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Plant hormones are small molecules that modulate a plethora of growth

and developmental pathways. Among these molecules, ethylene is known

to modulate several important agronomical traits, including fruit ripening

and senescence. However, the mechanisms, pathways, and processes of eth-

ylene signaling from the receptors at the endoplasmic reticulum (ER) mem-

brane to the transcriptional regulators in the nucleus remain to be

elucidated. Here, we demonstrate that the importin alpha superfamily of

nuclear transport receptors plays a pivotal role by transporting ethylene

key regulator ETHYLENE INSENSITIVE 2 (EIN2) from the ER into the

nucleus. Our findings show that importin a (impa) single- and triple-mutant

seedlings of Arabidopsis thaliana retain a normal ethylene response, as evi-

denced by the typical triple-response phenotype observed in the presence of

ethylene. In vitro and in planta interaction studies demonstrate that EIN2

is recognized as cargo by all nine IMPa isoforms, though with distinct

affinities. Specifically, the binding studies reveal that IMPa1/2/3/4/7 are the

most relevant isoforms for the nucleocytoplasmic transport of EIN2. Based

on computational interaction predictions, we have identified potential bind-

ing modes and offer novel mechanistic insights into the interaction between

the nuclear localization signal (NLS) motif of EIN2 and the IMPa super-

family. Our results provide novel insights into the mechanism by which the

ethylene signal is transmitted from the ER membrane to the nucleus. The

data pave the way for a more comprehensive understanding of the ethylene

signaling pathway and the central role of EIN2.
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Introduction

The plant hormone ethylene plays a crucial role in

plant growth and development, influencing processes

such as fruit ripening, senescence, and adaptive

responses of plants to a wide range of biotic and abi-

otic stresses [1–5]. Ethylene perception and responses

are mediated by a family of integral membrane recep-

tors (ETRs) localized at the endoplasmic reticulum

(ER)–Golgi network [6–8]. The receptors, which in

their functional state form homo- and heteromers at

the membrane, act as negative regulators of the signal-

ing pathway, following an inverse-agonist model in

which ethylene binding switches off downstream signal

transmission [7,9–13]. Receptor-associated Raf-like

kinase CONSTITUTIVE TRIPLE RESPONSE1

(CTR1) and ER integral membrane protein ETHYL-

ENE INSENSITIVE2 (EIN2) have been identified as

pivotal downstream partners of the receptors and key

elements in ethylene signal transmission [14–16]. Both
interact with the ethylene receptors at the ER mem-

brane [17–19], but for long it was unclear how the eth-

ylene signal is transmitted from the ER to the nucleus.

Bioinformatic sequence analysis revealed a putative

nuclear localization signal (NLS) in the C-terminus of

EIN2 (residues 1261–1268), supporting the idea that

the C-terminal cytosolic part (amino acids 462–1294)
is cleaved off the N-terminal transmembrane part in

response to the ethylene signal for translocation into

the nucleus [20]. Under certain circumstances, the

C-terminus of EIN2 is localized in cytoplasmic

P-bodies [21,22]. Multiple experimental studies pro-

vided mechanistic insights into the processes bridging

ethylene transmission from the receptors located in the

ER membrane to the nucleus [23,24]. Additionally,

binding studies revealed that the EIN2 NLS-motif

serves not only in nuclear localization but also pro-

vides a critical contact site for the GAF (cGMP-

specific phosphodiesterase, adenylyl cyclases, and

FhlA) domain of the ETR receptors [25,26]. EIN2

lacking the NLS motif shows strongly reduced affinity

for the receptors. Synthetic peptides derived from the

EIN2 NLS-motif [25] also impede the interaction of

EIN2 and the receptors. Notably, the corresponding

peptides markedly impair ethylene responses in plants,

such as fruit ripening or senescence [27–30]. Further

genetic and molecular studies on the ethylene signaling

network revealed that the Raf-like kinase CTR1

directly interacts with and phosphorylates EIN2 at

multiple sites in the absence of the plant hormone

[31–34]. Conversely, the plant hormone inactivates

CTR1, preventing CTR1-dependent phosphorylation

of EIN2 [33]. In turn, ER-membrane localized EIN2 is

proteolytically processed, and the C-terminal end of

EIN2, containing the NLS-motif [20,31], is translo-

cated to the nucleus [31–33]. Deletion of the NLS

retained EIN2 CEND in the cytoplasm, suggesting

that the NLS sequence is responsible for CEND’s

nuclear localization [32]. In the nucleus, EIN2 CEND

activates the transcription factor EIN3 [22,32] and its

paralogs by a mechanism that has yet to be fully eluci-

dated, resulting in the transcription of ethylene

response genes [35,36]. The pathways and transport

mechanisms of EIN2 CEND to and into the nucleus

are not resolved yet. In addition to the previously

reported localization of EIN2 in the ER membrane

and EIN2 CEND in the nucleus [20,31–33], several

studies in Arabidopsis thaliana and Nicotiana tabacum

have described alternative subcellular localization for

both [17,31,32,37,38]. For instance, EIN2 has been

observed in the nucleus [32], while EIN2-CEND has

been detected in the cytoplasm [31,32,37,38] (Fig. 1A).

Macromolecules with a molecular weight larger than

40 kDa (e.g., EIN2 CEND (91.81 kDa)) require an

active transport process for translocation across

nuclear pore complexes (NPC) that span the double

membrane of the nuclear envelope [39–42]. Nuclear

import receptors recognize their molecular cargos in

the cytoplasm by distinct NLS sequence motifs, carry

them across the NPC, and release them in the nucleus

[43,44]. Based on their recognition sequence, NLS

motifs are classified as either monopartite (a single

cluster of basic amino acids) or bipartite (two clusters

of basic amino acids separated by a 10–12 amino acid

linker) [45]. Sequence-based prediction of NLSs in the

cytosolic part CEND of the ethylene key regulator

EIN2 reveals that the CEND contains mono- and

bipartite NLSs [20], suggesting an interaction with the

IMPa superfamily. In the classical nuclear import

pathway, which is conserved from yeast to humans

[46], a cytoplasmic complex is formed. Thereby, NLS

motifs in the cargo proteins are recognized by the

nuclear transport receptor importin a (IMPa) which,

upon NLS binding, functions as an adaptor and brid-

ges the interaction to the actual nuclear import carrier

importin b (IMPb), which mediates the passage of the

ternary complex through the NPC [47–49] (Fig. 1B).

Active transport of the IMPa-IMPb cargo complex

across the NPC is mediated by the direct interaction

of IMPb and nucleoporin proteins in the NPC [50,51].

Therefore, a crucial step in nuclear translocation is the

specific recognition of the cargo protein by the IMPa
receptor, as this complex formation ultimately deter-

mines which cargo is transported to the nucleus.
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RAS-RELATED NUCLEAR PROTEIN (RAN), a

small GTPase that exists in a GTP-bound nuclear and

GDP-bound cytoplasmic state [52–54], controls the

cargo binding to and release from the IMPa/b hetero-

dimer. Binding of RAN�GTP to IMPb in the nucleo-

plasm triggers the dissociation of ternary import

complexes and drives nuclear cargo release [55,56].

However, members of the IMPb protein family can

function independently of IMPa adapters to mediate

nuclear cargo import [57–59]. Lu et al. [60] demon-

strated that IMPb can mediate nuclear traffic of EIN2

CEND in Arabidopsis thaliana.

Structural studies have shown that IMPa proteins of

different origin show conserved architectures consisting

of two functionally and structurally distinct domains

[61,62]. The C-terminal armadillo repeat domain

(ARM) provides distinct binding sites for cargo NLS

motifs. Repeats 2–4 shape the major site, whereas

repeats 6–8 form the minor NLS binding site [63–66].
The major site is regarded as the high-affinity binding

site for canonical monopartite NLSs, whereas bipartite

NLSs bind to both the minor and the major site [67].

The flexible auto-inhibitory N-terminal IMPb binding

domain (IBB) of IMPa contains a sequence related to

bipartite NLSs, which competes with NLS cargo for

binding to the ARM repeats and facilitates interaction

with IMPa upon cargo binding as well as release of

the cargo in the nucleoplasm [68,69]. The A. thaliana

genome encodes eight IMPa isoforms (IMPa1–IMPa7
and IMPa9) that contain both IBB domains and

ARM repeats, as well as a single isoform (IMPa8) that
contains only ARM repeats [70,71].

Here, we demonstrate in cell biological, biophysical,

and in planta studies that EIN2-NLS peptides and

EIN2 CEND interact with the IMPa superfamily. Our

results provide novel mechanistic insights into how

EIN2 CEND translocates from the ER membrane to

the nucleus, shedding light on processes by which

EIN2 integrates and bridges signaling from the ER

membrane into the nucleus to trigger stress and devel-

opmental responses upon perception of the plant hor-

mone ethylene.

Results

Involvement of individual members of the IMPa
superfamily in plant ethylene response

In the presence of ethylene, dark-grown seedlings dis-

play the characteristic phenotypic responses known as

triple response [9,10,15,72,73]. We hypothesized that

nucleocytoplasmic transport and nuclear import of the

Fig. 1. Mapping EIN2 and EIN2CEND localization in plant cells and the role of IMPa/b in nuclear import. (A) Localization of EIN2 (ETHYLENE

INSENSITIVE 2) and EIN2 CEND (ETHYLENE INSENSITIVE 2 C-terminal cytosolic part) based on reported A. thaliana and N. tabacum in

planta experiments. (B) Simplified principle of the importin (IMP)a/b mediated nuclear import. During the IMPa/b mediated nuclear import, a

cytoplasmic complex between IMPa, cargo nuclear localization signal (NLS), and IMPb is formed. The IMPa/b-cargo complex translocates

into the nucleus through the nuclear core complex. In the nucleus, binding of Ras-related nuclear protein/Guanosine-triphosphate (RAN/GTP)

to IMPb triggers the dissociation of ternary import complexes and drives nuclear cargo release. IMPb-RAN/GTP complexes exit the nucleus.

RAN/GTP hydrolysis and release of Ras-related nuclear protein/Guanosine-diphosphate (RAN/GDP) in the cytoplasm then free IMPb for the

next round of import. Both parts of the figure were created with BioRender.com.
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EIN2 cytosolic part (CEND), which bridges ethylene

signal transduction from the ER membrane to the

nucleus, are mediated by the IMPa-IMPb transport

machinery. This hypothesis is supported by the previ-

ously identified NLS motif in the EIN2 C terminus.

To investigate whether any of the IMPa isoforms are

implicated in ethylene signaling, A. thaliana Col-0

(wild-type; positive control), single loss-of-function

mutants of the IMPa isoforms (impa1-impa9) obtained
from the Nottingham Arabidopsis Stock Centre

(NASC), and ethylene-insensitive mutant ein2-1 (nega-

tive control) were grown in the dark in the presence

of the ethylene precursor 1-aminocyclopropane-1-

carboxylate (ACC) and subsequently analyzed for their

triple response. Fig. 2A illustrates that all single impa
mutants besides impa-3, which was excluded from the

study due to seed germination issues, showed the typi-

cal triple response, similar to the wild-type Col-0, with

a 54–64% decrease in hypocotyl length for Col-0 and

the impa mutants. In contrast, the triple response was

not observed in the ein2-1 loss-of-function control,

which showed only a 10% decrease in hypocotyl

length. The findings on the single impa mutants indi-

cate that nucleocytoplasmic transport and nuclear

import of EIN2 CEND cannot be attributed to a sin-

gle IMPa isoform, possibly because of functional

Fig. 2. Triple response experiments with

single and triple impa loss-of-function

mutants. (A) Triple response experiments

with single loss-of-function impa mutants

and (B and C) with triple loss-of-function

impa mutants. The wild-type Col-0 served

as a positive control, while the mutant ein2-

1 functioned as the negative control for the

triple response. The impa3 single mutant

did not germinate. The hypocotyl length of

each plant line in the absence of the

ethylene precursor 1-aminocyclopropane-1-

carboxylic acid (ACC) (w/o ACC) was set to

100%, and the hypocotyl length of each line

in the presence (w/) of ACC is displayed in

percent relative to the respective untreated

control. Bars represent the mean � SD of

pooled data from at least 10 seedlings per

condition for the single impa mutants and at

least 20 seedlings per condition for the

triple impa mutants. For statistical analysis a

two-way ANOVA and Dunnett’s multiple

comparisons test was used. *P-

value < 0.05; ****P-value < 0.0001 (w/o

ACC vs. respective ACC concentration). In

C), one asterisk equals four asterisks for a

better overview.
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redundancy among the IMPa isoforms. This is in line

with the high homology and large conservation among

the IMPa isoforms, with 42% identity and 61% con-

servation in the amino acid sequence of canonical

IMPa1-8, suggesting that other family members com-

pensate for the loss of one IMPa isoform. IMPa9 pos-

sesses here a special position because of a sequence

identity <30%. A sequence alignment within the Arabi-

dopsis thaliana IMPa family is shown in Fig. S1.

To gain further insights into the role of the IMPa
superfamily for ethylene signaling, we studied multi-

ple higher order IMPa loss-of-function mutants [74]

(Fig. 2). The triple mutants impa-1;impa-2;impa-3,
impa-1;impa-3;impa-5, impa-1;impa-3;impa-7, impa-2;
impa-3;impa-7, and impa-3;impa-5;impa-7 all showed

the typical triple response phenotype when grown in

the dark and exposed to the ethylene precursor ACC

(Fig. 2B). The decrease in hypocotyl length of the

triple mutants ranged from 53% to 59%, which is

comparable to the decrease observed for the single

impa mutants (Fig. 2A). These results from the anal-

ysis of multiple loss-of-function mutants support the

hypothesis that the IMPa isoforms function redun-

dantly in the nuclear import of EIN2. To check for

potential differences in ethylene sensitivity, we sup-

plemented the experiments from Fig. 2B with 0.1 and

1 lM ACC (Fig. 2C). The wild-type Col-0 exhibited

a relative reduction in hypocotyl length of 21% even

at 0.1 lM ACC, whereas all triple mutants remained

unaffected, showing a maximum reduction of 7.5%.

At 1 lM ACC, the decrease in wild-type seedlings

(55.5%) was comparable to that observed at 10 lM
ACC (56.5%). In contrast, the hypocotyl length

reduction in the triple mutants ranged from 34% to

41% at 1.0 lM and from 53% to 59% at 10 lM
ACC as previously noted. These findings indicate

that the mutation of three IMPa isoforms leads to

diminished sensitivity in ethylene perception, support-

ing the pivotal role of the IMPa superfamily in eth-

ylene signaling. However, no differences in ethylene

sensing were observed among the various triple

mutants, further reinforcing the hypothesis of IMPa
redundancy in EIN2 transport. The deletion of an

excessive number of IMPa isoforms is likely to have

detrimental effects on regular plant growth and

development, which has already been observed in the

triple mutants (impa-1;impa-2;impa-3) [74]. Due to

the pivotal role of the IMPa-IMPb machinery in the

nuclear transport of a large number of cargo pro-

teins, we adopted an alternative strategy to investi-

gate the role of IMPa proteins in plant ethylene

signal transduction by testing their physical interac-

tion with the ethylene key regulator EIN2.

EIN2 interacts with and binds to all members of

the IMPa superfamily

To clarify whether EIN2 is a potential cargo protein

of the IMPa superfamily, all nine IMPa isoforms of

A. thaliana were expressed recombinantly in E. coli

and purified to homogeneity from the bacterial host

(Fig. 3C). Interaction of purified IMPa proteins was

probed by fluorescence polarization (FP) measure-

ments with a set of EIN2-NLS peptides and shortened

EIN2 CEND (Fig. 3A,B, Table S1). FP takes advan-

tage of the fact that a fluorescent molecule, when

excited by polarized light, emits light with a polariza-

tion level inversely related to its molecular rotation

rate. This feature makes FP a valuable tool for study-

ing the binding of small labeled ligands or peptides to

larger proteins and serves as the basis for both direct

and competitive binding assays [75].

In these studies, we initially examined the interac-

tion between TAMRA-NOP-1, a peptide that corre-

sponds to the NLS motif of EIN2 and is N-terminally

labeled with the fluorescent dye 5-TAMRA (5-

carboxytetramethylrhodamine), and the nine Arabidop-

sis IMPa proteins. The results of these binding studies

revealed that binding occurred for all nine IMPa
isoforms (Fig. 3A). While the majority of the IMPa
proteins demonstrated comparable affinities for

TAMRA-NOP-1, with dissociation constants (Kds) in

the low micromolar range (3–6 lM), isoforms IMPa5
and IMPa9 showed lower affinities, with Kd values of

12.9 � 0.9 lM and 13.8 � 0.9 lM, respectively. Bind-

ing affinities of IMPa6 and IMPa8 were only slightly

diminished compared to the majority, with Kd values

of 8.7 � 1.5 lM and 7.9 � 0.2 lM, respectively. In

conclusion, these findings indicate that all nine mem-

bers of the A. thaliana IMPa superfamily are capable

of binding EIN2 in vitro as a cargo and support a

physiological role of the IMPa-EIN2 interaction. The

IMPa binding affinities indicate that they are not

equally crucial for the binding and transport of EIN2

to and into the nucleus or for cytoplasmic trapping of

EIN2 CEND. Previous binding studies between several

NLS peptides and A. thaliana IMPa3 lacking the

auto-inhibitory IBB domain [76] have observed affini-

ties in the low micromolar range (0.7–5.4 lM). Based
on our findings, the IMPa superfamily can be classi-

fied into the following three groups: IMPa1/2/3/4/(7),
IMPa6/8, and IMPa5/9. Given the low dissociation

constants of the IMPa-EIN2-NLS complexes, isoforms

IMPa1/2/3/4/(7) seem to be most relevant for EIN2

nucleocytoplasmic transport.

To substantiate the hypothesis that EIN2 CEND

serves as a cargo recognized by the IMPa superfamily
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and to confirm the NOP-1 binding specificity, competi-

tive FP measurements were performed. In these stud-

ies, TAMRA-NOP-1 bound to IMPa4 was selected as

a representative interaction of the IMPa superfamily.

TAMRA-NOP-1 was subsequently displaced by the

addition of selected EIN2 CEND-NLS constructs of

different lengths. Two of the constructs (NOP-1, EIN2

residues: 1262–1269; N41P-1, EIN2 residues:

1229–1269) were produced synthetically, while CEND

construct GB1-AtEIN2C1215–1281 containing a GB1-tag

to enhance solubility was produced recombinantly in

E. coli. The binding curves shown in Fig. 4 clearly

demonstrate that all three EIN2 CEND-NLS con-

structs were able to displace previously bound

TAMRA-NOP-1, as indicated by a decrease in fluores-

cence polarization. Notably, the affinity of the differ-

ent CEND peptides for IMPa4 decreased with

increasing amino acid length. NOP-1 displayed the

highest affinity of all EIN2-NLS probes, with a Kd of

4.1 � 0.4 lM (Fig. 4A), which closely aligns with the

observed affinity of IMPa4 for TAMRA-NOP-1

(~6 lM). With the extended EIN2-NLS probe N41P-1

as competitor, a Kd of 8.1 � 1.1 lM was observed

(Fig. 4B), while the most extended CEND probe

GB1_AtEIN2C1215–1281 showed binding with a Kd of

22.1 � 2.8 lM (Fig. 4C). The displacement of pre-

bound TAMRA-NOP-1 by all EIN2-NLS CEND

probes unequivocally confirms the specific binding of

the EIN2-NLS core motif (NOP-1) and longer EIN2

CEND constructs. These results provide further sup-

port for the hypothesis that EIN2 CEND serves as a

cargo protein of the IMPa superfamily to be trans-

ported from the ER to the nucleus via the IMPa-IMPb
machinery.

Next, we used biolayer interferometry (BLI) with an

Octet K2 instrument (Fort�e Bio, Dallas, USA) to sub-

stantiate and further delineate the binding interactions

between the IMPa superfamily and the EIN2-NLS

motif. BLI measures slight changes in reflected light at

a sensor surface upon the formation of molecular com-

plexes. Specifically, it monitors interference patterns of

white light, which are reflected from two different

Fig. 3. Fluorescence polarization (FP) measurements of IMPa isoforms 1–9 with the TAMRA-NOP-1 peptide as a proxy for EIN2 CEND. For

importin (IMP)a7 a variant lacking the N-terminal importin b binding (IBB) domain was employed as expression and purification of full-length

IMPa7 was not successful. The polarization is plotted against the protein concentration in lM. Data points represent mean values with 95%

confidence intervals based on three independent measurements. Dissociation constants (Kd) were determined by using the Logistic Fit

function in Origin. (A) Kd value determination for IMPa1-9 and IMPa7_DIBB. (B) Kd value determination for IMPa1_DIBB. Data points

represent mean values with 95% confidence intervals based on three independent experiments (n = 3). The SDS-PAGE for all purified

isoforms is depicted in (C). The red boxes indicate the purified IMPa isoforms.
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surfaces: an internal reference layer and a layer of bio-

molecules immobilized on a biosensor tip [77].

In these binding assays, IMPa1 lacking the IBB

domain (DIBB_IMPa1) and IMPa4 were selected as

representatives of the IMPa superfamily. Prior to their

interaction studies with different EIN2 CEND-NLS

probes, both importins were biotinylated with the

Biotin-PEG4-NHS ester Protein Labeling Kit from

Jena Bioscience (Jena, Germany) and immobilized

onto streptavidin-coated biosensor tips (Fig. 5).

Following their immobilization, the loaded biosen-

sor tips were dipped into wells containing NOP-1,

N41P-1, and GB1-AtEIN2C1215–1281, respectively,

which served as EIN2 CEND-NLS probes of varying

lengths and complexities. The resulting association and

dissociation curves for serial dilutions of NOP-1,

N41P-1, and GB1-AtEIN2C1215–1281 with DIB-
B_IMPa1 and IMPa4 are presented in Fig. 5. The

analysis of the binding kinetic data and the processing

of BLI sensorgrams by the implemented Octet� Anal-

ysis Studio Software revealed dissociation constants

(Kds) in the low lM range (2.5–21.4 lM) for NOP-1,

N41P-1, and GB1-AtEIN2C1215–1281 (Table 1; Fig. 5A–
E), with the basic EIN2-NLS probe (NOP-1) showing

the highest affinity (DIBB_IMPa1: 2.5 � 1.0 lM and

IMPa4: 7.6 � 1.1 lM as shown in Fig. 5A,B). These

findings agree well with the previously determined

binding constants measured by FP.

Curve fitting of the BLI sensorgrams was tested with

different binding models. The best fit was obtained

with a 1:2 heterogeneous ligand binding model (data

not shown). This model assumes analyte binding at

two independent ligand sites at the IMPa immobilized

on the biosensor surface. Furthermore, each ligand site

binds the analyte independently and with a different

rate constant. Notably, the dose response curve for the

GB1-AtEIN2C1215–1281 interaction with IMPa4 showed

a clear biphasic sigmoidal curve (Fig. 5F). Based on

this observation, a low and high Kd were determined,

with the low Kd in the medium nM range and the high

Kd in the higher lM range (Table 1). In this case, the

second Kd in the higher lM range may be attributed to

the binding of the GB1-tag.

Structural basis for the interaction of the IMPa
superfamily with EIN2-NLS motif

Homology modeling of DIBB_IMPa1 and IMPa4 was

performed to demonstrate the position of the IBB

domain in the structure and its effect on the major

and minor NLS binding site (Fig. 6A). To further

localize EIN2-NLS binding to the IMPas, structural

models of ligand–protein complexes of the IMPa3 core

structure (PDB code: 4TNM) lacking the IBB domain

with the NOP-1 peptide were generated with Alpha-

Fold2 [78] using ColabFold 1.5.5. The resulting models

suggest that NOP-1 is bound by the major NLS bind-

ing site of IMPa3, which is the preferred binding site

for canonical monopartite NLS. Key interactions of

IMPa3 with the EIN2-NLS CEND probe were pre-

dicted at residues E138, W141, N145, T154, Q180,

W183, N187, W226, N230, and D264 (Fig. 6B). To

Fig. 4. Competitive fluorescence polarization (FP) measurements with EIN2 peptides of different lengths against TAMRA-NOP-1 bound to

IMPa4. The tested EIN2 peptides included (A) NOP1, (B) N41P-1, and (C) GB1-AtEIN2C1215–1281. The concentration of IMPa4 (6 lM) was

selected based on the previously determined Kd value of TAMRA-NOP-1 (TAMRA, Carboxytetramethylrhodamin). Polarization was plotted

against the competitor concentration in lM. Data points represent mean values with 95% confidence intervals based on three independent

experiments (n = 3). IC50-values were determined using the Logistic Fit function in Origin.
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Fig. 5. Binding studies and dissociation constant (Kd) determination of different ligands to DIBB_IMPa1 and IMPa4 using BLI sensorgrams.

The box on the top of the figure shows real-time sensorgram traces of the Biolayer Interferometry (BLI) protocol that uses streptavidin-

coated biosensors. (i) baseline, (ii) loading with biotinylated DIBB_IMPa1 and IMPa4 (IBB, importin b binding domain; IMP, importin), (iii)

running buffer baseline step after loading. A*–F* show real-time sensorgram traces of the BLI experiments that use streptavidin-coated

biosensors, which were loaded with biotinylated DIBB_IMPa1 and IMPa4. Raw traces are shown for DIBB_IMPa1-NOP-1 (A*), -N41P-1 (C*),

-AtEIN2C1215–1281 (E*), for IMPa4-NOP-1 (B*), -N41P-1 (D*), and -AtEIN2C1215–1281 (F*). A BLI protocol was used as follows: (i) running

buffer baseline step, (ii) association, and (iii) dissociation. (Related to Table 1). Based on the BLI real-time sensorgram traces, the

dissociation constant (Kd) of different ligands to DIBB_IMPa1 and IMPa4 was determined. The data are shown as dose response curves.

The Kd values are implemented in the corresponding graphs. Kd values were determined for DIBB_IMPa1-NOP-1 (A), -N41P-1 (C),

-AtEIN2C1215–1281 (E), and for IMPa4-NOP-1 (B), -N41P-1 (D), and -AtEIN2C1215–1281 (F). Data points represent mean values with 95%

confidence intervals based on three independent BLI experiments (n = 3). (Related to Table 1).
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investigate whether any of these pivotal interactions

could account for the differences in the EIN2-NLS

binding affinities observed in our in vitro binding stud-

ies among the various IMPa isoforms, a multiple

sequence alignment using T-COFFEE [79] with all

nine A. thaliana IMPa isoforms was done.

As illustrated in Fig. 6C, the alignment reveals that

IMPa1-6 show no variation at these pivotal interac-

tions, IMPa7 and IMPa9 display one alteration each

(IMPa7: D264Y; IMPa9: D264E), while IMPa8 has

two distinct changes (IMPa8: T154P and D264N). In

conclusion, it is unlikely that these changes cause the

observed differences in binding affinities. However,

based on the assumption that the auto-inhibitory N-

terminal IBB domain competes for NLS binding at the

major rather than at the minor NLS binding site

[59,80,81] and given the incomplete match of the

NOP-1 NLS-sequence (LKRYKRRL) with any of

the six NLS classes defined by Kosugi et al. [82], it is

reasonable to assume that NOP-1 may in fact bind at

the minor site of IMPa proteins. Pang and Zhou dem-

onstrated that residues G323, D325, W357, N361,

E396, W399, and N403 are involved in the binding of

non-canonical monopartite NLS at the minor site

of mouse IMPa lacking the IBB domain [83]. Based

on the sequence alignment and comparison of the vari-

ous IMPa isoforms of A. thaliana with respect to the

aforementioned residues involved in the minor site-

specific binding, these isoforms can be classified into

four distinct groups: IMPa1-4 and IMPa6-7 (no alter-

nation with regard to the NLS-minor binding site),

IMPa5 (D319S), IMPa8 (D319H), and IMPa9
(G317V; D319P and W394Y) (Fig. S2). This classifica-

tion aligns well with the results of our in vitro binding

studies and the overall phylogenetic clustering of the

nine isoforms [70,84]. The only exception of this classi-

fication is IMPa6, which shows lower binding affinity

than the other isoforms of the same category. The

highest affinity was observed for IMPa1 (Fig. 3B) and

IMPa7 lacking the IBB domain (Fig. 3A), with affini-

ties of 3.2 � 0.4 lM and 3.0 � 0.3 lM, respectively.

However, these affinities differ only slightly from those

of full-length IMPas showing low micromolar affini-

ties. Accordingly, the results from our binding and

computational studies can be interpreted in two ways.

First, NOP-1 may bind preferentially at the minor

binding site, regardless of whether the IBB domain is

present or absent. Secondly, the small EIN2-NLS

probe NOP-1 may bind preferentially at the major

binding site, preventing auto-inhibition of the IBB

domain with respect to NOP-1 binding. This hypothe-

sis is further supported by the fact that reduced or

absent auto-inhibition was observed for IMPa3 and

IMPa4 in binding and genetic studies, respectively

[76,85]. Further experiments are required to clearly

identify the EIN2 CEND-NLS binding site in the

IMPa superfamily. This may entail co-crystallization

of IMPas with NOP-1 or chemical crosslinking of

IMPas with photoactivable NOP-1.

The IMPa superfamily interacts with EIN2 CEND

in planta and mediates its nucleocytoplasmic

transport

To further investigate the interaction between members

of the IMPa superfamily and EIN2 in planta, we used

in vivo fluorescence lifetime microscopy and F€orster’s

resonance energy transfer (FLIM-FRET). Accordingly,

the C-terminal part of EIN2 (EIN2C479–1294) [17] was

fused to the fluorescent protein Cerulean (CER), serv-

ing as a donor, and the IMPa isoforms (IMPa1-7)
were fused to YELLOW FLUORESCENCE PRO-

TEIN (YFP), serving as acceptors. Transcriptome

analysis on different A. thaliana tissues and aging

plants demonstrated that IMPa8-9 are expressed in

low amounts compared with IMPa1-7, especially dur-

ing senescence of A. thaliana [86–88].
Consequently, IMPa8 and 9 were excluded from

these experiments. The other constructs were tran-

siently expressed in N. benthamiana epidermal leaf

cells. EIN2C479–1294 localized in the nucleus, ER, and

cytoplasm as previously shown by Bisson and Groth

[25], whereas the EIN2C479–1294DNLS variant was only

visible in the cytoplasm and ER and absent from the

nucleus (Fig. 7). Co-expression of EIN2C479–1294 and

the IMPa isoforms revealed co-localization of both

proteins in the cytoplasm and the nucleus (Fig. 7A,B),

which was further confirmed by imaging over 16.5 lM

Table 1. Binding parameters for the interaction of IMPa

representatives DIBB_IMPa1 and IMPa4 with EIN2-NLS CEND

probes NOP-1, N41P-1, and GB1-AtEIN2C1215–1281.

Ligand

DIBB_IMPa1

Kd + SD Hill coefficient

GB1-AtEIN2C1215–1281 8.8 � 1.1 lM 0.94 � 0.06

N41P-1 8.1 � 1.8 lM 1.25 � 0.11

NOP-1 2.5 � 1.0 lM 1.03 � 0.09

Ligand

IMPa4

Kd + SD Hill coefficient

GB1-AtEIN2C1215–1281 Kd high: 21.4 � 1.1 lM

Kd low: 454.9 � 1.1 nM

0.15 � 0.02

N41P-1 9.8 � 1.0 lM 1.09 � 0.05

NOP-1 7.6 � 1.1 lM 1.15 � 0.04
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Fig. 6. Structural modeling of IMPa isoforms and predicted NOP-1 interaction with DIBB_IMPa3. (A) The structural models of DIBB_IMPa1

and IMPa4 (IBB, importin b binding domain; IMP, importin) were generated using the I-tasser online server. Structures are depicted in both

ribbon and surface views. The major nuclear localization sequence (NLS) binding site, the minor NLS binding site, and the IBB domain are

highlighted in gray, orange, and red, respectively. (B) Predicted binding mode of NOP-1 with IMPa3 lacking the IBB domain at the major

NLS site. Binding position of the EIN2-NLS probe NOP-1 (light blue and in sticks) in the IMPa3 armadillo repeat (ARM) domains (gray; PDB

code: 4TNM) as revealed by AlphaFold2 [78] modeling. Residues involved in the interaction are highlighted in pink and labeled with their

one-letter amino acid code and position. Oxygen and nitrogen atoms are marked in red and blue, respectively. (C) Alignment of amino acid

sequences of the nine IMPa isoforms predicted to be involved in NOP-1 binding, using T-COFFEE [79]. Residues depicted in A are marked

with asterisks. T-COFFEE highlights residues with a good alignment in pink and residues with an averaged alignment in yellow.
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in the Z-plane with IMPa3-YFP as a representative

(Fig. 7C). Nucleoli are clearly visible and do not dis-

play signal from EIN2 CEND-CER. The EIN2

CEND-CER signal is evenly distributed around the

nucleolus, overlapping with the signal from IMPa3-
YFP, suggesting the signal is coming from the nucleus

and not from the ER that is attached to the nucleus.

While EIN2C479–1294 was predominantly localized in

the cytoplasm, the IMPa isoforms were mainly found

in the nucleus. The presence of IMPa1-4-YFP, IMPa6-
FP, and IMPa7-YFP resulted in a significant reduction

in the average fluorescence lifetime of the

EIN2C479-1294-CER donor, indicating interaction

between EIN2 and the respective IMPa protein. When

IMPa5-YFP served as the acceptor, the average donor

lifetime was only slightly, but not significantly reduced

(Fig. 8A–C).
FRET efficiencies ranged between 2.8–4.6%. Sam-

ples containing IMPa4 demonstrated the highest

FRET efficiency (4.6%), while samples with IMPa5
exhibited a FRET efficiency of only 1% (Fig. 8D).

Given that nuclear import of the EIN2C479–1294DNLS

variant is abolished [25], we then tested whether this is

due to an impaired interaction with IMPa proteins.

Co-expression of the IMPa3-YFP acceptor did not

result in a reduction of the fluorescence lifetime of

EIN2479–1294DNLS-CER, indicating that no interaction

occurred and suggesting that the EIN2479–1294DNLS

variant is not imported into the nucleus (Fig. 8). These

findings strongly support a physiological role of the

Fig. 7. Confocal fluorescence microscopy of the C-terminal end of the ethylene key regulator EIN2 and Arabidopsis thaliana IMPa

superfamily members IMPa1-7 in transiently transformed N. benthamiana epidermal leaf cells. (A) Confocal images of EIN2C479–1294

(Ethylene-insensitive protein 2 C-terminal cytosolic part479-1294) and EIN2479-1294DNLS (Ethylene-insensitive protein 2479–1294Dnuclear

localization signal) fused to Cerulean (Cer). White arrows indicate the nucleus. All scale bars equal 20 lm. (B) Confocal images of co-

expressed EIN2C479-1294-CER and AtIMPa1-7 (Arabidopsis thaliana importina1-7) fused to yellow fluorescence protein (YFP). Images show

the emission channel for Cerulean (upper panel), YFP (middle panel), and an overlay of both fluorescence signals (lower panel). All scale

bars equal 20 lm. (C) Representative images over 16.5 lm Z-axis with IMPa3-YFP and EIN2C-CER. All scale bars equal 5 lm.
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IMPa superfamily in nucleocytoplasmic transport of

EIN2, which is essential for mediating ethylene

responses. Additionally, there is a notable redundancy

in terms of IMPa isoforms that interact with EIN2,

possibly to guarantee efficient nuclear import of this

key regulator of ethylene-mediated plant responses.

Fig. 8. In planta FLIM-FRET experiments using EIN2C479–1294 fused to Cerulean and seven IMPa isoforms fused to YFP. The in planta

experiments were carried out in N. benthamiana epidermal leaf cells. EIN2C479–1294 fused to Cerulean (CER) was used as donor and the

importin (IMP) a isoforms fused to yellow fluorescent protein (YFP) were used as acceptor. (A) Confocal images showing average

fluorescence lifetime of the donor in the absence and presence of the different acceptor proteins IMPa1-IMPa7-YFP either in the cytoplasm

or the nucleus. (B) Average fluorescence lifetime in the cytoplasm of EIN2C479–1294DNLS (Ethylene-insensitive protein 2479–1294Dnuclear

localization signal) in the absence and presence of the acceptor protein IMPa3-YFP served as negative control. Scale bars indicate 4 lm. (C)

Boxplots show the median (line), 25-75th percentile (box) and 10-90th percentile (whiskers) of pooled data from at least 18–20

measurements for the indicated protein (co)-expressions. Values outside the 10-90th percentile are not shown. Statistical analysis: Kruskal-

Wallis and Dunn’s multiple comparisons test. *P-value <0.05; ***P-value <0.001; ****P-value <0.0001 (donor only vs. donor + acceptor). The

statistical analysis of the EIN2C479–1294DNLS-CER variant with IMPa3-YFP was performed by using a t-test. (D) Graphical visualization of

mean f€orster resonance energy transfer (FRET) efficiencies calculated for each donor-acceptor pair which are indicated by dashed lines.

Numbers next to the dashed lines reflect FRET efficiencies. The EIN2C479–1294DNLS-CER fusion protein was only measured with IMPa3-

YFP and served as a negative control. Created in BioRender (2024) https://BioRender.com/l78k942.
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Discussion

The mechanisms, pathways, and processes by which

EIN2, the central switch of the ethylene response path-

way, integrates and bridges signaling of the plant hor-

mone from the ER membrane to the nucleus have

been studied in-depth and led to important insights in

plant hormone signal transduction. While the generally

accepted EIN2 ‘cleave and shuttle’ model plausibly

explains how the ethylene signal is transmitted from

the ER to the nucleus, the specific elements and struc-

tures of the nuclear import pathway of the processed

EIN2 C-terminus were entirely unknown. Based on the

canonical NLS-sequence found in the EIN2 C-

terminus and the impact of this sequence on nuclear

import of CEND [31,32], our study hypothesized that

transport of the released EIN2 CEND from the cyto-

plasm into the nucleus is mediated by the IMPa-IMPb
transport machinery. A study from Lu et al. [60] eluci-

dated that the nuclear trafficking of A. thaliana EIN2

CEND can be induced by importin b1 (IMPb1), either
by ethylene treatment or by green peach aphid infesta-

tion. During the NLS-dependent protein trafficking

from the cytoplasm into the nucleus, mediated by the

IMPa-IMPb transport machinery, the NLS on

the cargo proteins is recognized by the IMPa subunit,

which in turn is recognized by the IMPb subunit [89].

An AlphaFold model of the A. thaliana IMPa1-IMP-

b1-NOP-1 demonstrates that the NLS sequence inter-

acts with IMPa1 and that IMPb1 may interact with

regions of bigger cargo proteins like EIN2 CEND

(Fig. S3). The identification of the binding region

between IMPb1 and EIN2 CEND is so far unknown

and needs further investigations.

To ascertain whether the cargo recognition adapter

module of this machinery (IMPa) is implicated in the

recognition and binding of EIN2 CEND, we initially

studied the well-documented triple response, a set of

morphological changes to dark-grown seedlings in

response to ethylene, in a range of single and triple

impa loss-of-function Arabidopsis mutants. Our results

show that all studied impa single and triple mutants

show the characteristic triple response phenotype when

grown in the presence of the ethylene precursor ACC.

This excludes the possibility that a single or a combi-

nation of three of the nine IMPa isoforms in Arabi-

dopsis is specifically or exclusively responsible for

EIN2 CEND nucleocytoplasmic transport, indicating a

high level of functional redundancy of the IMPa iso-

forms for EIN2 CEND recognition and binding.

Given the crucial role of the IMPa superfamily in the

recognition and nucleocytoplasmic transport of a vast

array of cargo proteins, as evidenced by the dwarf

growth type of the impa1;impa2;impa3 triple mutant

[74], we reasoned that further deletion of additional

members of the IMPa superfamily would result in

severe developmental defects or plant lethality, thereby

precluding triple response analysis as a means to study

the impact of the IMPa superfamily on EIN2 CEND

recognition and nucleocytoplasmic transport. Addi-

tionally, loss-of-function mutants of IMPb1 and other

IMPb family proteins (e.g., HASTY and PAUSED)

have shown strong effects on ethylene-enhanced

expression of defense mechanisms, plant growth, and

development [60,90–92]. This suggests that the IMPb
proteins may be involved in the nucleocytoplasmic

transport of several pathways.

The outcome of our phenotypic studies led us to

adopt a different approach to address the potential

interactions of EIN2 CEND with members of the

IMPa superfamily. We used purified recombinant

IMPa1-9 proteins with defined EIN2-NLS probes for

in vitro binding studies. The results of these studies

demonstrated that EIN2-NLS is recognized by most

members of the IMPa superfamily at low micromolar

affinity. Prior studies on purified IMPa from yeast,

mammals, and plants [65,93–96] have demonstrated

that functional canonical NLS have binding affinities

up to 1 lM [97]. In contrast, binding studies between

IMPa3 from A. thaliana lacking the IBB domain and

NLS peptides [76] showed affinities in the low micro-

molar range, which is comparable to the affinities

observed in our binding studies of the various Arabi-

dopsis IMPa isoforms. The discrepancy to the previ-

ously reported sub-micromolar affinities is likely due

to the different techniques used to study biomolecular

interactions. Affinities in the nanomolar range were

determined by surface-bound assays, including plate

binding assays [65,94,96] and surface plasmon reso-

nance (SPR) [95]. Conversely, affinities in the low

micromolar range were obtained by isothermal calo-

rimetry (ITC) [76] or, as in our case, by fluorescence

polarization (FP) measurements. The FP-based micro-

molar affinities for EIN2-NLS are further corrobo-

rated by BLI measurements on immobilized IMPa
isoforms with EIN2 CEND-NLS probes of varying

length and complexity, which revealed a decrease in

affinity upon increasing sequence length of the NLS

probe (Kd NOP-1 < N41P-1 < GB1_AtEIN21215–1281).

The BLI measurements on the N-terminal truncated

IMPa1 further confirm the previously known competi-

tive effect of the N-terminal IBB domain for NLS

binding. For EIN2-NLS, this effect becomes more pro-

nounced with increasing length, reduced flexibility of

the NLS probe, and is most evident for
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GB1-AtEIN2C1215–1281. The second, high-affinity bind-

ing observed in the sub-micromolar range for the

EIN2 CEND GB1-fusion may be attributed to immo-

bilization effects of the importin, as no such affinity

was observed in the FP measurements with the various

IMPas in solution.

In order to predict how and where EIN2 CEND-NLS

and related EIN2-NLS probes may bind to IMPa, we
used Alphafold2 [78]. The results suggest that EIN2-

NLS may potentially bind to the major binding groove

situated between ARM repeats 2–4 (major NLS binding

site). However, given the amino acid (aa) conservation

at this site, binding would not align with the observed

differences in binding affinity of the various isoforms.

In accordance with this, previous structural and calori-

metric studies by de Oliveira et al., demonstrated that

NLS peptides do not bind exclusively to the major NLS

binding site [98]. Rather, they also interact with the

minor NLS binding site which is located at ARM 7–8.
When the minor site is considered as the EIN2-NLS

binding site, the observed differences in the experimen-

tally determined Kd value align well with the aa substi-

tutions observed in the various IMPa isoforms at this

site. The only discrepancy was observed for IMPa6,
which based on the aa composition at this site is

expected to show similar affinities as IMPa1-4.
Given their high affinity, IMPa1-4 qualifies as the

preferred EIN2-NLS interaction partner. Notably,

the observed in vitro binding affinities are consistent

with the expression pattern of the various IMPa iso-

forms in ethylene-dependent developmental processes

at different stages of plant life (Fig. 9).

The hormone influences early developmental aspects

such as the release of seed dormancy during germina-

tion, but also late events in plant life such as flower

and leaf senescence. According to the TAIR database,

IMPa1-4 show high expression during germination, in

mature flowers, and senescent leaves. In contrast, low

expression levels at these developmental stages are

observed for IMPa5, IMPa6, IMPa8, and IMPa9,
which is consistent with their lower affinity in our

binding studies. Additionally, the analysis of deposited

transcriptome data at the Expression Atlas database

and protein expression levels at the ePlant

database demonstrated that IMPas and EIN2 show

different expression levels in 17 tested A. thaliana tis-

sues (Fig. 9C,D) [87,88,99]. Similar to the TAIR data-

base, the strongest expression pattern could be

observed for IMPa1-4. Based on deposited data of an

expression analysis in senescent A. thaliana [86], we

observed that most of the IMPas, IMPb1, and EIN2

show a similar expression profile during senescence,

with an expression peak after 10 days and a second

broad expression maximum between 12 and 14 days

(Fig. 9A). We included six control genes that show dif-

ferent expression profiles compared to the IMPs and

EIN2 (Fig. 9B) to demonstrate the significance of the

expression profile. Interestingly, IMPa7-9 showed very

low expression levels during these experiments, which

may suggest that these proteins have a minor effect on

the EIN2 CEND translocation. IMPa8 and 9 were

excluded from the following in planta experiments. In

contrast, the experiments were performed with IMPa7
because it showed one of the strongest Kd values

against NOP-1 with 3 � 0.3 lM.
The TAIR database includes the expression data of

A. thaliana IMPa1-9 in the presence of ACC (1-Ami-

nocyclopropane-1-carboxylic acid), an ethylene precur-

sor [100]. The experiments were conducted for 3 h,

during which a significant increase in expression was

only observed for IMPa5 (Fig. S4). Importins are

involved in the nuclear transport of several proteins

and are permanently expressed in plants. Our triple

response experiments have already demonstrated that

none of the nine tested IMPa isoforms in Arabidopsis

is exclusively responsible for EIN2 CEND nucleocyto-

plasmic transport. Consequently, the expression level

following ACC treatment—equivalent to ethylene

treatment—does not increase.

The in planta FLIM-FRET experiments corroborate

the findings of the in vitro binding studies, demonstrat-

ing an interaction between EIN2479–1294, the cytosolic

part of EIN2 that is transported into the nucleus upon

ethylene sensing, and at least six out of seven tested

IMPa proteins. The localization of EIN2C479–1294 in

both the cytoplasm and the nucleus, even in the absence

of co-expression of any of the Arabidopsis IMPa, is

most likely due to the presence of endogenous importin

proteins in N. benthamiana, given the high degree of

conservation of the IMPa-IMPb pathway [61,101]. The

fusion of proteins to fluorophores has been shown to

alter the biophysical properties of the fluorophore [102].

Thus, it is plausible that this phenomenon may occur

vice versa. This will result in lower affinities of the

IMPa-YFP constructs as compared to the endogenous

importins, potentially due to alterations in their bio-

physical properties. Furthermore, the nucleocytoplas-

mic transport of EIN2 is a process that involves both

IMPa and IMPb proteins. Given that we only

expressed IMPa proteins from A. thaliana, but not the

related IMPb proteins in the N. benthamiana leaf cells,

it seems likely that the endogenous IMPa-IMPb inter-

action is stronger than the interaction between A. thali-

ana IMPa and endogenous IMPb. According to our in

planta studies, all IMPa isoforms other than IMPa5
bind EIN2. Further analysis revealed that this
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interaction is facilitated via the EIN2-NLS motif, as no

lifetime reduction was detected in samples of IMPa3
and EIN2C479–1294DNLS.

In conclusion, the results of our in vitro binding

studies, in planta localization and interaction studies as

well as our computational structure predictions

Fig. 9. Importin and EIN2 expression levels in A. thaliana tissues. A and B show expression profiles of importin (IMP)a, IMPb1, ETHYLENE

INSENSITIVE 2 (EIN2), and control proteins in senescent A. thaliana. Based on data that are deposited at the Expression Atlas webserver

[107]. Expression profiles are shown for IMPa1-9, IMPb1, and EIN2 (A). Expression maxima can be observed after 10 days and between 12

and 14 days. The expression of six random control proteins (A. thaliana) is shown (B), including ALB4 (ALBINO3-like protein 1), MTP1

(Metal tolerance protein 1), ATL63 (RING-H2 finger protein), 1MMP (Metalloendoproteinase), PAA2 (Copper-transporting ATPase), and

GSTU13 (Glutathione S-transferase U13). The gray box shows the gene expression of importins and EIN2 in A. thaliana tissues at the RNA

(C) and protein (D) levels. The results are based on data from the Expression Atlas webserver for RNA levels (IMPa1, 2, 3, 4, 6, and 9

based on 41 experiments, IMPa5 based on 12 experiments, IMPa7 based on 20, and IMPa8 based on 6 experiments) and the ePlant

database for protein levels (results based on expression levels across 350 samples). The RNA levels are shown in TPM (Transcript per

million), representing the number of transcripts for a given gene or isoform.
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demonstrate that EIN2-NLS CEND can bind various

members of the IMPa superfamily for mediating trans-

port into the nucleus. Future studies aim at elucidating

the precise binding site of EIN2-NLS with the IMPa
superfamily.

Materials and methods

Sterilization and growth of Arabidopsis thaliana

mutants

Around 10 mg of seeds was filled into a 2-mL reaction tube

and put into a desiccator with the lid opened. Additionally,

a beaker with 100 mL 37% perchloric acid was put into

the desiccator. 3 mL of 37% hydrochloric acid was

pipetted into the beaker to start the reaction, and the lid of

the desiccator was closed immediately. The seeds were incu-

bated for 1 h. After the incubation time, the lid of the des-

iccator was opened slightly, while the tubes were incubated

for 20 more minutes to wait for the gas to evaporate. 1 mL

of sterile water was added to the reaction tubes, and the

seeds were stratified by storage at 4 °C for 3 days before

planting (otherwise they can be planted directly after this

procedure). Before starting to plant the seeds, any material

(e.g., pots and tubs) was sterilized with 70% ethanol. A

mixture of soil, vermiculite, and sand (ratio 8:1:1) was pre-

pared, and water was added in the right proportion to

make the soil mix soggy but not mushy. The soil mix was

sterilized by heating it in the microwave at 800 W for

about 10 min. Pots were filled with the sterilized soil mix

afterwards. Around 100 lL of 1% agarose in tap water

was added to the reaction tubes containing the sterilized

seedlings for better pipetting precision, and the seeds were

planted into the soil mix. The growth of A. thaliana was

performed at 22 °C, 60% humidity, and 100–120 lEinstein
light intensity. The plants were watered only from the bot-

tom every 2–3 days. After 5 weeks, the plants were big

enough to grow in their own pots instead of several plants

being grown crowded in one pot.

Triple response assay

The triple response media for the agar plates was prepared

by mixing 0.43% (w/v) of Murashige and Skoog (MS) salts

and 1% (w/v) sucrose. The pH is adjusted to 6.0 before

adding 0.7% (w/v) plant agar to the media and autoclaving

it at 121 °C for 30 min. Before pouring the plates, the agar

media was cooled down to about 45 °C and either ACC

was added to the agar for plates containing ACC or the

plates were poured directly after cooling down. The plates

that were used for the triple response had the dimensions

of 130 9 130 9 15 mm. Sterilization of the seeds had to

take place directly before planting. The seeds were applied

one by one in a straight horizontal line onto the agar

plates. A maximum amount of two mutants, except the

wild-type, was placed per plate. Afterwards, the plates were

wrapped separately in aluminum foil and placed vertically

(so that the seeds grow to the top) at 4 °C for 3 days (strat-

ification). Subsequently, the plates were light-treated for

2 h at room temperature, which improves germination

before being covered again and placed vertically at 22 °C
for 5 days. The seedlings were documented, and the length

of the hypocotyl was analyzed using a binocular micro-

scope and the software Motion 3.0, respectively.

Transient transformation of N. benthamiana

A modified version of a previously described procedure was

used for the transient transformation of N. benthamiana

[17]. An overnight culture of agrobacteria was inoculated in

DYT and incubated at 28°C one day before infiltration.

Bacteria were then centrifuged at 4000 g and resuspended

in infiltration medium (5% (w/v) Saccharose; 0.01% (w/v)

MgSO4; 0.01% (w/v) Glucose; Acetosyringone 450 lM) to

an OD600 of 0.4–0.8. Resuspended bacteria were kept on

ice for 1–2 h prior to infiltration. For co-infiltration, bacte-

ria solutions were mixed in equal quantities, and Agrobac-

terium strain GV3101:p19 expressing the p19 silencing

inhibitor was added to each mix. Infiltration of the bacteria

solution was performed with a 1 mL syringe onto the abax-

ial side of 3- to 4-week-old plants. Plants were kept under

continuous light before microscopy analysis. For ß-

estradiol inducible constructs, plants were sprayed on the

abaxial side of infiltrated leaves with an estradiol solution

(ß-estradiol 20 lM; Tween-20 0.1% (w/v)) prior to imaging.

Fluorescence imaging

For fluorescence imaging, a Zeiss LSM 780 confocal micro-

scope (409 water immersion objective, Zeiss C-PlanApo,

NA 1.2) was used. YFP was excited at 514 nm and Ceru-

lean at 458 nm. Signal recording of each fluorophore was

done within its maximum emission peak while avoiding

auto-fluorescence above 650 nm. Laser power and gain

were adjusted differently for each image based on fluoro-

phore signal intensity.

Fluorescence lifetime imaging

Fluorescence lifetime imaging was performed using a proto-

col described previously [103]. Fluorescence lifetime was

measured at a Zeiss LSM 780 confocal microscope (409

water immersion objective, Zeiss C-PlanApo, NA 1.2). For

TCSPC, a PicoQuant Hydra Harp 400 (PicoQuant, Berlin,

Germany) was used. Photon counting was performed with

a picosecond resolution. Cerulean was excited with a

440 nm (LDH-D-C-485, 32 MHz, PicoQuant, Berlin, Ger-

many) pulsed polarized laser. Laser power at the objective

909293, 894–917 ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

F. Wynen et al. Linking ER to nucleus in ethylene signaling

 17424658, 2026, 3, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70285 by U

niversitäts- U
nd L

andesbibliothek D
üsseldorf, W

iley O
nline L

ibrary on [04/05/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



lens was adjusted to ~2.2 lW in N. benthamiana experi-

ments. Light emitted from the sample was separated by a

polarizing beam splitter before photons were selected with

a band-pass filter. A 482/35 band-pass filter was used for

Cerulean, and for YFP, a 534/30 band-pass filter was used.

Photons were detected in both donor and acceptor channels

simultaneously with Tau-SPADs (PicoQuant, Berlin, Ger-

many). Images were acquired at zoom 8 with a resolution

of 256 9 256 pixels, with a pixel size of 0.1 lm and a pixel

dwell time of 12.54 ls, and a laser repetition rate of

32 MHz. Photons were collected over 40 frames. To avoid

pileup effects, nuclei containing high donor concentrations

were avoided. Before image acquisition, the system was cal-

ibrated for each donor. For this, the objective was adjusted

to reach a maximal count rate. FCS curves of Atto425 dye

and water were acquired to monitor the system function.

Internal response functions for each laser were determined

by measuring the fluorescence decay of quenched Atto425

in saturated KI, using the same hardware settings as for

the FRET pair of interest. Fluorescence lifetime images

were acquired in the cytosol, ER, or nucleus in donor-only

samples and samples with IMPa1-4 and IMPa7. Signal

intensity of IMPa5-YFP and IMPa6-YFP was considerably

lower compared to the other IMPa-YFP fusions, likely due

to lower protein concentrations. To ensure sufficient accep-

tor concentrations for FRET to occur, only FLIM images

of nuclei were acquired for these samples. Micrographs dis-

play representative FLIM images for each sample.

Fitting of the fluorescence decays

The fluorescence decays were fitted using a previously

reported method with minor modifications [104].

The fluorescence decays of selected ROIs in the FLIM

image were analyzed with the SymPhoTime FLIM analysis

software (SymPhoTime 64, version 2.4; PicoQuant, Berlin,

Germany). TCSPC bins of Channels 1 and 2 (parallel and

perpendicular light) were binned by 16, resulting in a bin

width of 16 ps. Nuclei or cytoplasm/endoplasmic reticulum

were selected by hand using the ROI tool. Chloroplasts

and pixels above the pile-up limit (10% of the laser repeti-

tion rate) were manually removed. Decays from all samples

were fitted with the FLIM analysis tool (Fitting model:

n-exponential reconvolution) using two lifetimes (model

parameter n = 2). FRET efficiency was calculated as the

lifetime of the FRET sample over the arithmetic mean of

the lifetimes of the donor-only samples measured on the

same day.

Expression of importin alpha proteins and

GB1-AtEIN2C1215�1281

Genes encoding several isoforms of the IMPa superfamily

were either isolated from Arabidopsis thaliana (IMPa1, -2,
-3, -4, -8) or synthetically produced by GenScript (IMPa5,

-6, -7, -9) and cloned into the pETEV21a vector (modified

version of the pET21a vector with an additional TEV

cleavage site between the GOI and the His-tag), which con-

tains a C-terminal hexa-His-tag. Only IMPa5 was addition-

ally cloned into the pETEV16b vector (modified version of

the pET16b vector with an additional TEV cleavage site

between the GOI and the His-tag), which contains an N-

terminal deca-His-tag (see Table S2 for primer list). The

AtEIN2C1215–1281 gene was cloned into the pETEV16b vec-

tor and additionally contained a GB1-domain at the N ter-

minus to enhance solubility. Most of the proteins were

expressed in the E. coli BL21pRARE strain, while IMPa7,
IMPa8, and DIBB_IMPa1 (lack of the IBB domain) were

expressed using the E. coli BL21gold strain. The bacterial

cultures were adjusted to an initial OD600 of 0.1 and grown

in 2YT media at 37 °C until an OD600 between 0.6 and 0.8

was reached. Subsequently, the protein expression was

induced with 0.5 mM IPTG. After two hours, the cells

were harvested via centrifugation at 10,000 g for 10 min.

IMPa5, IMPa6, IMPa7, IMPa8, DIBB_IMPa1, and

GB1_AtEIN2C1215–1281 were expressed at 16 °C overnight

with the addition of 2% (v/v) ethanol. The cell pellets were

frozen in liquid nitrogen and stored at �20 °C.

Protein purification

The stored cell pellet was resuspended in 19 PBS, 5%

(w/v) Glycerol and 0.1% (v/v) NP40 pH 7.4 (5 mL per g

cell). A spatula tip of DNase and 4–6 drops of Antifoam

were added to the resuspended cells, which were disrupted

by using the cell disruptor afterwards. After cell disruption,

cell debris and insoluble protein were separated by centrifu-

gation at 100,000 g for one hour, and subsequently, the

supernatant was loaded onto a pre-equilibrated Ni2+-IMAC

(immobilized metal affinity chromatography) column. The

column was washed with 500 mM NaCl and 50 mM NaPi

buffer pH 7.4 until the baseline was reached again. After-

wards, unspecific proteins were washed off stepwise using

500 mM NaCl and 50 mM NaPi buffer with increasing imid-

azole concentrations (50 mM and 100 mM imidazole), while

the proteins of interest were eluted with 500 mM NaCl,

50 mM NaPi buffer and 500 mM imidazole pH 7.4. The

purified proteins were concentrated using ultrafiltration

units (Amicon), frozen with liquid nitrogen, and stored at

�80 °C.

Peptides

All NLS peptides were purchased from GenScript (NJ,

USA) as a lyophilized powder with >95% purity. NOP-1

consists of 8 amino acid residues and N41P-1 consists of 41

amino acid residues. The C-termini of the D-ri-peptides are

amidated, and the N-termini are acetylated. An analysis

certificate from GenScript demonstrated the purity of each

peptide (for details see Figs S5–S8).
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Synthesis of fluorescently labeled NOP-1

The TAMRA-NOP-1 peptide was synthesized using solid-

phase peptide synthesis (SPPS) with the Activotec P11 auto-

mated synthesizer (Activotec, Cambridge, UK) following the

standard fluorenylmethoxycarbonyl (Fmoc) protocol.

Depending on the NOP-1 sequence (LKRYKRRL), the fol-

lowing amino acids were used: Fmoc-Lys(Boc)-OH (99.5%),

Fmoc-Tyr(tBu)-OH (98%) (BLD Pharmatech GmbH, Rein-

bek, Germany), Fmoc-Arg(Pbf)-OH (98%), and Fmoc-Leu-

OH (98%) (Carbolution GmbH, Sankt Ingbert, Germany).

Fmoc-protected amino acids were employed throughout the

synthesis. The solid phase consisted of H-Leu-2-CT-

polystyrene resin (loading 1.13 mmol�g�1) (RAPP Polymere

GmbH, T€ubingen, Germany). The synthesis consisted of

repetitive Fmoc deprotection and amino acid coupling steps.

Fmoc cleavage was carried out by treating the resin three

times with 25% (v/v) piperidine (Thermo Fisher Scientific) in

dimethylformamide (DMF) (Biosolve, Valkenswaard, the

Netherlands) for 10, 15, and 20 min, respectively. After each

treatment, the resin was washed 10 times with DMF. Amino

acid coupling was performed by treating the resin with a

solution containing 5 eq. of Fmoc-amino acid, 5 eq. of

benzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-

phosphate (PyBOP) (Biosynth, Staad, Switzerland), and

10 eq. of diisopropylethylamine (DIPEA) (Carl Roth) in

2 mL of DMF for 1 h. After the coupling reaction, the resin

was washed 10 times with dichloromethane (DCM) (Merck,

Darmstadt, Germany) and DMF. For fluorophore conjuga-

tion, 1.3 eq. of 5-Carboxytetramethylrhodamine succinimi-

dyl ester (TAMRA-NHS) (Biosynth, Staad, Switzerland)

ester was dissolved in 4 mL of DMF, and 10 eq. of DIPEA

were added to the solution. This mixture was incubated with

the resin-bound peptide for 16 h in the absence of light.

After conjugation, the resin was washed 10 times with DMF,

followed by alternating washes with DCM and methanol

until the washing solution became clear. Peptide cleavage

from the resin was achieved by treatment with 2 mL of 70%

(v/v) trifluoroacetic acid (TFA) (Fisher Chemical, Schwerte,

Germany) and 30% (v/v) triisopropylsilane (TIPS) (Fluoro-

chem, Hadfield, UK) for 1 h. The cleaved peptide was pre-

cipitated with diethyl ether (honey well). To remove TFA

salts, an anionic exchange was performed using AG�1-X8

resin (Bio Rad, Hercules, USA). The resin was activated by

sequential washes with 1.6 N acetic acid and 0.16 N acetic

acid (Merck, Darmstadt, Germany). The peptide solution

was incubated with the activated resin for 1 h and then

lyophilized to yield the purified peptide.

Reversed phase- high pressure liquid

chromatography (RP-HPLC) electron spray

ionization- mass spectrometry (ESI-MS)

RP-HPLC-MS spectra were performed on an Agilent Tech-

nologies 1260 Infinity Instrument in combination with a

6120-quadrupole mass spectrometer (Figs S9, S10). The

instrument has a wavelength detector (VWD1 A) that mea-

sures the absorbance at 214 nm. The mass spectrometer

generates ions using the electrospray method, which is used

at a Charge-to-mass ratio detected between 200 and 2000.

The separation of the sample was performed on the MZ-

AquaPerfect C18 column (3.0 9 50 mm, 3 lm) at 25 °C.
As mobile Phase the following mixtures were used: (A) H2

O/acetonitrile (95:5 Vol.%) with 0.1 Vol.% Formic acid

and (B) H2O/acetonitrile (5:95 Vol.%) with 0.1 Vol.% for-

mic acid. The flow rate was 0.4 mL�min�2. A linear gradi-

ent from 100% A/0% B to 0% A/100% B with a total

measurement time of 17 min.

Biolayer interferometry (BLI) measurements

An Octet K2 device (Fort�e Bio, Dallas, USA) was used to

obtain BLI binding data, which were processed using the

system’s built-in software. Experiments were conducted at

room temperature with continuous shaking at 400 rpm in

black 96-well plates, each well containing 200 lL. Biotiny-
lated DIBB_IMPa1 and IMPa4 were loaded onto a strepta-

vidin (SA) biosensor (Fort�e Bio) at a concentration of

15 lM in 100 mM Tris (pH 7.0), 100 mM KCl, 0.01% (w/v)

Tween 20 for 600 s. Therefore, DIBB_IMPa1 and IMPa4
were biotinylated using the Biotin-PEG4-NHS ester Protein

Labeling Kit from Jena Bioscience (Jena, Germany). Evalu-

ation of successful biotinylation was performed with the

Colorimetric Biotin Assay Kit from Sigma (St. Louis,

USA). After establishing a baseline in the binding buffer,

biosensors were dipped into peptide-containing wells at the

indicated concentrations for 300 s to monitor association,

followed by a 300 s dissociation phase in binding buffer.

For reliable dissociation constant (Kd) measurements, BLI

experiments were conducted with a range of peptide and

protein concentrations tailored to their binding strengths.

Stock solutions of peptides and proteins were diluted in

binding buffer. The resulting raw data were corrected for

background using reference sensors exposed only to buffer.

All measurements were performed in quadruplicate. The

raw data were evaluated with the octet data analysis soft-

ware. Curve fitting was completed with ForteBio Biosys-

tems using a heterogenous fitting algorithm and 1:2 binding

model to obtain Kd values.

Fluorescence polarization (FP) measurements

The FP measurements were performed using the LS55

Fluorescence Spectrometer from PerkinElmer and a preci-

sion cuvette consisting of SUPRASIL� from Hellma.

TAMRA-NOP-1 was used at a concentration of 250 nM

and a detector voltage of 790 V, whereas

Alexa488_GB1_AtEIN2C1215–1281 was used at a concentra-

tion of 200 nM and a detector voltage of 770 V. Samples

911293, 894–917 ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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were prepared in a total volume of 50 lL with constant

fluorophore but varying protein concentrations. The mea-

surement was tracked for 100 s, and the polarization value

was determined by averaging half of the recorded time

period. The competition experiments were performed anal-

ogously with the exception that both the fluorophore and

protein concentration were held constant, while the com-

petitor concentration was varied. The protein concentration

used in the competition experiments was identical to the

determined Kd value resulting from the non-competition

experiments.

In silico analysis

Importin a superfamily protein sequences were retrieved

from the NCBI database, and sequence alignments were

performed using T-COFFEE [79]. The I-TASSER server

was used to construct 3-dimensional homology models of

IMPa4 and DIBB_IMPa1 [105]. The IMPa homology

models were calculated based on 10 proteins with highly

similar structures in PDB, as identified by the TM-

alignment algorithm. TM-align is a computer algorithm for

protein structure alignment using dynamic programming

and the TM-score rotation matrix. An optimal alignment

between two proteins, as well as the TM-score, will be

reported for each comparison. In general, a TM-score >0.5
means the structures share the same fold [105]. For all 10

structures used for the DIBB_IMPa1 model (PDB codes:

2YNS, 4RXH, 1WA5, 4UAE, 1IAL, 2JDQ, 4RV1, 5XJG,

4R0Z, and 7V7B), the TM-score shows values >0.75. For
all 10 structures used for the IMPa4 model (PDB codes:

1WA5, 2YNS, 4RXH, 1IAL, 5XJG, 4UAE, 2JDQ, 4RV1,

5HB4, and 4R0Z), the TM-score shows values >0.65. The
model of A. thaliana IMPa1-IMPb1-NOP-1 was generated

using the AlphaFold 3 web server [106]. All figures are

made using the PyMOL Molecular Graphics System, Ver-

sion 1.3, Schr€odinger, LLC.

Statistical analysis

For statistical analysis, GraphPad Prism 6 was used. For

the triple response assay and the in planta FLIM-FRET

experiments, two-way ANOVA, Kruskal–Wallis test, Dun-

nett’s multiple comparisons test, and t-test were performed.
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Fig. S2. Alignment of amino acid sequences of the

nine IMPa isoforms at the minor binding site.

Fig. S3. Alphafold model of the IMPa1-IMPb1-NOP-

1 complex.

Fig. S4. IMPa protein family expression levels in A.

thaliana after ACC treatment.

Fig. S5. HPLC chromatogram of NOP-1.

Fig. S6. Mass spectrometry of NOP-1.

Fig. S7. HPLC chromatogram of N41P-1.

Fig. S8. Mass spectrometry of N41P-1.

Fig. S9. Reversed phase (RP) HPLC chromatogram of

TAMRA-NOP-1.

Fig. S10. Mass spectrometry analysis of TAMRA-

NOP-1.

Table S1. EIN2-NLS peptide/protein sequences investi-

gated in this study.

Table S2. List of primers used for PCR amplification

and cloning of IMPa genes.
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