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Plants have two endosymbiotic organelles, chloroplast and mitochondrion. Although they
have their own genomes, proteome assembly in these organelles depends on the import
of proteins encoded by the nuclear genome. Previously, we elucidated the general design
principles of chloroplast and mitochondrial targeting signals, transit peptide, and
presequence, respectively, which are highly diverse in primary structure. Both targeting
signals are composed of N-terminal specificity domain and C-terminal translocation
domain. Especially, the N-terminal specificity domain of mitochondrial presequences
contains multiple arginine residues and hydrophobic sequence motif. In this study we
investigated whether the design principles of plant mitochondrial presequences can be
applied to those in other eukaryotic species. We provide evidence that both
presequences and import mechanisms are remarkably conserved throughout the
species. In addition, we present evidence that the N-terminal specificity domain of
presequence might have evolved from the bacterial TAT (twin-arginine translocation)
signal sequence.

Keywords: chloroplast, mitochondria, transit peptide, presequence, N-terminal specificity domain, TAT (twin-
arginine translocation) signal sequence, evolution of endosymbiotic organelles
INTRODUCTION

The mitochondrion and chloroplast are thought to have evolved from a-proteobacteria and
cyanobacteria, respectively, by endosymbiosis (Gray, 2012). A prerequisite for the conversion of
endosymbiotic bacteria to organelles is the development of new mechanisms for protein targeting
from the cytosol to the newly evolving organelles (Dyall et al., 2004; Gross and Bhattacharya, 2011).

Eukaryotic cells can be divided into two groups, one with both endosymbiotic organelles and the
other with only mitochondria. Plant cells belong to the first group, with both organelles. Thus, plant cells
should have distinct mechanisms for protein targeting to the chloroplast and mitochondria (Schleiff and
Becker, 2011; Garg and Gould, 2016). Indeed, we recently found that chloroplast transit peptides and
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presequences consist of two functionally different domains in plant
cells (Lee et al., 2019). The N-terminal specificity domain confers
import specificity, whereas the C-terminal domain is
interchangeable between the transit peptide and presequence, and
functions in the translocation of organellar proteins across the
envelope membranes (Lee et al., 2019). The N-terminal specificity
domain of the mitochondrial presequence contains two sequence
elements: multiple arginine residues and a hydrophobic sequence
motif (Abe et al., 2000; Lee et al., 2019). Arginine residues play a
crucial role in another signal sequence known as the twin-arginine
translocation (TAT) signal sequence (Alami et al., 2002; Cline,
2015). Similar to the arginines in the TAT signal sequence, arginine
residues in presequences cannot be functionally replaced with
another positively charged residue, lysine (Lee et al., 2019). In the
TAT signal sequence, another important sequence motif is the
hydrophobic (h-) region downstream of the conserved twin-
arginine (RR) motif (Ulfig et al., 2017). In fact, the presequence
contains a hydrophobic region identified as a Tom20-binding
consensus motif (Abe et al., 2000; Lee et al., 2019). Thus, the N-
terminal specificity domain of the presequence shows a high degree
of similarity to the TAT signal sequence with respect to its sequence
motifs. However, it is still not understood how presequences of
mitochondrial proteins evolved during the endosymbiotic
conversion of a-proteobacteria to mitochondria. In this study, we
examined 1) whether the mechanism by which plant presequences
confer mitochondrial targeting specificity also applies to
presequences of animal and fungal proteins, and 2) whether TAT
signal sequences can be functional substitutes for the N-terminal
specificity domain of mitochondrial presequences.
MATERIALS AND METHODS

Plant Materials and Growth Conditions
Arabidopsis thaliana (Colombia ecotype) was cultivated on
Gamborg B5 plates (G0210.0050; Duchefa, Haarlem,
Netherlands) under 40% relative humidity, 22°C, and a 16-h
light/8-h dark cycle in a growth chamber. Protoplasts were
prepared from leaf tissues of 2- to 3-week-old plants.

Plasmid DNA Construction and PCR-
Based Mutagenesis
DNA fragments containing protein import signals were PCR-
amplified from genomic DNA or cDNA of Arabidopsis and
human cells using gene-specific primers. For transient
expression analysis in Arabidopsis protoplasts, PCR products
were digested with restriction endonucleases and subcloned into
the pUC-GFP containing the cauliflower mosaic virus 35S
promoter, GFP, and Nos terminator. For transfection and
immunocytochemistry in HEK293 or HeLa cells, DNA
fragments were subcloned into the pEGFP-N1 or N2 vector.

PEG-Mediated Transformation and In Vivo
Targeting of Reporter Proteins
Plasmid DNA used for PEG (polyethylene glycol)-mediated
transformation was purified using Qiagen columns (Qiagen).
Frontiers in Plant Science | www.frontiersin.org 2
DNA was introduced into Arabidopsis protoplasts by the PEG-
mediated transformation method, as described previously (Jin
et al., 2001; Lee and Hwang, 2011). Images of transformed
protoplasts were acquired, as described previously (Jin et al.,
2001; Lee and Hwang, 2011). To define the localization of
transformed constructs, more than 50 GFP-positive cells in
each transformation were observed. The localization pattern
observed from more than 95% of GFP-positive protoplasts was
regarded as the representative localization in this study.

Transfections and Immunocytochemistry
HEK293 or HeLa cells were grown in Dulbecco's modified Eagle
medium supplemented with 10% fetal bovine serum and
antibiotics under 5% CO2 at 37°C. Cells were transfected using
Lipofectamine 2000 according to the manufacturer's
instructions. Plasmid DNAs were mixed with the reagents in
Opti-MEMmedia (Invitrogen), and the mixture was layered over
cells. At 12 h after transfection, the incubation media were
replaced with fresh media and further incubated for 24 h.
HEK293 cells were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS) for 15 min and incubated in
blocking solution (2% goat serum and 1% Triton X-100 in PBS)
for 20 min. Cells were incubated with rabbit anti-GFP (1:2,000,
Molecular Probes) and mouse anti-Tom20 antibodies (1:100,
Santa Cruz Biotechnology) for 1.5 h at room temperature,
followed by incubation with Alexa Fluor 488-conjugated goat
anti-rabbit IgG and Alexa Fluor 568-conjugated goat anti-mouse
IgG secondary antibodies (Molecular Probes), respectively, for 1
h at room temperature. Cells were washed with PBS three times
and mounted in antifade medium (Molecular Probes). Images
were taken using an LSCM (FluoView-FV1000, Olympus). To
define the localization of transformed constructs, more than 50
GFP-positive cells in each transformation were observed. The
localization pattern observed from more than 95% of GFP-
positive protoplasts was regarded as the representative
localization in this study.

Yeast Transformation
The constructs RbcS[N49]:yeGFP and TorA[9−42]RbcS[43−79]:
yeGFP were generated in the yeast/E. coli shuttle vector pRS316
(CEN/ARS, URA3), which contains the constitutive TDH3
promoter. Constructed plasmids were transformed into yeast
strain JD53 (MATa trp1D63 ura3-52 his3D200 leu2-3, 112 lys2-
801) using the lithium acetate/single-stranded carrier DNA/
polyethylene glycol (LiAc/SS-Carrier DNA/PEG) method
(Gietz and Woods, 2006). Yeast transformants were selected
and cultured in synthetic complete medium (0.17% yeast
nitrogen base, 0.5% ammonium sulfate, 2% glucose, 0.06%
drop-out mixture for a given auxotrophic strain) without uracil.

Western Blotting
To prepare total protein extracts from transformed protoplasts
or mammalian cells, transformed cells were lysed in the buffer
(50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1%
Triton X-100, 1× protease inhibitor cocktail) by sonication,
followed by centrifugation at 3,000×g for 10 min. The
supernatants were mixed with SDS loading buffer and boiled
February 2020 | Volume 11 | Article 64
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for 5 min. To prepare total protein extracts from transformed
yeast cells, transformed cells were resuspended in the buffer (0.1
M NaOH, 50 mM EDTA, 2% SDS, 2% b-mercaptoethanol),
followed by sonication. After centrifugation at 3,000×g for 10
min, the supernatants were mixed with SDS loading buffer and
boiled for 5 min. For western blotting, protein samples were
separated on 10% polyacrylamide gels for SDS-PAGE, followed
by the transfer onto PVDF (polyvinylidene difluoride)
membrane. PVDF membranes containing proteins were
incubated with anti-GFP antibody (Clontech, 1:5000 dilution)
at 4°C for 6 h. After washing for 10 min three times with TBS-T
(Tris-buffered saline, 0.1% Tween 20) buffer, membranes were
incubated with HRP-conjugated anti-mouse secondary antibody
at 4°C for 4 h. After washing for 10 min three times, western blot
images were captured using LAS-4000 (GE Healthcare
Life Sciences).
RESULTS

Conservation of the Mitochondrial Protein
Import Mechanism in Animal and
Plant Cells
We first examined whether presequences of animal and fungal
mitochondrial proteins can support protein import into
mitochondria in plant cells. Similar to plant presequences, the
presequence of human mitochondrial fumarate hydratase (hFH)
also contained five arginines in theN-terminal region (Figure 1A)
(Dik et al., 2016). To test whether hFH[80] functions as a
presequence in plant cells, it was fused to GFP. The resulting
construct, hFH[N80]:GFP, was introduced into Arabidopsis
protoplasts and the localization of GFP was examined by
fluorescence microscopy. The staining pattern overlapped with
the staining pattern of MitoTracker red (Figure 1B), indicating
that hFH[80] delivers proteins intomitochondria in plant cells. In
a previous study, we showed that the substitution of multiple
arginines with alanines in the presequence leads to protein import
into chloroplasts (Lee et al., 2019). Human mitochondrial
fumarate hydratase (hFH) contains five arginine residues in
hFH[N16] (Figure 1A). We replaced the first two or last three
arginine residues of hFH[N80] with alanine residues to produce
hFH[N80][2R/2A] or hFH[N80][3R/3A], respectively (Figure
1A). These mutant presequences were fused to GFP, and the
resultant constructs were introduced into protoplasts. hFH[N80]
[2R/2A] supported protein import into mitochondria, as
indicated by the colocalization of GFP with MitoTracker red in
Arabidopsis protoplasts. By contrast, hFH[N80][3R/3A] delivered
proteins into chloroplasts (Figure 1B), indicating that the last
three arginines are crucial for mitochondrial specificity. Next,
using the mitochondrial presequence of Isovaleryl-CoA
dehydrogenase of Magnaporthe oryzae (mIVD), a blast fungus
(Li et al., 2019), we found thatmIVD[N80] delivered proteins into
both chloroplasts and mitochondria in Arabidopsis protoplasts
(Figures 1C, D), indicating that mIVD[N80] is less specific to
mitochondria in plants compared with hFH[N80]. However, its
R/A substitutionmutants,mIVD[N80][2R/2A], showed exclusive
Frontiers in Plant Science | www.frontiersin.org 3
chloroplast import (Figures 1C, D), indicating that the arginine
residues of mIVD[N80] are critical for protein import into
mitochondria in plants. Taken together, these results indicate
that presequences of animal and fungal proteins behave more or
less the same way in plants.

Next, using a reciprocal approach, we examined the behavior
of the plant presequence FA[N77] which is a presequence of
Arabidopsis F1-ATPase g-subunit and its substitution mutants in
animal cells (Figure 1E) (Lee et al., 2012; Lee et al., 2019). In
animal cells, FA[N77] supported protein import into
mitochondria, whereas FA[N77][4R/4A] lacking multiple
arginines did not, confirming the importance of multiple
arginine motifs for protein import into mitochondria in animal
cells. In a previous study, we used an RbcS (Rubisco small
subunit) transit peptide, RbcS[N79], to generate an artificial
mitochondrial presequence, RbcS[N79][4R][LLPSIAAR], by
introducing four arginine residues (4R) and a hydrophobic
sequence motif (LLPSIAAR) from FA[N79]. The artificial
sequence RbcS[N79][4R][LLPSIAAR] supports protein import
into mitochondria in Arabidopsis protoplasts (Lee et al., 2019).
The sequence also supported protein import into mitochondria
in animal cells, despite the fact that other than the two motifs, it
is a functional transit peptide (Figure 1E). These results indicate
that the introduction of two mitochondrial specificity motifs
converts a functional transit peptide to a presequence in animal
cells, as in plant cells. Taken together, these results suggest that
the mechanism underlying mitochondrial protein import is
conserved in animal, fungal, and plant cells.

Bacterial Twin-Arginine Translocation
Sequences Functionally Replace the N-
Terminal Specificity Domain
of Presequences
The results described above further supported the importance of
multiple arginine residues and the neighboring hydrophobic
region in the presequence for protein import into
mitochondria, not only in plants but also in other eukaryotic
species. To determine the evolutionary origin of the presequence,
we examined whether similar sequence motifs are used in other
targeting signals. Highly similar motifs are found in TAT signal
sequences in bacteria and chloroplasts. Similar to the
mitochondrial specificity motifs, the twin-arginine residues are
invariant and cannot be replaced with lysines (Alami et al., 2002;
Cline, 2015). We asked whether the TAT signal sequence can
functionally replace the N-terminal specificity domain of the
presequence and change a transit peptide to a presequence. We
chose the TorA (trimethylamine N-oxide reductase) TAT signal
sequence (Frobel et al., 2011) for this purpose. Since TorA has a
long N-terminal region in front of twin-arginine residues, we
used TorA[9–42] to replace 42 amino acids of FA[N77] and RbcS
[N79], yielding TorA[9–42]/FA[43–77] and TorA[9–42]/RbcS
[43–79], respectively (Figure 2A). These constructs were
transformed into Arabidopsis protoplasts. At 24 h after
transformation, both constructs were mainly localized in the
cytosol (Figure 2B). However, at 48 h after transformation, they
were exclusively localized to mitochondria (Figure 2B),
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FIGURE 1 | Presequence-mediated protein import into mitochondria is conserved in plant and non-plant cells. (A, C) Sequences of hFH[N80], mIVD[N80], and their
alanine-substitution mutants. (B, D) Localization of reporter proteins. Green, red, and blue signals represent GFP, mitochondria stained with MitoTracker red, and
chlorophyll autofluorescence, respectively. Scale bar = 20 mm. (E) Localization of reporter proteins in HEK293 cells. The indicated constructs were transiently
expressed in HEK293. GFP and hTom20 were detected using anti-GFP and Tom20 antibodies, respectively. Scale bar = 10 µm.
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indicating that the hybrid sequences support protein import into
mitochondria at a lower efficiency. To confirm these results
biochemically, total protein extracts from transformed
protoplasts were analyzed by western blotting using an anti-
GFP antibody. At 24 h after transformation, we detected these
constructs at the band positions corresponding to the precursor
forms. At 48 h after transformation, we detected both proteins at
the band positions corresponding to the processed form. These
biochemical results are consistent with the GFP patterns in the
protoplasts (Figures 2B, C). To corroborate this finding, we
evaluated another TAT signal sequence of NapA (nitrate
reductase) (Dow et al., 2014). The N-terminal 34 amino acids
Frontiers in Plant Science | www.frontiersin.org 5
of the FA presequence were replaced with NapA[1–34] to
generate NapA[1-34]/FA[35–77] (Supplementary Figure
S1A). At 48 h after transformation, this hybrid sequence
delivered protein into mitochondria (Supplementary Figure
S1B). Next, RbcS[N79] and PORA[N80], the transit peptide of
protochlorophyllide oxidoreductase A, were replaced with NapA
[1–34] to generate NapA[1–34]/RbcS[35–79] and NapA[1–34]/
PORA[35–80], respectively (Supplementary Figure S1C) (Lee
et al., 2008; Lee et al., 2019). At 48 h after transformation, NapA
[1–34]/PORA[35–80] was exclusively localized to mitochondria,
whereas NapA[1–34]/RbcS[35–79] was dually targeted to both
chloroplast and mitochondria (Supplementary Figure S1D).
FIGURE 2 | TorA[9–42] confers mitochondrial specificity to transit peptides or functionally replaces the N-terminal domain of presequences in plant cells.
(A) Sequences of TorA[N42], RbcS[N79], FA[N77], and their hybrid constructs. (B) Localization of reporter proteins. Green, red, and blue signals represent GFP,
mitochondria stained with MitoTracker red, and chlorophyll autofluorescence, respectively. Scale bar = 20 mm. (C) Western blot analysis of reporter proteins.
Protoplast extracts were analyzed by western blotting using anti-GFP antibody.
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We then tested whether TAT sequences confer mitochondrial
specificity in other eukaryotic cells. HeLa cells were
transformed with GFP only as a control, NapA[1–34]/RbcS[35–
79], or TorA[9–42]/RbcS[43–79]. At 12 h after transfection,
both hybrid constructs supported efficient protein import into
mitochondria (Figures 3A, B), indicating that the incorporation
of TAT signal sequences into transit peptides produces
functional presequences for animal cells. We further tested
TAT/transit peptide hybrid sequences for mitochondrial
import in a single-celled eukaryote, Saccharomyces cerevisiae.
In yeast, TorA[9–42]RbcS[43–79], but not RbcS[79], supported
mitochondrial import, confirming that the incorporation of the
TAT signal sequence to chloroplast transit peptides produces
functional presequences in yeast (Figures 3C–3E).
DISCUSSION

In this study, we present the compelling evidence that the design
principle of the N-terminal specificity domain of mitochondrial
presequences is fundamentally conserved among eukaryotes.
Moreover, this domain might be derived from a TAT signal
sequence, with subsequent modifications to enhance the
efficiency of preprotein import into mitochondria during
evolution. The results that hFH (human fumarate hydratase)
presequence behaves as a fully functional presequence in
plant cells and FA presequence (which is originated from
Arabidopsis) can deliver GFP to the mitochondria in animal
cells, strongly indicate the conservation of mitochondrial protein
import mechanisms between plant and animal. Moreover,
Frontiers in Plant Science | www.frontiersin.org 6
presequences from animal and fungi (which lack chloroplast)
have the capability to deliver GFP to chloroplasts in plant cells
when they lack multiple arginine residues (Lee et al., 2019). All
these results strongly suggest the mechanistic conservation of
mitochondrial import systems throughout the species in spite of
some differences in the composition of Tom/Tim translocons
among species (Mani et al., 2016). In the previous study, we
showed the C-terminal domains of transit peptides and
presequences are interchangeable to support the translocation
across the membranes of both organelles (Lee et al.,
2019). Interestingly, the C-terminal domain of presequences
from human and fungi which do not contain chloroplasts
supported the protein import into chloroplasts when the
multiple arginine motif was removed from the N-terminal
specificity domain of presequence (Figure 1), further
suggesting the remarkable conservation of the design principle
of presequences in eukaryotes.

Previously, we provided the possibility that during evolution
diverse chloroplast transit peptides might have been generated
through selective assembly of translocon component-interacting
sequence motifs, which is consistent with the M&M (multi-
selection and multi-order) model (Li and Teng, 2013; Lee et al.,
2015). Then, where did N-terminal specificity domain of
presequences come from? Here, we suggest that it might have
been originated from the TAT signal sequence, considering the
similarity in sequence motifs between the N-terminal specificity
domain of presequences and TAT sequence. Both sequences
contain multiple arginine residues and hydrophobic sequence
motifs (Cline, 2015; Ulfig et al., 2017; Lee et al., 2019). In
addition, incorporation of multiple arginine residues into
FIGURE 3 | TAT sequences functionally replace the mitochondrial specificity domain in presequences and confer mitochondrial specificity to transit peptides in non-
plant cells. (A) Localization of reporter proteins in HeLa cells. EGFP, control without presequence. Scale bars = 10 mm. (B, E) Western blot analysis of reporter
proteins in HeLa cells and yeasts. Pre, precursor form; Pro, processed form. (C, D) Localization of reporter proteins. Green and red signals represent GFP and
mitochondria stained with MitoTracker red, respectively.
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transit peptides inhibit chloroplast protein import (Lee et al.,
2019), which is also analogous to the temporary inhibition of
secretion operated by the twin-arginine motif (Palmer and Berks,
2012). In the future, it will be necessary to elucidate how TAT
signal sequences have been modified to achieve the efficient
protein targeting to mitochondria.
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