsorbed on the electrode
(Fig. 2B and Q).

All the synthesized peptides did not decrease viability of mammalian
cells at a concentration as high as 1 mM as demonstrated using both
primary human skin fibroblasts and glioblastoma cells (Fig. S2). To
further assess antioxidant properties of the compounds, SNB-19 and LN-

3-(triphenylphosphonio)propanoyl: : g’\)\é

6-(triphenylphosphonio)hexanoyl: ©\P§\/\/\)’\§

Fig. 1. Structural formulas of YRFK motif-based peptides and their TPP derivatives.
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YRFK TPP3-YRFK TPP6-YRFK YIFK  TPP3-YrFK TPP6-YFK
B s 0.5+
Peptide Eox (V) 1(MA)
0.4 TPPEYREK oaf  TPPEVE YRFK  0.828 £0.003 0.304 % 0.009
z T TPP3-YRFK 0.800 £0.001 0.219 £0.022
M B TPPG-YRFK 0.810 £0005 0.367 £ 0.030
3 3% YiFK 08320003 0286 +0.033
0.1 TPP3-YrFK  0.805 £0001 0230 %0010
TPPG-YrFK 0822 £0.010 0.385 +0.031
*0e o7 0 1

Potential (V)

Potential (V)

Fig. 2. Antioxidant properties of TPP-conjugated peptides. (A) ABTS radical-scavenging activity in solution. (B) Square-wave voltammograms of peptides adsorbed
and oxidized on graphene oxide-modified electrode. (C) Mean values of oxidation potential (E,,) and oxidation current (i) of electrochemically detected peptides.

Mean + SEM (n = 3, **p < 0.01, ***p < 0.001 vs. Ctrl) are shown for A.
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Fig. 3. (A) Representative circular dichroism and (B) fluorescence emission spectra of YrFK, TPP3-YrFK and TPP6-YrFK (0.4 mM) in PBS. For (B) Aex = 275 nm

was used.

229 human glioblastoma cells were employed as model pre-characterized
cells with distinctly different levels of cytoplasmic and mitochondrial
ROS (Ishkaeva et al., 2022). Cellular effects of the TPP-conjugated pep-
tides were studied and compared at non-cytotoxic (sub)millimolar
concentrations.

3.2. TPP-conjugated peptides do not dissipate mitochondrial potential

The effect of compounds on transmembrane potential of mitochon-
dria (A¥) in the glioblastoma cells was initially assessed since the

>

3., E 0.04 mM EE 0.2mM 1mM

Red/green fluorescence

YRFK TPP3-YRFK TPP6-YRFK YrFK

TPP3-YrFK TPP6-YrFK

dissipation of A¥p, contributes to mitocondrial ROS production (Huang
et al., 2008) and also characterizes mitochondria-penetrating activity
(Horton et al., 2008, 2012). Two-hour cell exposure to the peptides (0.04,
0.2, 1 mM) caused concentration-sensitive modulation of A%, according
to JC-1 fluorescence (Fig. 4). YrFK in contrast to YRFK noticeably
increased A¥p, by up to ca. 40%. Such a hyperpolarizing activity could be
associated with electrostatic binbding of the peptide to the mitochondrial
inner membrane (MIM) without internalization into the matrix (Szeto,
2006a, 2006b). It is seemingly favored by relative proteolytic stability of
YrFK rendered by D-Arg residue (Szeto, 2006a, 2006b; Akhmadishina

N 02mM

Red/green fluorescence

YRFK TPP3-YRFK TPP6-YRFK YrFK

TPP3-YrFK TPP6-YrFK

Fig. 4. Effect of TPP-conjugated peptides on transmembrane potential of mitochondria in (A) SNB-19 and (B) LN-229 glioblastoma cells after 2-h treatment according
to JC-1 fluorescence. Mean + SEM (n = 4, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl) are shown. Dotted line shows the signal for untreated cells.
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et al., 2018) to increase half-life and mitochondrial concentration of the
peptide.

The TPP-conjugated peptides were generally characterized by
different increasing effects on A¥p,. For instance, TPP3-YRFK and TPP6-
YRFK significantly increased AWy, mainly at a lower concentration of
0.04 mM, whereas TPP3-YrFK and TPP6-YrFK showed more variable
concentration-dependent effects (Fig. 4). Such a mitochondrial hyper-
polalization presumably occurs at certain concentrations of the peptides
at MIM. The TPP moiety is expected to increase mitochondrial accumu-
lation of the conjugated peptides by AW¥p-driven transportation and
modulation of proteolytic resistance. The results demonstrate that the
TPP-conjugated peptides do not induce mitochondria depolarization in
contrast to more lipophilic non-peptide TPP derivatives (Tsepaeva et al.,
2017, 2020, 2021).

3.3. TPP-conjugated peptides preferably inhibit increased cellular ROS
levels

3.3.1. Effect on cytoplasmic ROS

As previously shown, LN-229 cells were characterized by increased
oxidative status and decreased content of reduced glutathione (GSH) in
comparison with SNB-19 cells (Ishkaeva et al., 2022). According to
DCFDA fluorescence, both LN-229 and SNB-19 cells contained two
populations denoted as 1 and 2 with higher and lower cytoplasmic ROS
level, respectively (Fig. 5). The antioxidant activity of the peptides was
manifested by the reduction of cell number in the population 1 and its
concomitant increase in the population 2, indicating preferable effect on
the cells with overproduced ROS. Such an effect was much more pro-
nounced in LN-229 cells. For the YRFK derivatives it increased as follows:
YRFK < TPP3-YRFK < TPP6-YRFK with a similar relationship for the
YrFK derivatives. The latter compounds, however, exhibited enhanced
antioxidant activity so that they decreased the population 1 by up to ca.
50% (0.2 mM) and 70% (1 mM) (Fig. 5).

3.3.2. Effect on mitochondrial ROS

The level of mitochondrial ROS was assessed by cytofluorimetry with
MitoSOX as a conventional mitochondria-targeted probe for superoxide
radical (Fisher Scientific, 2017). The compounds decreased mitochon-
drial ROS in treated SNB-19 cells by averagely 21%; more pronounced

B population 1

Relative cell number(%)

Ctrl 0.2 1 0.2 1 0.2 1 0.2 1

E population 2

0.2
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ROS inhibition was induced in LN-229 cells in the following order: YRFK
< YrFK < TPP conjugates. The most active conjugates TPP3-YrFK and
TPP6-YrFK (0.2 mM) caused as high as 3-fold decrease in the ROS level
(Fig. 6).

Since MitoSOX fluorescence can be contributed by other intracellular
structures beside mitochondria (Roelofs et al., 2015), mitochondrial ROS
were additionally visualized by Mitotracker Red CM-HyXRos using
LSCM. Comparable A¥, of the studied cells and the lack of depolarizing
activity of the peptides allowed for using the latter probe regardless its
AW ,-dependent accumulation in mitochondria (Fisher Scientific, 2017).
The microscopy analysis confirmed that LN-229 cells featured consider-
ably higher mitochondrial ROS level compared to SNB-19 cells (Fig. 7).
Furthermore, it provided more sensitive detection of anti-ROS effect of
the peptides, which clearly appeared at a concentration of 0.04 mM (on
the example of YrFK derivatives). Among the compounds, TPP3-YrFK
diminished ROS in LN-229 cells in a more effective way by ca. 3 times
so that the ROS level similar to that in untreated SNB-19 cells was ach-
ieved (Fig. 7).

The results support that the TPP moiety substantially enhances anti-
oxidant activity of YRFK/YrFK motif against both cytoplasmic (Fig. 5)
and mitochondrial (Fig. 6) ROS. Different analyses (Figs. 2, 5-7) showed
that the activity of TPP3-YrFK and TPP6-YrFK may somewhat differ to-
ward each other presumably due the effect of assay conditions as well as
depending on degradation rate of the conjugates (see Section 3.4.).
Altogether, compared to the initial peptide motif, TPP3-YrFK and TPP6-
YrFK can be identified as improved cellular antioxidants, which can
target the cells with increased oxidative state, preferably inhibiting
overproduced ROS levels.

3.3.3. Effect on cellular glutathione

In view of similar antioxidant activity of YRFK and YrFK derivatives
(Fig. 2) and increased proteolytic stability of the latter compounds
(Akhmadishina et al., 2018), the YrFK-derived conjugates were selected
for further study. The relationship of their anti-ROS activity with the
production of glutathione as a key cellular antioxidant was examined.
According to monochlorobimane-based microplate assay in living cells
(Ishkaeva et al., 2022), after 2-h exposure, the compounds moderately
decreased the level of reduced glutathione (GSH) in both SNB-19 and
LN-229 cells by up to 40% with somewhat higher effect of the
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Fig. 5. Inhibition of endogenous cytoplasmic ROS in SNB-19 and LN-229 cells by TPP-conjugated peptides (2-h treatment) according to flow cytofluorometry with
DCFDA probe. (A) Relative cell number (total amount = 100%) in cell populations 1 and 2. (B) Fluorescence distributions in control cells (filled curve) and cells treated
with 0.2 mM TPP3-YrFK (unfilled curve). Mean + SEM (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl).
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Fig. 6. Inhibition of endogenic mitochondrial ROS in SNB-19 and LN-229 cells by TPP-conjugated peptides (2-h treatment) according to flow cytofluorometry with
MitoSOX probe. Mean channel fluorescence values + SEM (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl) are shown. Dotted line shows the signal for un-

treated cells.
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Fig. 7. (A) Typical LSCM images of SNB-19 and LN-229 cells treated with YrFK, TPP3-YrFK, TPP6-YrFK (40 pM, 2 h) and stained with Mitotracker Red CM-H,XRos
probe. (B) Relative density of mitochondria-associated fluorescence (red). Dotted line shows the signal for untreated cells. Mean + SD (n = 10, **p < 0.01, ***p <
0.001 vs. Ctrl) are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

TPP-conjugated peptides (Fig. 8A).

After a more extended 5-h cell exposure to the peptides, the GSH pool
was recovered (Fig. 8B), indicating cell adaptation to the antioxidant
treatment and restoration of intrinsic GSH level. In addition, according to
pre-optimized mass-spectrometric analysis of the ratio of GSH and
oxidized glutathione (GSSG) (Ishkaeva et al., 2022), SNB-19 cells
possessed higher ratio (Fig. 8C) contributed by a considerably increased
content of reduced tripeptide in comparison with LN-229 cells
(Table S1). 5-hour treatment of the both cells with the peptides was
accompanied by similar moderate decrease of the ratio by 1.2-1.5 times
mainly due to some increase in GSSG content. The detected GSH/GSSG
ratios were far above critical values, which might trigger the apoptotic
process (Aon et al., 2007). In LN-229 cells, TPP3-YrFK and TPP6-YrFK
caused a weaker decreasing effect on the ratio than the unmodified
peptide (Fig. 8C) due to decreased GSSG formation in the presence of the
conjugates (Table S1). Altogether, the results support that profound
anti-ROS activity of the TPP conjugates of YrFK is accompanied by a
relatively weak alteration of cell redox status (see also Discussion
section).

3.4. TPP moiety improves pharmacokinetics-related properties of YrFK
motif

Enzymatic degradation and cellular penetration of TPP-conjugated
YrFK were assessed using LC-MS/MS analysis. Fig. 9A shows opti-
mized conditions for the detection of peptides by LC-MS/MS in MRM
mode. Representative MS and MS/MS spectra and LC-MRM chromato-
grams of the peptides as well as corresponding calibration graphs are
shown in Figs. S3 and S4.

Half-time of YrFK cleavage by trypsin was about 12 h (Fig. 9B), which
was comparable to that observed under previous HPLC conditions (14 h)
and much higher compared to YRFK (6 h) (Akhmadishina et al., 2018).
For newly synthesized TPP3-YrFK, half-time digestion was 20 h, indi-
cating ca. 1.7-fold higher proteolytic resistance of the conjugate
compared to YrFK (Fig. 9B). This shows a significant inhibition of
endopeptidase cleavage of YrFK motif by the TPP3 group, although
TPP3-YrFK was found to be less resistant than TPP6-YrFK, which
remained almost uncleaved by trypsin (Akhmadishina et al., 2018).

Table 1 summarizes found concentrations of the peptides in glio-
blastoma cells treated with the compounds. The results show that the TPP
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Fig. 8. Effect of TPP-conjugated YrFK on GSH content
in SNB-19 and LN-229 cells after (A) 2-h and (B) 5-h
treatment according MCB fluorescence (Ishkaeva
et al., 2022). Dotted line shows the signal for un-
treated cells. (C) Effect of TPP-conjugated YrFK (0.2
mM) on GSH/GSSG ratio in the cells according to
LC-MS/MS analysis. For (A) and (B) mean + SEM (n
=6, *p < 0.05, **p < 0.01, ***p < 0.001 vs. Ctrl) are
shown. For (C) the cells were treated for 5 h and lysed
in TFA solution (1 x 10° cells in 1 mL); mean + SD
(from 3 biological and 3 technical repeats, n = 9, **p
< 0.01, ***p < 0.001 vs. Ctrl; *#*#p < 0.001 vs.
LN-229) are shown.
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Fig. 9. (A) Optimized MRM parameters used for LC-MS/MS detection of YrFK, TPP3-YrFK and TPP6-YrFK. (B) Cleavage kinetics of YrFK and TPP3-YrFK (1 pM) by

trypsin (0.02 pg/mL) in 50 mM Tris-HCI (pH = 7.4) according to LC-MS/MS.

moiety profoundly increases intracellular concentration of YrFK motif on
average by 15 times (TPP3) and 10 times (TPP6), supporting better
cellular availability of the TPP-conjugated peptides. By assuming average
volume of a mammalian cell of 2000 pm?, the intracellular concentration
of TPP3-YrFK and TPP6-YrFK was estimated respectively as 61.7 and
41.1 pM vs. 4.1 pM for the unmodified peptide. Although longer aliphatic
linkers commonly favor cellular availability of TPP-conjugated bio-
molecules (Zielonka et al., 2017; Tsepaeva et al., 2021), TPP3-YrFK

exhibited better cellular delivery compared to TPP6-YrFK. This is
explained by specific intramolecular association of TPP3-YrFK, which
should provide a more compact spatial structure of the conjugate as
earlier shown for TPP3-YRFK counterpart (Garifullin et al., 2019).

4. Discussion

Our study shows that both in vitro pharmacokinetic properties and
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Table 1

Concentration (nM) of YrFK, TPP3-YrFK and TPP6-YrFK in lysates of SNB-19 cells
(1 x 10° cells in 200 pL) incubated with 0.2 mM peptides for 2 h. Mean + SD are
shown (n = 3, ***p < 0.001 vs. YrFK; *p < 0.05,*##p < 0.001 vs. TPP3-YrFK).

Sample No YrFK TPP3-YrFK TPP6-YrFK

1 17 £0.1 232 o 4w HEE
2 73+ 1.8 914 + 2%** ki
3 30 + 0.2 544 4 12%%* 490 + 0.6* = ###
Averaged data 41 + 26 617 + 233*%** 411 + 135%*=#
Enhancement factor - 15 10

Averaged data for three parallel samples (mean =+ SD, n = 3); enhancement factor
for TPP-mediated uptake.

specific antioxidant activity of amphipathic cationic peptides can be
improved by conjugation with the TPP moiety. Although the TPP cation
per se is not redox active, the TPP3 group with a shorter 3-carbon linker
substantially increased radical-reducing ability of both YRFK and YrFK
peptides, compared to the TPP6 group (Fig. 2A). Previous structural
study (Garifullin et al., 2019) and the data for new TPP3-YrFK conjugate
(Fig. 3) suggest that the TPP3 group provides a specific intramolecular
association of the TPP cation and aromatic side-chain groups of both
stereoisomeric peptides.

The resulting spatial structure of the TPP3-modified peptides favors
n-n interactions of the phosphonium group with Tyr, seemingly leading to
the formation of a transient charge transfer complex as supported by Tyr
fluorescence quenching (Fig. 3B) and in accordance with reported
electron-conducting properties of TPP-based ionic compounds (Prasad
et al,, 2020). The intramolecular TPP-Tyr association explains the
facilitation of electron withdrawal from redox active Tyr hydroxyl as
revealed by the ABTS assay as well as electrocatalyst-assisted voltam-
metry (Fig. 2). The latter analysis was employed as a useful technique to
directly assess redox activity of peptide compounds, which nevertheless
possess intrinsically poor electrochemical behavior compared to more
lipophilic antioxidants (Ishkaeva et al., 2021).

Furthermore, ABTS-scavenging concentrations of the most reactive
conjugates TPP3-YRFK and TPP3-YrFK were in submillimolar range
(Fig. 2A), suggesting their inferior antioxidant power compared to Trolox
and GSH with ca. 10 times lower effective concentrations (Ishkaeva et al.,
2021). However, this did not compromise inhibitory activity of the
conjugates against cellular ROS (Fig. 5-7). Moreover, it was hypothe-
sized that such a moderate radical-scavenging activity of the
TPP-conjugated peptides may provide better targeting of overproduced
ROS levels. Such a specific action remains an important problem in
antioxidant therapy of degenerative and cancer diseases, considering that
highly reactive antioxidant compounds can disturb the redox homeo-
stasis via different mechanisms, leading to controversial therapeutic
outcomes (Forman and Zhang, 2021; Firuzi et al., 2011; Vassalle et al.,
2020).

To verify the hypothesis, pre-characterized human glioblastoma cell
lines SNB-19 and LN-229 were used, where the latter cells featured
overproduced cytoplasmic and mitochondrial ROS, decreased thiol pool
and higher responsiveness to supplemented thiols (Ishkaeva et al., 2022)
(Fig. 5-8). The lack of ROS-promoting effect of antimycin A, the cyto-
chrome c reductase inhibitor, in LN-229 cells (Fig. 6) may also indicate
the role of mitochondrial dysfunction in increased oxidative status of the
cells. Therefore, SNB-19 and LN-229 cells were regarded as related cells
with different endogenous ROS levels, which could be useful to model
sustained oxidative stress-related conditions.

The TPP-conjugated peptides displayed profoundly increased anti-
oxidant activity in vitro over the unmodified peptides and, also impor-
tantly, were considerably more effective in decreasing ROS levels in LN-
229 vs. SNB-19 cells and in cell population 1 vs. 2 (Figs. 5 and 6), thus
preferably targeting the cells with increased ROS production. In partic-
ular, 0.2 mM TPP3-YrFK inhibited mitochondrial ROS by a factor of ca. 3
for LN-229 cells and only 1.2 for SNB-19 cells (Fig. 6). In more responsive
LN-229 cells, the YrFK-derived conjugates showed significantly higher
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antioxidant effect compared to the YRFK-derived counterparts (Figs. 5
and 6). Taking into account similar radical-scavenging activity of these
counterparts (Fig. 2), increased cellular activity of the YrFK-derived
conjugates is explained by their higher proteolytic stability and half-
life. These data allow to consider TPP3-YRFK and TPP3-YrFK as model
stereoisomeric peptides with respectively fast and more prolonged anti-
oxidant effects in vitro.

Summarizing the results (Fig. 5-7), the TPP-conjugated YrFK can be
regarded as a cellular antioxidant against overproduced mitochondrial
and cytoplasmic ROS. In this study, to compare cellular responses of the
TPP conjugates and the unmodified peptides with quite different activ-
ities, the compounds were applied at submillimolar concentrations.
Considering mitochondriotropic properties of both amphipathic cationic
peptides and TPP compounds, the observed effects on mitochondrial ROS
are expected to be saturated. Previously, cytoprotective effects of SS-31
peptide in the nanomolar range were reported (Zhao et al., 2005),
although they were assessed under prolonged culture conditions and
were not directly compared with anti-ROS activity. Direct inhibition of
mitochondrial ROS by SS-31 peptide analogs was earlier detected at
micromolar concentration after 24-h exposure (Cerrato et al., 2015). Due
to the presence of highly reactive Dmt instead of Tyr, SS-31 peptide
should be regarded as a strong antioxidant, which is presumably less
capable of differentiating between ROS levels. The lack of standardized
analyses for antioxidant peptides complicates a comparative assessment
of the TPP-conjugated peptides with SS-31 peptide and related structures
based on reported data. This task requires a separate study.

Among the SS-like structures, mtCPP-1, an improved SS-31 analog
with lysine replaced by ornithine, was reported (Cerrato et al., 2015).
Similarly, new amphipathic cationic peptides were synthesized including
those containing tryptophan and proline residues. CArg-Dmt-Arg--
Phe-NH; (RF-2) peptide possessed comparable neuroprotective activity
to that of SS-31 in zebrafish ototoxicity model, and both peptides when
attached to poly (lactide-co-glycolide) nanoparticles similarly promoted
their mitochondrial delivery (Sun et al., 2019).

An additional mechanism of cytoprotective activity of the SS-
peptides, which does not rely on redox active Tyr/Dmt units, has been
recently proposed. It involves a specific binding of the cationic peptides
to highly anionic cardiolipin abundant in MIM (K, is in the micromolar
range). The bound peptides are capable of reducing surface charge of
MIM without disturbing its lamellar structure while improving lipid
packing (Mitchell et al., 2020). This effect allows to competitively inhibit
excessive binding of calcium ions as well as mitotoxic basic proteins to
MIM (Mitchell et al., 2020).

An important issue addressed in this study was whether the TPP
moiety can promote the delivery of oligopeptide cargo into the cells and
the mitochondrial matrix given that the existing data are controversial
(Kim et al., 2020; Hong et al., 2021; Kolevzon et al., 2011; Ross et al.,
2004; Ross and Murphy, 2004; Abu-Gosh et al., 2009; Szeto et al., 2005;
Alta et al., 2017; Bielski et al., 2015). It should be noted that fluorescent
labels often used to assess cellular pharmacokinetics of the amphipathic
cationic peptides should alter their bioavailability (Zhao et al., 2003).
Therefore, unlabeled YrFK, TPP3-YrFK and TPP6-YrFK were detected
using pre-optimized LC-MS/MS procedure (Figs. S3 and S4). Direct ev-
idence was obtained that the TPP3 and TPP6 groups up to 15 times
promoted penetration of the conjugated peptide into mammalian cells
(Table 1). The averaged intracellular concentration of the peptides was
36 pM, whereas extracellular one was 200 pM. This suggests effective
translocation of the compounds across the plasma membrane similarly to
that observed for the SS-peptides containing fluorescent analogs of aro-
matic amino acids (Zhao et al., 2003). Nevertheless, cellular uptake of the
TPP-conjugated peptides seems to be inferior to that of more lipophilic
TPP derivatives such as those of betulinic acid, which showed compa-
rable accumulation in the cells at much lower extracellular concentration
of 1 uM (unpublished data). Our results demonstrate that the TPP moiety
allows to noticeably increase cellular availability of the conjugated YrFK
in addition to augmenting its proteolytic stability (Table 1 and Fig. 9),
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and both these factors should underlie improved pharmacokinetic
properties of the compounds.

Regarding potential mitochondrial penetration, the TPP-conjugated
peptides did not possess depolarizing and prooxidant activities in a
wide concentration range. This indicates that the TPP moiety does not
increase permeability of MIM as a result of its destabilization and/or
penetration. Presumably, a single TPP cation does not provide sufficient
electrochemically driving force for translocation of the peptides across
MIM, even given their cell-penetrating and mitochondriotropic nature.
Unlike the peptide compounds, the TPP conjugates of monocyclic bio-
molecules such as salicylic and acetylsalicylic acids had defined MIM-
disturbing effects including A¥y, drop and mitochondrial ROS over-
oproduction accomponied by profound cytotoxicity, which was pro-
moted by longer aliphatic linkers (Tsepaeva et al., 2021). Similar
activities were observed for the TPP conjugates of polycyclic triterpe-
noids, excepting that these were not promoted or tended to decrease
upon the linker extension (Tsepaeva et al., 2017), indicating the role of
appropriate lipophilicity in mitochondrial delivery and toxicity of the
TPP-modified cargo.

The relationships between physicochemical properties and cellular
effects of amphipathic cationic oligopeptides were systematically studied
in (Horton et al., 2008, 2012) using model structures containing Phe
analog cyclohexylalanine (Fx) and D-arginine dipeptide repeats ((Fxr),).
Cellular uptake of these peptides was generally in proportion to their
length (n 2-6), whereas a critical length to induce
mitochondria-disrupting and cytotoxic activities (ICso < 16 pM) started
from n = 4 (octapeptides) (Horton et al., 2012). Measured logP values for
the structurally related peptides (n = 4, charge +5) varied between —2.2
and —2.7 (Horton et al., 2008).

The TPP conjugates of YRFK/YrFK obviously do not achieve a critical
logP/cationic charge to induce mitochondrial penetration and toxicity.
Mitochondriotropic properties of the TPP conjugates seem to differ
quantitatively rather than qualitatively from those of the unmodified
peptides, which were reported to concentrate at the MIM without
penetration into the mitochondrial matrix (Szeto, 2008; Zhao et al.,
2005; Cerrato et al., 2015). Even assuming that the TPP conjugates,
similarly to the SS-peptides, accumulate in the intermembrane space of
mitochondria, they effectively inhibit both mitochondrial and cyto-
plasmic ROS (Fig. 5-7).

The TPP-conjugated peptides did not show cytotoxicity toward pri-
mary HSF and glioblastoma cells (Fig. S2) in consistency with the lack of
their mitochondria-disturbing effect. Furthermore, based on the analysis
of cellular GSH and GSSG, the compounds did not induce marked change
of cell redox status (Fig. 8). As previously reported, exogenic GSH
strongly affected endogenic level of the tripeptide in mammalian cells,
increasing the level in the cells with GSH deficiency and decreasing it in
GSH-rich cells (Ishkaeva et al., 2022). Pharmacological increase of
cellular GSH seems to be favorable upon GSH depletion, whereas over-
production of the tripeptide seems to readily disturb cell homeostasis and
induce oxidative stress (Ishkaeva et al., 2022; Zhang et al., 2011). Trolox
and N-acetylcysteine (NAC) were shown to elevate GSH/GSSG ratio in
melanoma cells by ca. 2.5 and 3.8 times respectively, promoting meta-
static ability of the cells (Le Gal et al., 2015). Both GSH and GSSG levels
in V79 lung fibroblasts increased up to 2 times in the presence of NAC
(Grosicka-Maciag et al., 2011). Based on these data, the lack of increasing
(or strong decreasing) effect on both GSH content and GSH/GSSG ratio
supports a relatively weak interference of the TPP-conjugated peptides
with cell redox status. According to LC-MS/MS analysis, the peptides
generally cause some additive formation of GSSG (by up to 1.4 times),
which was also observed for other antioxidants such as NAC (Zhang et al.,
2011; Grosicka-Maciag et al., 2011).
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5. Conclusion

TPP cation can be regarded as a multi-functional moiety in cell-
penetrating amphipathic cationic oligopeptides. Considering controver-
sial data on TPP-mediated cellular delivery of peptide cargo, this study
clarifies the role of TPP cation on pharmacokinetics-related properties of
the oligopeptides. The TPP moiety further increases cellular uptake of
YrFK peptide as well as its proteolytic stability, suggesting a way to
improve cellular activity of the oligopeptides. However, the TPP-
conjugated oligopeptides do not show the ability to disturb or readily
penetrate across the mitochondrial inner membrane similarly as the
unmodified oligopeptides. The evidence is provided that redox inactive
TPP moiety is capable of increasing radical-scavenging and reducing
activity of YrFK/YRFK in association with TPP-induced intramolecular
interaction. Using model human cells, the TPP-conjugated peptides were
shown to exhibit enhanced inhibitory effects against overproduced
mitochondrial and cytoplasmic ROS without significant interfering with
glutathione/redox status. Altogether, the results provide the basis of
using the TPP modifier to improve both pharmacokinetic properties and
specific activity of amphipathic cationic oligopeptides by targeting them
to cellular ROS and increasing their stability and availability. Our study
particularly identifies TPP3-YrFK as a promising cellular antioxidant,
encouraging its further investigation.
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