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ABSTRACT: Methods for the delivery of exogenous substances to specific
organelles are important because each organelle functions according to its
own role. Specifically, mitochondria play an important role in energy
production. Recently, plant mitochondrial transformation via delivery
methods to mitochondria has been actively researched. Mitochondrial
targeting sequences (MTSs) are essential for transporting bioactive
molecules, such as nucleic acids, to mitochondria. However, the selectivity
and efficacy of MTSs as carrier molecules in plants are not yet sufficient. In
this study, we developed an effective MTS in plants via a quantitative
comparison of the targeting functions of several MTSs. The presequence of
HSP60 from Nicotiana tabacum, which is highly similar to that of several
other model plants, showed high mitochondrial-targeting ability among the MTSs tested. This result suggests the applicability of the
HSP60 presequence for MTSs in various plants. We further investigated this HSP60 presequence through stepwise shortening on
the basis of secondary structure prediction, aiming to simplify synthesis and increase the solubility of the peptides. As shown by
assessment of the mitochondrial targeting ability, the 15 residues from the N-terminus of the HSP60 presequence for the MTS,
which is particularly conserved among various model plants, retained a targeting efficacy comparable to that of the full-length HSP60
presequence. This developed sequence from the HSP60 sequence is a promising MTS for transfection into plant mitochondria.

■ INTRODUCTION
Owing to the population explosion and drastic climate change,
it is assumed that food supplies will not meet the demand for
food in the near future.1−3 The expansion of farmland damages
forests, contributing to environmental degradation and climate
change.4 Agricultural productivity should increase to maintain
the sustainability of agriculture.5 To improve the productive
efficacy of agriculture, researchers have made advances in
genetic engineering.6−8 Genetic modification is an effective
way to develop a new productive variety. The genomic
transformation of the nucleus and chloroplasts has been
accomplished, but mitochondrial transformation is a challenge
because conventional methods for genomic transformation
cannot be used. Mitochondria and chloroplasts have genomes
different from those of the nucleus does. Mitochondria play an
important role in energy production.9 Through the trans-
formation of the mitochondrial genome, the development of
highly productive plants is expected. Additionally, plant
mitochondria contain a cytoplasmic male sterility-related
gene.10 Controlling the cytoplasmic male sterility is important
in plant breeding. Furthermore, a previous report showed that
resistance to highly saline environments is increased by the
overexpression of manganese superoxide dismutase in
Arabidopsis thaliana mitochondria.11 Plant mitochondrial

transformation is expected to increase the productivity in
agriculture.

Mitochondria have their own genomes, but most mitochon-
drial proteins are encoded in the nucleus as precursors. In the
mitochondrial protein precursors, a presequence is tagged at
the N-terminus of the mitochondrial protein for mitochondria
targeting.12 These presequences have been utilized as
mitochondrial targeting sequences (MTSs). The MTS in the
N-terminus guides the precursor to the mitochondria and is
recognized by the translocator of the outer mitochondrial
membrane (TOM).13 After the TOM is reached, the precursor
with the MTS is incorporated into the mitochondrial matrix.14

Generally, MTSs have an N-terminal import domain and a C-
terminal processing domain.15 The import domain plays a
critical role in targeting mitochondria, and the processing
domain contributes to recognition by the mitochondrial
processing peptidase in the mitochondrial matrix. When the
N-terminal domain of the presequence is removed, the
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function of the target is impaired.16 In contrast, the deletion of
the C-terminal domain does not affect import.17 The MTS is
cleaved from the precursor in the mitochondrial matrix. The
specificity of MTSs is not very high, and MTSs differ between
proteins or species. MTSs are composed mainly of polar,
hydrophobic, and cationic amino acids.15 Furthermore, the
sequences form a helical structure.18 The TOM recognizes the
characteristic amino acids and the secondary structure of
MTSs.

Fusion peptide methods using MTS have led to gene
delivery to mitochondria instead of particle bombardment
methods, which are available for the transformation of nuclei
and chloroplasts. In the particle bombardment method, gold
nanoparticles coated with DNA are introduced into the nuclei
or chloroplasts without targeting. However, DNA cannot be
delivered to mitochondria via particle bombardment methods
because mitochondria are smaller and more dynamic than
nuclei and chloroplasts are. Therefore, mitochondrial targeting
is important for the delivery of genes to mitochondria. In
fusion peptide methods, the modification of peptide/DNA
complexes with MTS allows mitochondrial targeting of
DNA.19−23 For gene delivery to plant mitochondria, Cytcox12
(MLSLRQSIRFFK) has been utilized mainly as an

MTS.19,21,23,24 Cytcox12 comprises 12 amino acids and was
shortened from the presequence of cytochrome C oxidase
subunit IV.25 The cytochrome C oxidase subunit IV is from
Saccharomyces cerevisiae. Most presequences have approx-
imately 30 amino acid residues. The shortened sequences
from the presequences are generally used as the MTS for
transfection, because presequences are too long to synthesize.
A gene carrier modified with Cytcox12 was successfully
transfected into plant mitochondria. However, the mitochon-
drial selectivity of Cytcox12-modified carriers is not high.23,24

As a result, the transfection efficacy was not sufficient to
produce a stable mitochondrial mutant. The development of
more efficient MTSs for plants is needed to increase the
mitochondrial transfection efficacy.

In this study, the mitochondrial-targeting ability of several
presequences in intact plants was quantitatively compared
(Figure 1). The candidate MTSs were designed with biological
information (Figure 1A). Among them, the most effective
sequence was chosen and optimized by secondary structure
prediction, solubility, and reporter protein sorting (Figure 1B,
part C). In particular, the N-terminal 15 amino acids of the
heat shock protein 60 (HSP60) presequence from Nicotiana
tabacum (N15) showed high mitochondrial targeting function

Figure 1. Conceptual diagram of this work. (A) Construction of the P35S-MTS-GFP-Tnos plasmid. The MTS was designed based on biological
information. (B) The structure and sequence of MTS-modified green fluorescent protein (GFP). The MTS was fused to the N-terminus of GFP.
(C) Schematic illustration of MTS-GFP expression and localization in an epidermal cell of an MTS-RFP ox-A. thaliana leaf. P35S-MTS-GFP-Tnos
was designed for MTS-GFP expression in the cytosol. When the MTS is effective, MTS-GFP is delivered to the mitochondria. The mitochondrial-
targeting functions of several MTSs were compared on the basis of the colocalization of MTS-GFP and mitochondria.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Article

https://doi.org/10.1021/acschembio.4c00625
ACS Chem. Biol. 2024, 19, 2515−2524

2516

https://pubs.acs.org/doi/10.1021/acschembio.4c00625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00625?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00625?fig=fig1&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00625?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


in these candidate sequences. This N-terminal 15 amino acid
sequence is well conserved in several model plants. These
results indicate that N15 has the potential to be an effective
MTS in many plants. The N15 sequence contributes not only
to transfection but also to various studies on plant
mitochondria.

■ RESULTS AND DISCUSSION
MTSs. We chose the following 4 types of MTSs to evaluate

their mitochondrial targeting efficacy (Table 1). Cytcox12
comprises 12 amino acid residues and has been commonly
used for the transfection of plant mitochondria.25 Cytcox25 is a
full-length presequence of cytochrome c oxidase subunit IV
from S. cerevisiae.26 Cytcox12 is a shortened sequence from
Cytcox25. SD3 is a probable translocase of inner mitochondrial
membrane 21 (TIM21) in A. thaliana.27 HSP60 is a
chaperonin located in mitochondria.28 In this study, we used
the N-terminal presequences of SD3 from A. thaliana and
HSP60 from N. tabacum for MTSs. The probability of the
MTS was predicted via TargetP-2.0.29 The prediction score
indicates how likely the sequence is to be an MTS. The
prediction score for the MTSs did not differ significantly across
sequences.
Quantification of Mitochondrial Targeting Efficacy.

The mitochondrial targeting ability of the MTSs was
determined on the basis of the ratio of MTS-green fluorescent
protein (GFP) expressed in the cytosol to that expressed in the
mitochondria (Figure 1). The plasmid DNA (pDNA), P35S-
MTS-GFP-Tnos, was designed to express MTS-GFP in the
cytosol (Figure S1). MTS-GFP was delivered to mitochondria
in a manner dependent on the function of the MTS. To
introduce the pDNA to the nucleus with particle bombard-
ment, we prepared gold nanoparticle/pDNA complexes by
mixing gold nanoparticles and pDNA. The complexes were
introduced into the leaves of the MTS-Red fluorescent protein
(RFP) ox-A. thaliana30 via a particle gun. The mitochondria of
MTS-RFP ox-A. thaliana were fluorescently labeled with RFP.
After incubation for 18 h, the leaves were observed via confocal
laser scanning microscopy (CLSM). P35S-eGFP-Tnos was used
as the negative control. Without an MTS, untagged GFP
localizes to the cytosol. GFP fluorescence was observed
throughout the cytoplasm under the control conditions
(Figure 2A). If the MTS tag at the N-terminus of GFP has a
high mitochondrial targeting function, the GFP fluorescence
will colocalize with the mitochondria. For Cytcox12 (Figure
2B), GFP was observed in the cytoplasm and mitochondria. In
contrast, GFP was localized in the mitochondria of the
Cytcox25, SD3, and HSP60 groups (Figure 2C−E). These
findings indicate that Cytcox25, SD3, and HSP60 had MTSs
that were better than did Cytcox12. Next, the colocalization
ratio of GFP expression and mitochondria was quantified. The
colocalization ratio was defined as the ratio of the number of

GFP pixels in mitochondria to the number of all GFP pixels.
Here, we used the colocalization ratio as an index of the
mitochondrial targeting function of each MTS. The obtained
CLSM images were analyzed with ImageJ to calculate the

Table 1. MTSs used in this Experimenta

MTS Organism Sequence Prediction score

Cytcox12 S. cerevisiae MLSLRQSIRFFK 0.6919
Cytcox25 S. cerevisiae MLSLRQSIRFFKPATRTLCSSRYLL 0.7204
SD3 A. thaliana MMMMNLLRRSAIAIGRQSKSKLASFSSATQPCSGIPKSSKRVFSNSFLSKD 0.7201
HSP60 N. tabacum MYRFAASLASKARVARTSTQQIGGRLNWSRNYAA 0.6847

aThe sequences from the N-terminus to the alanine of the 9th residue, to the serine of the 10th residue, to the lysine of the 11th residue, to the
alanine of the 15th residue, and the glutamine of the 20th residue were called N9, N10, N11, N15, and N20, respectively. N34 is the full length of
the HSP60 presequence. The predicted probability for the mitochondrial targeting peptide is displayed as a prediction score

Figure 2. Colocalization analysis of some presequences. (A−E)
Representative CLSM images of (A) no MTS, (B) Cytcox12, (C)
Cytcox25, (D) SD3, and (E) HSP60. Scale bars: 10 μm. (F) The
colocalization ratio of some presequences. Statistical significance was
set at p > 0.05 (n.s.), p < 0.001 (***), and p < 0.0001 (****) on the
basis of Tukey’s multiple comparison tests (n = 10).
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colocalization ratio (Figure 2F). The colocalization ratio of
Cytcox12 was lower than that of Cytcox25. This finding shows
that the mitochondrial targeting function of Cytcox was
partially lost by shortening the sequence to 12 residues. Cytcox
was shortened to focus on the generally representative amino
acids in MTSs, such as lysine, arginine, serine, and threonine.25

However, it is becoming clear that the secondary structure is
also important for the ability of MTSs to target mitochondria.
The presequences of mitochondrial protein precursors form
the helical structure, and the cationic and hydrophobic regions
in the structure are recognized by the TOM.14 The secondary
structure of the MTS needs to be considered when the MTS is
shortened. The plant-derived MTSs SD3 and HSP60
presented high mitochondrial targeting efficacy, similar to
that of Cytcox25. The presequences of SD3 and HSP60 are
promising plant-derived MTSs.
Multiple Sequence Alignment of MTSs Among

Several Model Plants. The presequence of HSP60 derived
from N. tabacum showed high mitochondrial targeting ability
even in A. thaliana. To investigate the versatility of HSP60 in
various plants, we performed multiple sequence alignment of
HSP60 presequences in several model plants. We chose A.
thaliana, Brassica napus, N. tabacum, Oryza sativa, Solanum
lycopersicum, Solanum tuberosum, and Zea mays as model
plants. The cleavage site of each HSP60 precursor was
predicted with TargetP-2.0, and then the N-terminal
presequence was used for multiple sequence alignment. The
alignment was performed via T-coffee.31,32 The HSP60
presequences showed high similarity in this alignment (Figures
3A and S2). In Figure 3B, the percent identity matrix (PIM)
between each aligned sequence is shown. The PIM is the score
determined for each pair of aligned sequences and shows the
similarity between the two sequences. The PIM of the HSP60
presequences was greater than 50 for all pairs. In particular, the
PIM of N. tabacum was high overall. In contrast, multiple
sequence alignment was also performed for the SD3
presequence, which showed a high mitochondrial-targeting
ability, as did the HSP60 presequence. However, the SD3
presequence was barely conserved among the selected model

plants (Figure S3). These results indicate that the HSP60
presequence of N. tabacum is a powerful MTS in many plant
species.
Design of the Shortened HSP60 MTS by Secondary

Structure Prediction. As shown above, the sequence of
HSP60 derived from N. tabacum has the potential to be an
effective MTS in many plant species. However, using this
original sequence for delivery to plant mitochondria is difficult
because peptides consisting of 34 amino acid residues are too
long to be synthesized via common solid-phase peptide
synthesis. Generally, the synthesis of long peptides is
impractical due to their low yield. A shortened presequence
is usually used for modifying gene carriers. When the
presequence is shortened, it is important to maintain the
efficacy of mitochondrial targeting. The helical structure of
MTSs is crucial for recognition by TOM.33 Next, we designed
several candidate sequences for HSP60 presequence short-
ening on the basis of a secondary structure. We utilized
AlphaFold 334 to predict the secondary structures of the
candidate sequences. The predicted secondary structures of
some shortened HSP60 presequences are shown in Figure 4.
The sequences were shortened from the HSP60 presequence,
leaving the N-terminus to maintain their mitochondrial
targeting function.16,17 The sequences from the N-terminus
to the alanine of the ninth residue, to the serine of the 10th
residue, to the lysine of the 11th residue, to the alanine of the
15th residue, and to the glutamine of the 20th residue were
called N9, N10, N11, N15, and N20, respectively. N34 is the
full length of the HSP60 presequence. The amino acid
sequences are shown in Table 2. In Figure 4, the predicted
structures are ranked in order of their ranking score, indicating
the reliability of the prediction. The ranking score was
calculated on AlphaFold 3 on the basis of the predicted local
distance difference test (pLDDT), the predicted alignment
error (pAE), and the predicted distance error (pDE). In
AlphaFold 3, N11 and longer sequences were predicted to
form helical structures as well as the full-length HSP60
presequence (Figure 4C−F), but the helical structure was
destabilized in N9 (Figure 4A). Among the predicted

Figure 3. Multiple sequence alignment of HSP60 presequences in various model plants via T-coffee. A. thaliana, B. napus, N. tabacum, S.
lycopersicum, S. tuberosum, O. sativa, and Z. mays are abbreviations for Arabidopsis thaliana, Brassica napus, Nicotiana tabacum, Solanum lycopersicum,
Solanum tuberosum, Oryza sativa, and Zea mays, respectively. (A) Alignment result. Cyan colors with an asterisk (*) indicate positions with a single
amino acid residue. Yellow colors with a colon (:) indicate conservation between groups with strongly similar properties. Magenta colors with a dot
indicate the conservation between groups with weakly similar properties. (B) PIM between each alignment. The PIM indicates the percentage of
conservation between each alignment.
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structures of N10, the helical structure destabilized for most of
the sequences (Figure 4B). The secondary structures of
Cytcox12 and Cytcox25 were also predicted using AlphaFold
3. The helical structure was dominant in the prediction of
Cytcox12 and 25, but the N-termini of Cytcox12 and 25
formed a random structure (Figure S4). In view of this
secondary structure prediction, we chose these sequences as
candidates for the shortened HSP60 MTS (Table 2).
Additionally, to confirm the reliability of the prediction,
circular dichroism (CD) was used for each candidate sequence
(Figure S5). The shortened HSP60 presequences and
Cytcox12 were synthesized via solid-phase peptide synthesis
(Figure S6). The peptides were dissolved in 1% sodium
dodecyl sulfate (SDS) solution for CD measurements to
estimate the secondary structure of the MTSs near the
mitochondrial membrane.35 The spectrum of Cytcox12

exhibited a positive peak at 197 nm and a negative peak at
218 nm, which are typical of an β sheet structure. The CD
spectrum of N20 was also typical of a β sheet structure. These
results for Cytcox12 and N20 were not consistent with the
AlphaFold 3 predictions. Figures 4E and S4A show the
predicted structures of the single peptide molecules, and
therefore Cytcox12 and N20 would form intermolecular β
sheet structures in the CD measurements. With respect to the
other HSP60 presequence, the spectrum of N34 exhibited a
positive peak at 192 nm and negative peaks at 207 and 222 nm,
which are typical of a helical structure. The peaks suggesting a
helical structure could also be observed in the spectra of N11
and N15. However, the spectra of N9 and N10 showed a
negative peak at 198 nm, which is typical of a random
structure. These CD spectra indicate that the predicted
secondary structures of the shortened HSP60 presequences
are mostly identical to the actual conformation in the
environment that mimics the vicinity of the mitochondria.
Mitochondrial Targeting Efficacy of the Short HSP60

MTS. The mitochondrial targeting efficiency of the chosen
candidate sequences was evaluated by the colocalization of
mitochondria and MTS-GFP expressed in the cytosol. The
P35S-MTS-GFP-Tnos for each shortened candidate sequence
was introduced into the nucleus of an MTS-RFP ox-A. thaliana
leaf with a particle gun, and the localization of the expressed
MTS-GFP was analyzed via CLSM observation and image
analysis. The obtained CLSM images are shown in Figure 5A-
E. When the sequence length was less than 11 amino acid
residues, GFP expression was observed throughout the
cytoplasm (Figure 5A−C). For N15 and N20, GFP was
localized in the mitochondria (Figure 5D,E). The localization
of GFP tagged with N15 or N20 was similar to that of full-
length HSP60 MTS (Figure 3E). Even though the secondary
structure of N20 was estimated as β sheets on the basis of the
CD spectrum (Figure S5), N20 exhibited high mitochondrial
targeting function in this reporter protein sorting analysis. This
is probably because the N20 tagged at the N-terminus of GFP
is less likely to interact with the other N20 sequence. The
obtained CLSM images were analyzed with ImageJ to quantify
the mitochondrial targeting efficacy of each sequence (Figure
5F). The mitochondrial targeting function was maintained in
N15 and the longer sequences. In contrast, the colocalization
ratio significantly decreased with N11, although the N11
sequence was predicted to form a helical structure by
AlphaFold3. The helical structure of N11 might be more
unstable in plant cells than that predicted by AlphaFold 3. For
N9 and N10, GFP fluorescence was mainly observed in the
cytosol, indicating the low mitochondrial targeting ability of
N9 and N10 (Figure 5A,B). The low efficacy of N9 and N10

Figure 4. Predicted secondary structures of (A) N9, (B) N10, (C)
N11, (D) N15, (E) N20, and (F) N34. These secondary structures
were predicted using AlphaFold 3. The predicted structures were
ranked in order of their ranking score. The ranking score indicates the
reliability of the prediction and is calculated on AlphaFold 3 from
pLDDT, pAE, and pDE. Rank 1 is the most reliable structure in the
sequence.

Table 2. New MTS Candidates Derived from HSP60 Presequencesa

MTS Sequence Prediction score

N9 MYRFAASLA N/A
N10 MYRFAASLAS 0.3652
N11 MYRFAASLASK 0.4667
N15 MYRFAASLASKARVA 0.5259
N20 MYRFAASLASKARVARTSTQ 0.6286
N34 (Full length) MYRFAASLASKARVARTSTQQIGGRLNWSRNYAA 0.6847

aThe sequences from the N-terminus to the alanine of the 9th residue, to the serine of the 10th residue, to the lysine of the 11th residue, to the
alanine of the 15th residue, and the glutamine of the 20th residue were called N9, N10, N11, N15, and N20, respectively. N34 is the full length of
the HSP60 presequence. The predicted probability for the mitochondrial targeting peptide is displayed as a prediction score
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may be due to the instability of their helical structures (Figures
4A,B and S5). The trend of the mitochondrial targeting
efficacy was slightly different from that of the secondary
structure prediction of the shortened sequence, but the
secondary structure prediction seems to be helpful for
designing short and effective MTSs. The results revealed that
N15 and longer sequences are effective MTSs in A. thaliana.
Solubility of the Shortened HSP60 Presequences.

N15 had a greater effect on mitochondrial targeting than did
Cytcox12. To determine whether N15 could be used for gene
delivery in an aqueous system, we assessed the solubility of
N15. The saturation concentrations of the shortened HSP60
presequences were evaluated to compare their solubilities in
water (Figure 5G). The saturation concentrations of N15 and
N34 were 28.69 ± 6.31 and 12.04 ± 1.29 mM, respectively,
suggesting that the solubility of the presequence of HSP60 is
improved by sequence shortening. In contrast, the saturation
concentration of Cytcox12 was 9.07 ± 2.33 mM. Also, the
saturation concentration of N20 could not be evaluated
because the N20 solution gelatinized during the preparation of
the saturated N20 solution. The results of this solubility test
indicate that N15 has an advantage in the preparation of an
MTS-modified carrier. The highly soluble MTS increased the
stability of the MTS-modified carrier, and the modification rate
of the MTS can be increased to promote the delivery efficacy
to plant mitochondria. N15 would be a useful MTS for delivery
to plant mitochondria.

Validity of N15 Among Different Model Plant
Species. As mentioned above, N15 is a valuable MTS in
terms of its mitochondrial targeting ability and solubility.
Interestingly, the N15 sequence of HSP60 is conserved among
the various model plants. This phenomenon indicates that N15
may be an effective MTS in a wide variety of plant species. To
investigate the validity of N15 in different plant species, we
analyzed the localization of fluorescently labeled N15 in four
model plant species. Rhodamine-labeled N15 and KAibA,
which is a cell-penetrating peptide, were synthesized. The
rhodamine-labeled peptides were called N15-Rho [MYRFAAS-
LASKARVAK (Rho), Rho: rhodamine] and KAibA-Rho
[KXAKXAKXAK(Rho), X: 2-aminoisobutyric acid], respec-
tively. Rhodamine was modified with the side chain amine of
the C-terminal lysine. This experiment used wild-type A.
thaliana, N. tabacum, S. lycopersicum, and O. sativa as model
plants. A. thaliana, N. tabacum, and S. lycopersicum are dicots,
and O. sativa is a monocot. Each rhodamine-labeled peptide
solution was infiltrated into the leaf of each model plant, and
the leaf was observed via CLSM (Figure 6). KAibA did not
localize to mitochondria in any of the model plants (Figure
6B,D,F,H). In contrast, N15 colocalized with mitochondria in
dicots (Figure 6A,C,E). Furthermore, the colocalization of
N15 and mitochondria was confirmed in O. sativa (Figure 6G).
This result indicates that N15 from N. tabacum has an effective
mitochondrial targeting function not only in dicotyledonous
plants but also in monocotyledonous plants. N15 is considered
to be an effective and versatile MTS in a variety of plants.

Figure 5. (A−F) Colocalization analysis. (A−E) Representative CLSM images of (A) N9, (B) N10, (C) N11, (D) N15, and (E) N20. The white
arrows in (D) and (E) indicate the mitochondria overlapping with GFP. Scale bars: 10 μm. (F) The colocalization ratio of each HSP60 MTS
candidate. Statistical significance was set at p > 0.05 (n.s.) and p < 0.0001 (****) on the basis of tukey’s multiple comparisons tests (n = 10). (G)
The saturation concentration of each MTS. The statistical significance was set at p < 0.001 (***) on the basis of tukey’s multiple comparison tests
(n = 3). The vertical bars indicate standard deviations.
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However, the cellular uptake of the rhodamine-labeled N15
may not have been sufficient in O. sativa. In a previous report,
no cell-penetrating peptide was shown to be internalized by O.
sativa.36 Monocotyledonous plants, such as O. sativa, generally
accumulate large amounts of silicon, and their cells are
surrounded by a silica layer.37 The silica barrier is thought to
protect cells from exogenous substances. To introduce
bioactive materials into the mitochondria of monocots, we

need a strategy to overcome the silica layer. The results of this
study indicate that the cellular uptake of N15 may be low, but
N15 has a mitochondria-targeting function, even in rice cells.
Furthermore, we investigated the cytotoxicity and its effect on
mitochondrial membranes. Cytotoxicity was evaluated on the
basis of the Evans Blue assay (Figure S8A,B). Evans Blue
fluorescence is confirmed in the dead cells, because Evans Blue
can penetrate only into dead cells. These results showed low

Figure 6. Validity of N15 in different model plants. KAibA without a mitochondrial targeting function was used as the negative control. The
peptides were labeled with rhodamine. As model plants, (A,B) A. thaliana, (C,D) N. tabacum, (E,F) S. lycopersicum, and (G,H) O. sativa were used.
The CLSM images of N15 and KAibA are shown in (A,C,E,G) and (B,D,F,H), respectively. The white arrows indicate that the mitochondria
colocalized with the rhodamine-labeled peptide. Scale bars = 10 μm.
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cytotoxicity of N15 in root cells and epidermal cells of A.
thaliana. Mitochondrial membrane potential was evaluated
using tetramethyl rhodamine ethyl ester (TMRM) (Figure S9).
The mitochondria with a normal membrane potential are
labeled with TMRM, but the TMRM fluorescence in
mitochondria weakens or disappears when the mitochondrial
membrane potential declines. At 10 μM N15, mitochondria
were labeled with mitochondria, indicating that 10 μM N15
did not affect the mitochondrial membrane potential. In
contrast, TMRM was not localized into mitochondria at 100
μM N15, indicating the effect on the mitochondrial membrane
potential at a high concentration of N15. However, a 10 μM
solution of N15 was used for the validity test for N15 in this
work. In addition, MTS concentrations lower than 10 μM have
been used for the delivery of bioactive substances to plant
mitochondria.23 In short, N15 would not affect the
mitochondrial membrane potential at the delivery of bioactive
substances.

■ CONCLUSIONS
Presequences are helpful tools for delivery systems to
mitochondria, but sequence shortening of presequences is
often required when chemically synthesized presequences are
used as delivery carriers. In this study, we presented a useful
approach for chemically designing signal sequences on the
basis of biological information. Combining this in silico
approach with the experimental method, we developed an
effective MTS, N15. N15 is the 15-terminal 15 residue of
HSP60 derived from N. tabacum. N15 was designed on the
basis of the secondary structure prediction by AlphaFold 3 and
was conserved among various model plants according to
multiple sequence alignment. N15 showed high mitochondrial
targeting efficacy and solubility. Additionally, according to the
alignment results, the conservation of N15 among different
model plants indicated that N15 is a valid MTS in various
plant species. The validity of N15 was experimentally
confirmed in A. thaliana, N. tabacum, S. lycopersicum, and O.
sativa. N15 is expected to be an effective MTS in many plant
species. Additionally, the MTS design approach, which is based
on biological information, was considered reasonable in this
work. Biological information helps in the design of valuable
ligands with characteristic structures and meaningful sequen-
ces. We can develop the desired signal molecule following this
in silico approach without substantial screening. In the future,
more biological information will be accumulated in databases
and more reasonable ligand designs will be possible.

■ EXPERIMENTAL SECTION
Plasmid DNA. P35S-eGFP-Tnos, which harbors a cauliflower

mosaic virus 35S promoter, eGFP, and a nopaline synthase terminator
for nuclear expression with eGFP, was used as a vector to prepare
P35S-MTS-eGFP-Tnos (Figure S1). MTSs amplified by PCR were
inserted between the SalI and NcoI sites of P35S-eGFP-Tnos. All
sequences of primers used in this work are shown in Table S1.
Plant Material and Growth Condition. Transgenic A. thaliana

(Columbia) plants expressing RFP fused to the F1-ATPase delta-
prime subunit (MTS-RFP ox) were kindly provided by Dr. Shin-ichi
Arimura (The University of Tokyo, Japan).30 Transgenic A. thaliana
was used for the particle bombardment experiments. The sterilized
seeds of the transgenic A. thaliana were cultivated for 2 months in a
2:1 mixture of soil and vermiculite at 22 °C under 16/8 h light/dark
periods. Wild types of A. thaliana, N. tabacum, S. lycopersicum, and O.
sativa were used for the validity assay of N15. A. thaliana was grown
under daylength conditions of 16/8 h light/dark periods at 22 °C. For

N. tabacum and S. lycopersicum, seeds were sown and cultivated in soil
supplemented with vermiculite at a ratio of 2:1 and incubated at 28
°C with 14/10 h light/dark periods. For O. sativa, peeled seeds were
sterilized with 70% ethanol for 1 min followed by 0.5% sodium
hypochlorite for 20 min with rotation and then washed with sterilized
water. The sterilized rice seeds were cultivated on MS medium and
incubated at 30 °C in the dark.
Preparation of the pDNA/AuNP Complex. One milliliter of

ice-cold 70% ethanol was added to 20 mg of 0.6 μm gold
nanoparticles (Bio-Rad, CA, U.S.A.). The mixture was vortexed
vigorously for 5 min and then incubated for 10 min at RT. After
centrifugation at 600 × g for 1 min, the sap was removed. One
milliliter of ice water was added to the precipitate, and the mixture
was vortexed. After the mixture was left at RT for 5 min, it was
centrifuged and the sap was removed as described above. One
milliliter of ice water was added again, and the mixture was vortexed.
The mixture was incubated at RT for 5 min. After incubation, the
mixture was centrifuged at 1700 × g for 15 s, and then the sap was
removed completely. Five hundred microliters of distilled water was
added to the precipitate, after which the mixture was sonicated for 1
min. For coating of the gold nanoparticles with pDNA, 20 μL of the
gold nanoparticle suspension, 4 μg of pDNA, 20 μL of 2.5 M calcium
chloride, and 8 μL of 0.1 M spermidine were added to a 1.5 mL tube
in this order, after which the mixture was vortexed for at least 3 min.
The mixture was subsequently incubated on ice for more than 5 min.
The mixture was subsequently centrifuged at 2000 × g for 5 s, after
which the sap was removed. The centrifuged gold nanoparticles were
washed with 70% ethanol and then with 100% ethanol, and the gold
nanoparticles were finally resuspended in 30 μL of 100% ethanol.
Particle Bombardment. The bombardment experiments were

performed according to a previous report.38 Fifteen microliters of the
prepared pDNA/AuNP complex mixture was dropped on a plastic
disk. The solvent was dried under an atmospheric pressure. The four
rosette leaves of MTS-RFP ox-A. thaliana were set on 1/2 MS agar
medium with the backside of the leaves up. The leaves on the agar
medium were set in the chamber of the particle gun (PDS-1000/He
System, Bio-Rad). Particle bombardment was performed twice for
each plate at 1100 psi, and the inside of the particle gun was
depressurized at −28 mmHg during bombardment. After bombard-
ment, the leaves were incubated for 18 h under dark growth
conditions.
CLSM. After 18 h of incubation, the leaves introduced with the

pDNA/AuNP complexes were cut into quarters. The leaves were
observed via CLSM (LSM700, Carl Zeiss, Oberkochen, Germany)
with a 20× objective at 488 nm for GFP.
Image Analysis. The obtained CLSM images were analyzed via

ImageJ. Each GFP-expressing cell was cut from the image along its
outline. GFP and RFP are colored green and red, respectively. The
red and green colors in the image were split into different channels.
The GFP and RFP channels were analyzed via the JACoP plugin to
obtain the colocalization ratio.39 The colocalization ratio was defined
as the ratio of the number of GFP pixels overlapping RFP pixels to the
number of all of the GFP pixels.
Secondary Structure Prediction. The secondary structure

prediction was performed on the AlphaFold server powered by
AlphaFold 3.34 The predicted structures of each sequence were
ranked from 1 to 5 in the order of the ranking score. The ranking
score was calculated on AlphaFold 3 from pLDDT, pAE, and pDE.
Peptide Synthesis. All peptides used in this work were

synthesized via solid-phase peptide synthesis using 9-fluorenyl
methoxycarbonyl amino acids. These syntheses were performed
with an automatic synthesizer (Liberty Blue 2.0, CEM, NC, U.S.A.).
The reagents used for peptide synthesis were purchased from
FUJIFILM Wako Pure Chemical (Osaka, Japan), Tokyo Chemical
Industry (Tokyo, Japan), and Watanabe Chemical Industries
(Hiroshima, Japan). The N-termini of all synthesized peptides were
unprotected, and the C-termini of those were amides. After synthesis,
the peptides were purified by reverse-phase high-performance liquid
chromatography (RP-HPLC). The HPLC system consisted of a SIL-
40C autosampler, an LC-40D gradient pomp, a DGU-405 degassing
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unit, a FRC-10A fraction collector, and an SPD-M40 photodiode
array detector (Shimadzu Corporation, Kyoto, Japan). A 5C18-MS-II
column (NACALAI TESQUE, INC., Kyoto, Japan) was used for
peptide purification. The mobile phase comprised acetonitrile (A) and
water (B) containing 0.1% trifluoroacetic acid. The acetonitrile
gradient conditions were 18−20%, 20−30%, 17−18%, 20−21%, 18−
21%, 22−25%, and 25−30% for N9, N10, N11, N15, N20, N34, and
Cytcox purification, respectively. The analysis time was 30 min. The
purity of the purified peptides was analyzed with the same HPLC
system as described above. The acetonitrile gradient condition was 5−
90% (10 min). The molecular weights of the obtained peptides were
analyzed with ultrafleXtreme (Bruker Corporation, MA, U.S.A.).
CD Measurement. Each peptide powder was dissolved in a 1%

SDS aqueous mixture. The peptide concentration was fixed at 150
μM. CD spectra were recorded at 25 °C on a JASCO J-1500 CD
spectrometer (JASCO, Tokyo, Japan).
Multiple Sequence Alignment. Multiple sequence alignment

was performed via the EMBL-EBI web resource.40 This work used T-
Coffee for the multiple sequence alignment programs.31,32

Solubility Test. The peptide powder was added to 30 μL of water
to prepare the saturated peptide solution. The saturated solution was
vortexed for 10 s, after which the mixture was centrifuged for 5 min at
15000 rpm. The sap was lyophilized, and the obtained peptide
powder was subsequently weighed to calculate the saturated
concentration.
Validity of N15 in Different Model Plants. All leaves used in

this experiment were degassed before peptide treatment. Two
hundred microliters of 10 μM rhodamine-labeled peptide solution
dissolved in 1% dimethyl sulfoxide (FUJIFILM Wako Pure Chemical)
was infiltrated into each leaf of A. thaliana, N. tabacum, or S.
lycopersicum with a 1 mL syringe. In the case of O. sativa, the leaf was
placed in a 10 μM rhodamine-labeled peptide solution. Afterward, the
leaves of O. sativa were placed in a reducing environment (−0.08
MPa) for one min and then in a pressurized environment (0.08 MPa)
for 1 min. Two hours after infiltration, each leaf was stained with 100
nM MitoTracker Green FM (Thermo Fisher, MA, U.S.A.). After
another hour, each leaf was observed via CLSM.
Cytotoxicity Assay. Cytotoxicity of N15 was evaluated by using

Evans Blue. Evans Blue was purchased from FUJIFILM Wako Pure
Chemical. The seedlings of A. thaliana were used as model plants in
this experiment. To prepare 100% dead samples, the seedlings were
dipped into 98 °C water for 30 min. To prepare 0% dead samples, the
seedlings were dipped into 25 °C water for 30 min. To treat the
seedling with N15 solution, a seedling was dipped into 10 or 100 μM
N15 aqueous solution for 30 min at 25 °C. After treatment with
peptide or water, the seedlings were stained with 150 mg/L Evans
Blue aqueous solution for 30 min at 25 °C. The stained seedlings were
washed with water, and then, the seedlings were observed with
CLSM.
Mitochondrial Membrane Analysis. Mitochondrial membrane

potential was evaluated by TMRM. TMRM was purchased from
Thermo Fisher. The seedlings of A. thaliana were dipped into water,
or 10 or 100 μM N15 aqueous solution for 30 min. After the seedlings
were washed with water, the seedlings were stained with 100 nM
TMRM for 30 min. After that, the seedlings were observed with
CLSM.
Statistical Analysis. The statistical significance of differences in

the colocalization tests and the solubility tests were analyzed by
tukey’s multiple comparisons tests. The statistical significance was set
at p > 0.05 (n.s.), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p
< 0.0001 (****).
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