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promising alternative to conventional gene delivery for probing and

modulating cellular functions without the risk of random integration of

transgenes into the host genome. This remains challenging, however, functional < ’ 177

because of the lack of a protein delivery tool applicable to diverse plant ~ enzyme SO synthetic peptide
species and the limited information about the entry mechanisms of 3 7 b

exogenous proteins in plant cells. Here, we present the synthetic
multidomain peptide (named dTat-Sar-EED4) for cytosolic protein
delivery in various plant species via simple peptide-protein
coincubation. dTat-Sar-EED4 enabled the cytosolic delivery of an
active enzyme with up to ~20-fold greater efficiency than previously
described cell-penetrating peptides in several model plant systems. Our
analyses using pharmacological inhibitors and transmission electron
microscopy revealed that dTat-Sar-EED4 triggered a unique endocytic
mechanism for cargo protein internalization. This endocytic mechanism shares several features with macropinocytosis, including the
dependency of actin polymerization, sensitivity to phosphatidylinositol-3 kinase activity, and formation of membrane protrusions and
large intracellular vesicles (>200 nm in diameter), even though macropinocytosis has not been identified to date in plants. Our study
thus presents a robust molecular tool that can induce a unique cellular uptake mechanism for the efficient transport of bioactive
proteins into plants.

Direct delivery of proteins into plants represents a -v— -v‘- *
L L P SRR -
17

multidomain peptide, protein delivery, macropinocytosis, chemical biology, plant biotechnology

However, this method suffers from poor delivery efliciency, low
throughput, the need for specialized equipment, and potential
contamination by heavy metals.

Various molecular tools such as synthetic polymers, peptides,
and other chemicals have been developed for the transport of
protein cargoes into animal cells, a process often referred to as
“protein transduction”.” These molecular tools mainly utilize
endocytic pathways for protein transduction across the plasma
membrane,” providing an opportunity for high-throughput,
scalable protein delivery without the use of specialized
equipment or heavy metals. The endocytic pathways responsible
for macromolecule entry into animal cells are classified as
clathrin-mediated endocytosis (CME) or clathrin-independent

Photosynthetic autotrophs such as plants represent promising
platforms for the sustainable production of valuable chemicals,"
biomaterials,” and biofuels using renewable resources including
sunlight and CO,.” Genetic engineering of plants, a process
mainly achieved by delivering exogenous genes into host cells,
can facilitate the biosynthesis of these materials and climatic
adaptation. However, current gene delivery technologies face
substantial challenges associated with the potential random
integration of transgenes into the host genome,* which may
negatively affect plant traits and offset the benefits of genetic
engineering. By contrast, direct delivery of proteins into plant
cells offers a straightforward approach to modulating many
biological processes and the associated plant traits without the
risk of random transgene integration.” However, protein November 9, 2021
delivery in plants remains challenging because of the dual January 5, 2022
barrier of the cell wall and plasma membrane. Delivering protein

cargoes across this dual barrier typically requires particle

bombardment, where heavy metal particles are coated with a

protein cargo and physically shot into target plant cells.’
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Figure 1. dTat-Sar-EED peptides mediate Citrine transduction into BY-2 cells. (A) Chemical structures of dTat-Sar-EED4 and dTat-Sar-EEDS. (B)
Viability of BY-2 cells determined by Evans blue assay after treatment for 1 h with various concentrations of either dTat-Sar-EED4 or dTat-Sar-EEDS.
Data from three biological replicates are represented as the mean = standard error values. Statistical significance compared to the control (0 uM): *P <
0.05, **P < 0.01 based on Dunnett’s T3 test (n = 3). (C) Time-lapse confocal images of Citrine internalization into BY-2 cells treated with dTat-Sar-
EED4 (90 uM). Scale bars, 2 mm. (D) Confocal images showing Citrine internalization into BY-2 cells treated for 1 h with Citrine alone (100 yg/mL,
No peptide) or in combination with 90 uM dTat-Sar-EED4, dTat-Sar-EEDS, dTat, Sar-EED4 or Sar-EEDS. Differential interference contrast (DIC)
images are shown below, with the amino acid sequence of each peptide below the images. White arrowheads indicate Citrine located in the nucleus.

Scale bars, 20 um.

endocytosis (CIE).” CME appears to have a size limit and
surface charge preference for cargo uptake, possibly because of
the properties of clathrin-coated vesicles,'”"" which mediate the
intracellular transport of cargo during CME. Conversely, CIE
(such as macropinocytosis) represents an indiscriminate uptake
mechanism for various extracellular materials via a large
endocytic vesicle termed the macropinosome (>200 nm in
diameter).'> Macropinocytosis may be advantageous for the
cellular uptake of various proteins with different shapes, sizes,
and surface charges. The ability of a molecular tool to induce
macropinocytosis plays a key role in efficient protein trans-
duction.""*

Compared with the advances made in animal systems, the
implementation of molecular tool-mediated protein trans-
duction in plants has lagged behind, and a versatile molecular
tool enabling plant species-independent protein transduction
has yet to emerge. Few studies have explored whether molecular
tools are able to deliver a functional protein cargo in its active
form into the desired compartments (e.g., the cytosol) of various
plant cells. Additionally, very little is known about the pathways
by which a molecular tool and its cargo enter plant cells.
Specifically, macropinocytosis and other CIE pathways are
poorly characterized compared with the well-studied CME,"”
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and their contributions to protein transduction in plants remain
largely unexplored.

We previously described a synthetic peptide consisting of a b-
arginine-rich domain (dTat: rrrqrrkkr),'® a hexameric sarcosine
(Sar) linker and a hydrophobic endosomolytic domain (EED4:
GWWG)."”"® This peptide, referred to as dTat-Sar-EED4
(rrrqrrkkre-(Sar)-GWWG, Figure 1A), enhanced the cellular
uptake and cytosolic translocation of a DNA—polycation
peptide complex in plant protoplasts (isolated cells lacking cell
walls). The complex could not enter protoplasts through CME
since its diameter (~150 nm) exceeded that of plant clathrin-
coated vesicles (~60 nm).'” This size mismatch led us to
hypothesize that dTat-Sar-EED4 drives a non-CME mechanism
allowing the eflicient entry of exogenous cargoes into plant cells.
Here, we explored the use of dTat-Sar-EED4 and its analogue
(dTat-Sar-EEDS: rrrqrrkkr-(Sar)-GFWFG, Figure 1A) as
protein delivery tools and investigated their cargo transduction
mechanism in plants. We determined that dTat-Sar-EED
peptides could transduce a functional enzyme in its active
form into cells of different plant species, with a transduction
efficiency up to ~20-fold greater than that of previously reported
protein transduction domains (i.e., cell-penetrating peptides,
CPPs) in model plants. Confocal laser-scanning microscopy
(CLSM) analyses using several pharmacological inhibitors and

https://doi.org/10.1021/jacsau.1c00504
JACS Au 2022, 2, 223-233


https://pubs.acs.org/doi/10.1021/jacsau.1c00504?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00504?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00504?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00504?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

A A. thaliana 0. sativa M. polymorpha

100 o= . e, —?100-'1'... o] 5 100 s oo smee somw smes  somr eee oo oo 0 o
% 801 0 i % 80{ * & % O % 80 .
£ 601 . v v £ 601 ° e = 601 .
S 407 H 3 & 40 o S 40
201 t . > 20 . > 20
\&\‘*\#\‘* \“\“\“\X‘ SN Sy \#é&@\# \‘*\#\&\‘*\‘*
¥ o¥ g QQQ INERAN QQQ o¥ ca"qet@" o¥ q‘}qei@" e"q S Qq ¥ oV ‘;@Qg“
dTat-Sar-EED4 dTat-Sar-EED5
B
A. thaliana O. sativa M. polymorpha
dTat-Sar-EED4 No peptide dTat-Sar-EED4 No peptide dTat-Sar-EED4 No peptide
(] [ (]
£ £ £
Q Q of
=] (=] o
¥
c E. gracilis
dTat-Sar-EED4
= 1001 . =100 .. PRI
gt 1. . T i dTat-Sar-EED5
2 I I ok 2
= 601 w = 601
K . 8
g 407 . S 401
20 > 1 > 20
n é’ c
\“6‘6‘\“\&‘ S S Sy
oS TR (T SR RSN SRS
o, \{,;o@f) ,"6 N r{"bé‘f’ ,;: 97 o7 oF Q" o7 ¥
D C. reinhardtii E. gracilis
Citrine Chlorophyll Merge DIC

Citrine Chlorophyll Merge

Figure 2. dTat-Sar-EED peptides mediate Citrine transduction into various types of cells. (A) Viability of A. thaliana cotyledons, O. sativa calli and M.
polymorpha sporelings determined by Evans blue staining after treatment for 1 h with various concentrations of either dTat-Sar-EED4 or dTat-Sar-
EEDS. Data from four biological replicates are represented as the mean =+ standard error values. Statistical significance compared with the control (0
UM): *P < 0.05, **P < 0.01, ***P < 0.001 based on Dunnett’s T3 test (n = 4). (B) Confocal images showing Citrine internalization into A. thaliana
cotyledons, O. sativa calli, and M. polymorpha sporelings after 1 h incubation with Citrine (200 yg/mL) in the absence or presence of dTat-Sar-EED4
(90 uM). DIC images are shown below. Scale bars, 20 ym. (C) Viability of C. reinhardtii and E. gracilis determined by a colony formation assay and
Evans blue staining after treatment for 20 min and 3 h, respectively, with various concentrations of either dTat-Sar-EED4 or dTat-Sar-EEDS. Data from
three biological replicates are represented as the mean =+ standard deviation values. Statistical significance compared to the control (0 4uM): *P < 0.0S,
*%*P < 0.01 based on Dunnett’s T3 test (n = 3). (D) Confocal images showing Citrine internalization into C. reinhardtii and E. gracilis treated with
Citrine alone (100 yg/mL, No peptide) or in combination with dTat-Sar-EEDS (C. reinhardtii: 156 nM, 20 min; E. gracilis; 9 uM, 3 h). Scale bars, 20
pm.
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No peptide dTat-Sar-EEDS

transmission electron microscopy (TEM) observations revealed
that dTat-Sar-EED4 utilizes a macropinocytosis-like CIE

pathway for cargo transduction in plants. Altogether, this We first assessed the cytotoxicity of the dTat-Sar-EED peptides

to tobacco (Nicotiana tabacum) Bright Yellow-2 (BY-2) cells,

study provides a promising molecular tool that can induce a
v P P 8 which serve as a model plant system. We examined the viability

newly discovered cell entry mechanism for introducing bioactive of BY-2 cells by Evans blue staining after 1 h of treatment with
either dTat-Sar-EED4 or dTat-Sar-EEDS at various concen-

proteins into intact plants. trations. Both peptides caused more cell death with increasing
225 https://doi.org/10.1021/jacsau.1c00504
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Figure 3. dTat-Sar-EED4 enables more efficient transduction of a bioactive protein than do previously reported CPPs in plants. (A) Schematic
representation of the GUS activity assay. If GUS maintains its enzymatic activity following peptide-mediated cytosolic translocation, it catalyzes the
hydrolysis of the cell-permeable dye-#GlcU, yielding a green fluorescent dye. Accordingly, the activity of internalized GUS can be monitored by
detecting green fluorescence of the dye generated in cells. (B) Confocal images of BY-2 cells, A. thaliana cotyledons, and O. sativa calli treated with
GUS alone (No peptide) or in combination with either 90 M of dTat-Sar-EED4, dTat, R9 or BP100 for 30 min, washed with medium and then
incubated with dye-$GlcU (10 uM) for 15 min. Excess dye-fiGlcU was washed out from the samples before CLSM observation. Scale bars, 40 um. DIC
images corresponding to the fluorescent images are shown in Figure SS. (C) Transduction efficiency of each system based on relative GUS activity in
BY-2 cells, A. thaliana cotyledons, and O. sativa calli. Data from 10 biological replicates are represented as the mean = standard error values. Statistical
significance compared to dTat-Sar-EED4: **P < 0.01, ***P < 0.001 based on Dunnett’s T3 test (n = 10).

concentrations (from 9 yM to 9 mM), and dTat-Sar-EED4
seemed to be less toxic than dTat-Sar-EEDS (Figure 1B):
prolonged treatment (90 M for up to 48 h) did not result in
significant cytotoxicity (Figure S1). We then evaluated the
peptide-mediated transduction of a protein cargo (the 27-kDa
yellow fluorescent protein Citrine) into BY-2 cells through
CLSM. A time-lapse observation revealed the rapid internal-
ization of Citrine into BY-2 cells within a few minutes after the
addition of dTat-Sar-EED4 (90 uM) (Figure 1C, Movies S1,
S2), although no Citrine internalization was observed at lower

226

peptide concentrations (9 nM—9 uM, SI Figure S2). We
detected Citrine fluorescence in the nuclei of some cells after 1 h
of incubation with either dTat-Sar-EED4 (90 uM) or dTat-Sar-
EEDS (90 uM) (Figure 1D), but not in the absence of peptide.
These observations indicated that both peptides are capable of
cytosolic translocation of Citrine into cultured plant cells. We
then investigated whether individual peptide domains (dTat,
Sar-EED4, or Sar-EEDS) possessed this ability. BY-2 cells
exposed to 90 uM of each peptide domain for 1 h did not show
Citrine uptake (Figure 1D), highlighting the importance of the

https://doi.org/10.1021/jacsau.1c00504
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Figure 4. dTat-Sar-EED4 utilizes a clathrin-independent pathway for cargo transduction. (A) Confocal images of A. thaliana root cells treated for 30
min with DMSO or ES9-17 (30 uM) and then stained for 30 min with FM4-64 (10 uM) alone or in combination with dTat-Sar-EED4 (30 uM). Scale
bars, 10 ym. (B) Violin plot representation of FM4-64 uptake determined by the ratio of intracellular/plasma membrane signal intensity of cells shown
in (A). Solid lines and dashed lines in the plot represent the median and quartile values, respectively. Statistical significance: ****P < 0.000 based on
Tukey’s multiple comparison test. More than 100 cells from eight biologically independent samples were analyzed for each system. (C) Confocal
images of GUS-transduced A. thaliana roots and cotyledons using dTat-Sar-EED4 (roots, 30 M, 15 min; cotyledons, 90 M, 30 min) in the absence
(DMSO) or presence of inhibitors such as ES9-17 (roots, 30 uM; cotyledons, 100 uM), Wm (40 uM) or CytD (40 uM). Scale bars: roots, 10 ym;
cotyledons, 40 um. (D) Boxplot representation of relative activity of GUS transduced by dTat-Sar-EED4 under different conditions in C: boxes
represent the interquartile range, lines within the boxes represent the median values, and upper and lower whiskers represent the highest and lowest
values, respectively. Statistical significance compared to the control (DMSO): *P < 0.0S, ****P < 0.0001 based on Dunnett’s T3 test (n = 20 biological
replicates).

fusion of the cationic dTat and hydrophobic EED domains in dTat-Sar-EED peptides to other photosynthetic autotrophs,
translocating protein cargo. such as algae, which are important hosts for sustainable
manufacturing.”® We chose Chlamydomonas reinhardtii (a
green alga with a cell wall) and Euglena gracilis (a secondary
endosymbiotic alga possessing a pellicle, or protein-rich outer
layer, instead of a cell wall) as model systems. Treatment with
either peptide at 2.5 uM induced severe cell death in C.
reinhardtii (Figure 2C). Unlike BY-2 cells and the investigated
land plant species, dTat-Sar-EED4 appeared to be slightly more
toxic to C. reinhardtii cells than dTat-Sar-EEDS at concen-
trations of 156 nM or more (Figure 2C). Neither peptide
exhibited cytotoxicity toward E. gracilis at 9 nM—90 uM (Figure
2C). We treated C. reinhardtii and E. gracilis with 156 nM and 9
UM dTat-Sar-EEDS, respectively, for Citrine transduction. At 3
h after treatment with the peptide, Citrine was internalized into
the cells of both microalgae, but no Citrine internalization was
observed without the peptide (Figure 2D), demonstrating the
wide applicability of our peptide to algae in addition to land

We next aimed to apply the dTat-Sar-EED peptides to model
land plants, including cotyledons of Arabidopsis thaliana (a
model dicot plant), calli of Oryza sativa (a model monocot crop
plant) and sporelings of Marchantia polymorpha (a model
bryophyte). We evaluated the cytotoxicity of the peptides to
these plants via Evans blue assays. The dTat-Sar-EED peptides
(particularly dTat-Sar-EEDS) were toxic to A. thaliana
cotyledons and O. sativa calli at concentrations of 90 yM or
more, although they did not cause severe cell death in M.
polymorpha sporelings, even at 9 mM (Figure 2A). We therefore
employed 90 uM dTat-Sar-EED4 to achieve Citrine trans-
duction into cells of all three model plants with only moderate
cytotoxicity. Citrine internalization was observed for all model
plants in the presence of dTat-Sar-EED4, but not in the absence

. ) . plants.

of the peptide (Figure 2B). Citrine appeared to be transferred to
the nucleus in A. thaliana cotyledon cells (Figure 2B), as also
observed in BY-2 cells (Figure 1D), whereas such behavior was
not detected in O. sativa calli (Figure 2B), suggesting that the To investigate whether the dTat-Sar-EED peptides could
nuclear translocation of Citrine may occur via another transduce a functional protein in its active form into plants, we
mechanism we have not yet identified. utilized the combination of f-glucuronidase from Escherichia coli

The successful protein transduction in several land plant (GUS, a ~290-kDa tetrameric enzyme) and its fluorogenic

species using our method led us to explore the applicability of substrate, dye-conjugated p-p-glucuronide (dye-fGlcU). An

227 https://doi.org/10.1021/jacsau.1c00504
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Figure S. dTat-Sar-EED4 induces the formation of plasma membrane protrusions and a large intracellular vesicle in plant cells. (A,B) Formation of
plasma membrane protrusions (A) and a large intracellular vesicle (B) observed in TEM images of high-pressure frozen A. thaliana root epidermal cells
after treatment with 30 M dTat-Sar-EED4 for 15 min. Yellow arrowheads in (A) indicate plasma membrane protrusions, while those in (B) represent
intracellular vesicles (>200 nm in diameter). (C) Formation of membrane invaginations detected in TEM images of high-pressure frozen root
epidermal cells after treatment with 30 M dTat-Sar-EED4 or water for 15 min. Yellow arrowheads indicate the membrane invagination. CW, cell wall;

PM, plasma membrane; Cy, cytoplasm.

active form of GUS was able to catalyze the hydrolysis of
nonfluorescent dye-f#GlcU into a green fluorescent dye (Figure
3A). We selected BY-2 cells, A. thaliana cotyledons, and O. sativa
calli as model plant systems. We treated the samples with GUS
and dTat-Sar-EED4 (90 uM) for 30 min, washed out
extracellular proteins and peptides, and treated them with dye-
PGIcU for 15 min, which allowed cell entry of dye-fGlcU due to
its capability for direct cell-membrane penetration (Figure 3A).
Excess substrates were washed out before CLSM observation.

Green fluorescence was clearly visible in the cytosol of BY-2
cells, A. thaliana cotyledons, and O. sativa calli treated with dTat-
Sar-EED4, GUS, and dye-#GlcU, whereas no fluorescence was
detected in the controls, in which the peptide, enzyme, or
fluorogenic substrate was omitted (Figures 3B, S3). These
observations indicate that GUS was cytosolically transduced to
plant cells in its active form by dTat-Sar-EED4. Similar results
were obtained using dTat-Sar-EEDS (Figure S4). Under the
same experimental conditions, we compared the transduction
efficiency of dTat-Sar-EED4 with that of several previously
described CPPs, including dTat (rrrqrrkkr),16 R9
(RRRRRRRRR),”" and BP100 (KKLFKKILKYL)®** in BY-2
cells, A. thaliana cotyledons, and O. sativa calli. The efficiency of
dTat-Sar-EED4 was up to ~20-fold higher than that of the other
CPPs in these model plant systems (Figures 3B,C and SS).
These results indicate that dTat-Sar-EED4 enables the efficient
transduction of biologically active proteins into different plant
species.

As CME is the only well-characterized endocytic pathway in
plants, we aimed to investigate its involvement in dTat-Sar-
EED4 internalization into A. thaliana root epidermal cells, which
are often used to study plant endocytosis. We employed FM4-
64, a styryl dye used to trace endocytic pathways, and Endosidin
9-17 (ES9-17), an inhibitor of clathrin heavy chain that
specifically blocks CME in plants.”” The roots were treated
with dimethyl sulfoxide (DMSO, 0.6%, v/v) or ES9-17 (30 uM)
and then stained with FM4-64 (10 yM) in the presence or
absence of dTat-Sar-EED4 (30 uM) for CLSM observations.
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We detected punctate FM4-64 fluorescence, which represented
endosomal compartments, in the intracellular space of DMSO-
treated samples regardless of the presence of dTat-Sar-EED4
(Figure 4A). Similarly, intracellular FM4-64 fluorescence was
also observed in water-treated samples, indicating that FM4-64
was internalized via endocytosis, but not DMSO-induced
membrane perturbation (Figure S6). In the absence of dTat-
Sar-EED4, FM4-64 uptake was clearly reduced by ES9-17
treatment (Fi igure 4A, B) due to the effective inhibition of CME
by ES9-17.° However, dTat-Sar-EED4 counteracted the
suppression of FM4-64 uptake by ES9-17 (Figure 4A,B).
These results suggest that the peptide induces a non-CME
mechanism for FM4-64 internalization. The enhancement of
FM4-64 uptake by dTat-Sar-EED4 was slight in DMSO-treated
samples but more pronounced in ES9-17-treated samples
(Figure 4B). This observation suggests that the inhibition of
CME by ES9-17 upregulates CIE pathways in root cells, as
reported in mammalian cells.”*

We explored the dTat-Sar-EED4-mediated cargo trans-
duction mechanisms by performing quantitative evaluation of
the GUS transduction efficiency in epidermal cells of A. thaliana
roots and cotyledons treated with several pharmacological
inhibitors. The GUS transduction efficiency in roots and
cotyledons was not significantly inhibited by ES9-17 treatment
(Figure 4C,D). These results are similar to those obtained for
FM4-64 internalization (Figure 4A,B). Conversely, we observed
a significant suppression of GUS transduction in roots and
cotyledons treated with wortmannin (Wm, an inhibitor of
phosphatidylinositol-3 kinase [PI3K]) and cytochalasin D
(CytD, an inhibitor of action polymerization). These inhibitors
did not alter the enzymatic activity of GUS in vitro (Figure S7),
confirming that they affected the internalization rather than the
catalytic ability of GUS. The molecular mechanisms by which
Wm and CytD inhibit their targets (PI3K and actin filaments) in
plants are similar to those reported in animal systems.”**® Our
data suggest that the mechanism of dTat-Sar-EED4-mediated
GUS transduction is clathrin-independent but sensitive to PI3K
activity and actin polymerization.
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The cargo transduction mechanism driven by dTat-Sar-EED4
appears to share several features with macropinocytosis, such as
its independence from clathrin and sensitivity to Wm and
CytD,"” but the existence of macropinocytosis as such has not
been established in plants. Additional features of macro-
pinocytosis include the formation of plasma membrane
protrusions and intracellular vesicles >200 nm in diameter.'”
To investigate whether these characteristics can be found in
plants, we treated A. thaliana roots and BY-2 cells with dTat-Sar-
EED4 and subsequently fixed the samples by high-pressure
freezing/frozen substitution for TEM. We detected the
formation of plasma membrane protrusions in root cells treated
with dTat-Sar-EED4 but not in untreated control cells (Figure
SA), along with unstructured objects in the vicinity of the
membrane protrusions (Figure S8). Because these unstructured
objects were stained with osmium tetroxide, we speculated that
they might be aggregates of unsaturated fatty acids that
dissociated from plasma membranes, possibly by interacting
with the peptide. We also detected an intracellular vesicle with a
diameter >200 nm in some treated cells (Figure SB), although
only a few such vesicles were observed, likely due to the
endosome-disrupting ability of the EED4 domain in the
peptide.”” Membrane invaginations, likely associated with
CME, were observed in both treated and control cells (Figure
SC). Similar trends were also observed in BY-2 cells (Figure S9).
These observations suggest that dTat-Sar-EED4 induces a
macropinocytosis-like mechanism in plants.

The delivery of proteins instead of DNA can overcome many
drawbacks of current genetic engineering techniques for plants.
However, a versatile tool for protein delivery in plants has been
lacking, which poses a fundamental limit to plant bioengineering
for diverse applications. Here, we described the multidomain
peptides dTat-Sar-EED4 and dTat-Sar-EEDS, which we
successfully used to introduce an exogenous fluorescent protein
(Citrine) into a wide range of target cells, including tobacco BY-
2 cells (Figure 1C,D), A. thaliana cotyledons, O. sativa calli, M.
polymorpha sporelings (Figure 2B), and C. reinhardtii and E.
gracilis cells (Figure 2D). When we cytosolically delivered the
enzyme GUS into cells using dTat-Sar-EED peptides, it
remained functional and could catalyze the hydrolysis of its
substrate in various plant species (Figure 3B,C). We also
demonstrated that dTat-Sar-EED4 can induce a distinct
clathrin-independent mechanism, which shares several charac-
teristics with macropinocytosis, for cargo transduction in plants
(Figures 4-5).

Although the delivery of bioactive proteins into plants
currently relies on particle bombardment or polyethylene
glycol-mediated protoplast transfection, their widespread use
is limited by the need for specialized equipment, the difficulty of
regenerating entire plants from protoplasts, and the large
variation in delivery efficiency among different plant species.””*
By contrast, our peptide-mediated approach does not require
the use of specialized equipment or protoplasts and can be
applied to a wide range of plant species as well as algae (Figure
2). The protein cargoes delivered by dTat-Sar-EED4 were
mainly located in the cytosol but not seen in the vacuole
(Figures 1D, 2B, and 3B), a plant organelle equivalent to the
lysosome in mammalian cells. This is indicative of efficient
endosomal escape of the cargoes into the cytosol most likely due
to the endosome-disrupting domain (EED4) in the peptide,
which we previously reported.'®”” dTat-Sar-EED4 enabled the
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cytosolic transduction of a bioactive protein cargo with up to
~20-fold higher efficiency than previously described CPPs in
several model plants (Figure 3B,C). These advantages will allow
more convenient and higher-throughput delivery of bioactive
proteins to diverse targets. An important application of bioactive
protein delivery is transgene-free plant genome editing, which
can be achieved by directly introducing engineered nucleases
such as zinc-finger nucleases, transcription activator like effector
nucleases (TALENS), and clustered regularly interspaced short
palindromic repeats (CRISPR)-CRISPR associated protein 9
(Cas9) systems into plant cells.”” " Recent efforts have focused
on delivering pre-assembled CRISPR-Cas9 ribonucleoprotein
(RNP) complexes into plant cells via particle bombardment or
protoplast transfection.’” However, these approaches often yield
poor genome editing efficiency, except in a few model plants,*’
limiting the utility of transgene-free genome editing in plant
breeding. Our peptide may be useful for addressing the issue of
low editing efficiency via improvements in the delivery of RNP
complexes to cells of various plant species.

A key finding of our study is that dTat-Sar-EED4 mainly
utilizes a distinct CIE pathway for protein cargo transduction
into A. thaliana root cells. This finding was supported by CLSM
analysis using a plant CME-specific inhibitor (ES9-17) (Figure
4) and TEM observation (Figure S). The entry mechanisms of
exogenous macromolecules in plants, particularly those
mediated by CIE, remain largely unexplored. By contrast, CIE
pathways such as macropinocytosis play a central role in the
cellular uptake of exogenous macromolecules in animal cells.”*
Macropinocytosis is induced by arginine-rich peptides for cargo
transduction in mammalian systems,”® but it has yet to be
reported in plants. Our findings show that the CIE mechanism
responsible for dTat-Sar-EED4-mediated protein transduction
in plants shares three features with this pathway. First, we
observed the formation of membrane protrusions, a character-
istic of macropinocytosis, in TEM images of dTat-Sar-EED4-
treated A. thaliana roots (Figure SA). Second, the vesicles that
we detected in treated roots appeared to be larger (with
diameters greater than ~200 nm, Figure SB) than plant clathrin-
coated vesicles (average diameter ~60 nm; maximum diameter
~110 nm)"? but similar in size to macropinosomes (>200 nm).
Third, GUS transduction using dTat-Sar-EED4 was significantly
blocked by inhibiting PI3K activity and actin polymerization
through treatment with Wm and CytD, respectively (Figure
4C,D), which is in line with the finding that macropinocytosis is
a PI3K-dependent and actin-driven process. Although further
evidence is needed to confirm that macropinocytosis exists in
plants, our results suggest that dTat-Sar-EED4 can drive a
macropinocytosis-like mechanism to transduce a protein cargo
into plant cells. We envision that dTat-Sar-EED4 could be used
to study plant CIE as well as to deliver bioactive cargoes into
cells. Pioneering studies have demonstrated the CIE-mediated
internalization of nanobeads,’” a glucose analogue,38 and
endogenous membrane-associated proteins into plants,*”*’
but we still lack a clear understanding of why, when, and how
CIE pathways operate in plants. Outstanding questions remain,
including whether CIE pathways present in animal systems, such
as macropinocytosis, are conserved in plants, as well as the
physiological roles of plant CIE. The use of dTat-Sar-EED4 as a
CIE inducer may offer opportunities to explore these important
questions in fundamental plant science.

https://doi.org/10.1021/jacsau.1c00504
JACS Au 2022, 2, 223-233


https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00504/suppl_file/au1c00504_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00504/suppl_file/au1c00504_si_001.pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.1c00504?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

In summary, we described multidomain peptide-mediated
protein transduction into plants through a macropinocytosis-
like mechanism. The synthetic peptides presented here allow the
cytosolic transduction of biologically active proteins in different
plant species, which could help overcome the current limitations
of plant bioengineering. Our study also revealed the significant
contribution of a macropinocytosis-like endocytic pathway to
peptide-mediated protein transduction. The macropinocytosis-
like mechanism in plants shares several features with the well-
established macropinocytosis in mammalian cells. However, the
former mechanism does not appear to be driven by arginine-rich
CPPs, such as dTat and R9 (Figure 3), even though these
peptides have been reported to induce macropinocytosis in
mammalian cells.'®** This might be related to the different cell
surface conditions and lipid membrane compositions between
plant and mammalian cells. Heparan sulfate proteoglycans
ubiquitously found on the surface of mammalian cells act as a
receptor for the induction of macropinocytosis,”' but they are
not present on the plant cell surface. Cholesterol in mammalian
plasma membranes is known to be required for macro-
pinocytosis,”” whereas it is not found in plant plasma
membranes. Meanwhile, macropinocytosis in mammalian cells
involves several proteins including PI3K, Na*/H" exchangers,
small GTPases, etc. Some of them also exist in plants, but their
relation to the macropinocytosis-like mechanism found in this
study remains unclear. Further studies on the molecular basis of
this newly discovered pathway may provide design principles of
more sophisticated protein delivery tools and advance our
understanding of macromolecule entry mechanisms in plants.

dTat-Sar-EED4 (rrrqrrkkr-(Sar)-GWWG; Mw 2253), dTat-Sar-EEDS
(rrrqrrkkr-(Sar)-GFWFG; Mw 2361), dTat (rrrqrrkkr; Mw 1340),
Sar-EED4 ((Sar)-GWWG; Mw 931), Sar-EEDS ((Sar)-GFWEFG;
Mw 1039), R9 (RRRRRRRRR; Mw 1424 ), and BP100 (KKLFKKILK-
YL; Mw 1422) were obtained from the Research Resources Center of
RIKEN Brain Science Institute. The purity of each peptide was >95%,
as determined by reverse-phase high-performance liquid chromatog-
raphy. Citrine (27 kDa) was synthesized and purified as described
previously.”> GUS was purchased from Nacalai Tesque. ES9-17
(Carbosynth), Wm (Fujifilm), and CytD (Fujifilm) were dissolved in
DMSO (TCI) and stored at —30 °C.

Tobacco (Nicotiana tabacum) BY-2 cell suspension cultures were
purchased from the RIKEN BioResource Center. The BY-2 cells were
maintained in modified Linsmaier and Skoog (mLS) medium in the
dark at 26 °C, with shaking at 130 rpm, and subcultured at 1-week
intervals as described previously.** Exponentially growing cells (3—4
days after subculture) were diluted to an ODgyy of 0.5 with mLS
medium and used for analysis. Arabidopsis thaliana (Col-0) seedlings
and Oryza sativa (Nipponbare) calli were generated under the same
conditions used previously.'®* For the experiments, cotyledons or
roots were collected from seedlings (7—9 days after sowing) and calli
were cultivated at 30 °C on a Petri plate with callus induction medium
(N6D) for 1 week under constant light. Sporelings of the liverwort
Marchantia polymorpha were obtained by crossing between the male
Tak-1 and female Tak-2 strains.*® Sporelings from sporangia were
incubated in 150 uL Milli-Q water for 4 days and then used for the
experiments.

Chlamydomonas reinhardtii wild-type (cc125") cells were cultivated in
Tris Acetate Phosphate (TAP) liquid medium at 23 °C under constant
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light. C. reinhardtii cells in log phase (2 days after subculture) were used
for the experiments. Euglena gracilis cells were maintained in CM
medium (pH 3.5) at 26 °C, with shaking at 100 rpm, and subcultured at
1-week intervals according to a previously reported protocol.*” Cells
were cultured to an OD-3, of 0.23 and used for the experiments.

BY-2 cell suspensions were treated with various concentrations (9 pM—
9 mM) of dTat-Sar-EED4 or dTat-Sar-EEDS. After incubation at 26 °C
for 1 h, cell viability was determined via an Evans blue assay as described
previously.*® The peptide-treated cells were incubated in aqueous
solution containing Evans blue (150 yg/mL, Sigma-Aldrich) at 25 °C
for 30 min and washed with water. The cells were then incubated with
water/methanol mixture (50/50, v/v) containing sodium dodecyl
sulfate (SDS, 1%, w/v) at 25 °C for 2 h to extract the Evans blue and
subjected to spectrophotometric quantification at 600 nm. The viability
of BY-2 cells boiled at 98 °C for 30 min was used as a control (100%
dead cells).

A. thaliana cotyledons (obtained from three seedlings) and O. sativa
calli (~50 mg) were infiltrated with aqueous solution containing
various concentrations of dTat-Sar-EED4 or dTat-Sar-EEDS by the
vacuum/compression method as described previously.** After 1 h of
incubation, viability was evaluated using an Evans blue assay. The
viability of samples boiled at 98 °C for 30 min was used as a control
(100% dead cells).

Sporelings of the liverwort M. polymorpha were incubated at 22 °C
for 1 hin the presence of various concentrations (9—900 uM) of either
dTat-Sar-EED4 or dTat-Sar-EEDS and then treated with Evans blue
(150 pug/mL). We counted the number of dead cells, which were
stained with Evans blue, as well as live cells, which were not stained.
Viability was determined based on the live/dead cell ratio, and the
viability of sporelings boiled at 95 °C for 10 min was used as a control
(100% dead cells).

C. reinhardtii cells were treated with various concentrations (39 nM—
2.5 uM) of dTat-Sar-EED4 or dTat-Sar-EEDS for 20 min in TAP
medium containing sucrose (40 mM). The cells were then washed and
spread onto TAP agar plates. After incubation, the number of colonies
that formed on the agar plates was counted. To calculate viability, the
number of colonies with peptide treatment was divided by that without
peptide treatment.

E. gracilis cells were suspended in solution containing various
concentrations (9 nM—90 uM) of either dTat-Sar-EED4 or dTat-Sar-
EEDS and incubated at 26 °C for 3 h. After centrifugation, cells were
collected and resuspended in solution containing Evans blue (150 g/
mL). After 20 min of incubation, the cells were washed with water three
times prior to microscopic observation to count the number of live and
dead cells. The live/dead cell ratio was considered to represent viability,
and the viability of untreated cells was used as a control.

Citrine internalization into tobacco BY-2 cells was performed in a glass-
bottom dish. The cell suspension (160 yL) was mixed with solution (40
uL) containing dTat-Sar-EED4 or dTat-Sar-EEDS (90 uM) in
combination with Citrine (100 yg/mL) and incubated at 26 °C for 1
h. As a control, other cells were incubated with Citrine (100 yg/mL)
alone or in combination with 90 M of dTat, Sar-EED4 or Sar-EEDS at
26 °C for 1 h. Cellular internalization of Citrine was directly visualized
from the dish under various magnifications at excitation/emission
(Em/Ex) wavelengths of 488/515—580 nm using a confocal micro-
scope (LSM 700/880, Carl Zeiss) and Zen 2011 operating software.
A. thaliana cotyledons and O. sativa calli were infiltrated with
aqueous solution (100 yL) containing dTat-Sar-EED4 (90 yM) and
Citrine (200 ug/mL) by the vacuum/compression method as described
previously.” Other cotyledons and calli were infiltrated with solution
containing Citrine (200 pg/mL) alone as a control. After incubation
(cotyledon: 22 °C, 1 h; callus: 30 °C, 1 h), the infiltrated samples were
washed twice with half-strength Murashige and Skoog (1/2 MS)
medium (100 L) containing 1% sucrose (Fujifilm) and subjected to
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CLSM observation with an LSM 880. Citrine fluorescence was detected
at Ex/Em wavelengths of 488/515—560 nm.

M. polymorpha sporelings were suspended in solution containing
dTat-Sar-EED4 (90 #M) and Citrine (200 sg/mL) and incubated at 22
°C for 1 h. Other sporelings were incubated with only Citrine (200 ug/
mL) at 22 °C for 1 h, as a control. To visualize Citrine fluorescence in
sporelings, CLSM observation was performed using an SP8X system
(Leica Microsystems) with a time-gated method (0.5—12.0 ns)
according to a previous report.*” The detection of Citrine signal was
performed at Ex/Em wavelengths of 510/546—566 nm.

C. reinhardtii cells were suspended in TAP medium containing dTat-
Sar-EEDS (156 nM), Citrine (100 pg/mL) and sucrose (40 mM). The
cells were incubated for 20 min, washed, and transferred onto a
microscope slide. Other cells were incubated with Citrine (100 yg/mL)
alone for 20 min and used as a control. CLSM observation was
performed with an LSM 880 at Ex/Em wavelengths of 488/520—550
nm (for Citrine) and of 488/660—720 nm (for chlorophyll).

The internalization of Citrine into E. gracilis cells was performed in a
96-well microplate. Cell suspension (80 L) was added to each well.
The cells were then treated with Citrine (100 #g/mL) in the presence
or absence of dTat-Sar-EEDS (9 uM). Culture medium was added to
each well to a final volume of 100 L and the plates incubated at 26 °C,
with shaking at 100 rpm, for 3 h. CLSM observation was performed
with an LSM 700. Fluorescent signals from Citrine and chlorophyll
were detected at Ex/Em wavelengths of 488/520—550 nm and 488/
660—720 nm, respectively.

BY-2 cells were treated with GUS (100 pg/mL) in the presence or
absence of either 90 uM of dTat-Sar-EED4 or dTat-Sar-EEDS at 26 °C
for 1 h in mLS medium. Other cells were treated with GUS (100 ug/
mL) in combination with 90 M of dTat, R9 or BP100 at 26 °C for 1 h
in mLS medium. After treatment, the cells were washed with mLS
medium and treated with dye-#GlcU (Goryo Chemical) at 26 °C for 30
min in the dark. Excess dye-f/GlcU was washed out with mLS medium
prior to CLSM observation with an LSM 700. The delivered GUS
activity was monitored by detecting the green fluorescent signal of the
dye produced by GUS-catalyzed hydrolysis in cells with Ex/Em
wavelengths of 488/510—550 nm.

A. thaliana cotyledons and O. sativa calli were infiltrated with
aqueous solutions (200 L) containing GUS (500 pg/mL) alone or in
combination with each peptide either (90 uM of dTat-Sar-EED4, dTat-
Sar-EEDS, dTat, R9, or BP100) via the vacuum/compression
method.* After 1 h of incubation, the cotyledons and calli were
washed with 1/2 MS medium containing 1% sucrose and then
additionally treated with dye-GlcU at 26 °C for 30 min. After being
washed with 1/2 MS medium containing 1% sucrose, the samples were
subjected to CLSM observation using an LSM 700 with Ex/Em
wavelengths of 488/510—550 nm to monitor the delivered GUS
activity.

The delivered GUS activity was evaluated by quantifying the green
fluorescence intensity of the dye in cells using Fiji/Image] software. The
means of relative green fluorescence intensity were determined from at
least eight different regions of interest, which were manually selected
using the freehand selection tool of Fiji/Image] in each confocal image,
from 10 biologically independent samples. The background signal was
subtracted from these fluorescence intensities to obtain the GUS
activity levels in cells. The delivered GUS activity for each system was
normalized to that of the dTat-Sar-EED4-treated samples.

FM4-64 (Thermo Fisher Scientific) was dissolved in DMSO. A.
thaliana roots were pretreated with DMSO (0.6% v/v, control) or ES9-
17 (30 uM) at 25 °C for 30 min in 1/2 MS medium, and then FM4-64
(10 uM) was added alone or in combination with dTat-Sar-EED4 (90
uM). Following incubation at 25 °C for 30 min in the dark, CLSM
observation was performed to detect FM4-64 uptake into cells using an
LSM 700 with Ex/Em wavelengths of 488/620—680 nm.
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To quantify the intracellular/plasma membrane (PM) fluorescence
intensity ratio, the mean fluorescence intensities in the entire cytoplasm
and apical plasma membrane regions, which were manually segmented
using the polygonal selection tool of Fiji/Image], were assigned to
intracellular and PM fluorescence intensities, respectively. The
intracellular/PM fluorescence intensity ratio was calculated using
Fiji/Image] for more than 100 cells from 8 independent roots for each
system.

A. thaliana roots and cotyledons were pretreated with ES9-17 (root, 30
uM; cotyledon, 100 uM), Wm (40 uM), CytD (40 uM) or DMSO
(0.5% v/v, control) at 25 °C for 30 min in 1/2 MS medium (200 xL).
The samples were treated with dTat-Sar-EED4 (90 M) and GUS (500
pug/mL) in the presence of each inhibitor (ES9-17, 30 uM for root and
100 uM for cotyledon; Wm, 40 uM; CytD, 40 uM) or DMSO (0.5% v/
v) at 25 °C for 30 min in 1/2 MS medium containing 1% sucrose (200
uL). The samples were washed with 1/2 MS medium containing 1%
sucrose to remove extracellular peptides and enzymes and incubated
with dye-fGlcU at 26 °C for 30 min in the dark. After being washed
with 1/2 MS medium containing 1% sucrose to remove excess
substrates, the samples were subjected to CLSM observation with an
LSM 700 with Ex/Em wavelengths of 488/510—550 nm to evaluate the
activity of the delivered GUS. The GUS activity delivered in each
system was quantified as described above and normalized to that of the
controls (DMSO-treated samples).

A. thaliana roots and BY-2 cells were treated with dTat-Sar-EED4 (30
UM or 90 uM) at 25 °C for 15 or 10 min, respectively. As controls, other
roots and cells were incubated at 25 °C in water (15 min) and MS
medium (10 min), respectively. The root and cell samples were frozen
in a high-pressure freezer (Leica EM ICE), and TEM observation were
performed as previously described.””’

Statistical tests and graphs were generated with GraphPad Prism 9.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.1c00504.

Viability of BY-2 cells after prolonged treatment with
dTat-Sar-EED4 for up to 48 h, confocal images showing
negligible Citrine uptake in BY-2 cells treated with low
concentrations of dTat-Sar-EED4 or dTat-Sar-EEDS,
confocal images of BY-2 cells, A. thaliana cotyledons and
O. sativa calli after GUS transduction with dTat-Sar-
EED4 under different conditions, confocal images of BY-2
cells, A. thaliana cotyledons and O. sativa calli after GUS
transduction with dTat-Sar-EEDS under different con-
ditions, confocal images of BY-2 cells, A. thaliana
cotyledons and O. sativa calli after GUS transduction
with or without various types of peptides, confocal images
of A. thaliana root cells treated for 30 min with water or
DMSO (0.6% v/v) and then stained for 30 min with FM4-
64 (10 uM), GUS enzymatic activity in the presence of
pharmacological inhibitors, transmission electron micro-
scopic (TEM) images showing the formation of plasma
membrane protrusions with unstructured objects in dTat-
Sar-EED4-treated A. thaliana roots, TEM images of BY-2
cells treated without and with dTat-Sar-EED4 (PDF)
Movie S1. Citrine uptake by BY-2 cells in the presence of
90 4M dTat-Sar-EED4 (AVI)

Movie S2. Citrine uptake by BY-2 cells in the presence of
90 uM dTat as a control (AVI)
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