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Background: AtREM1.3 is involved in plant immune signaling.
Results: The N-terminal region of AtREM1.3 is intrinsically disordered.
Conclusion: N-terminal region facilitates protein interactions.
Significance: Remorins are dynamic signaling proteins with respect to structure and localization.

The longstanding structure-function paradigm, which states
that a protein only serves a biological function in a structured
state, had to be substantially revised with the description of
intrinsic disorder in proteins. Intrinsically disordered regions
that undergo a stimulus-dependent disorder-to-order transi-
tion are common to a large number of signaling proteins. How-
ever, little is known about the functionality of intrinsically dis-
ordered regions in plant proteins. Herewe investigated intrinsic
disorder in a plant-specific remorin protein that has been
described as a signaling component in plant-microbe interac-
tions. Using bioinformatic, biochemical, and biophysical
approaches, we characterized the highly abundant remorin
AtREM1.3, showing that its N-terminal region is intrinsically
disordered. Although only the AtREM1.3 C-terminal domain is
essential for stable homo-oligomerization, the N-terminal
region facilitates this interaction. Furthermore, we confirmed
the stable interaction between AtREM1.3 and four isoforms of
the importin � protein family in a yeast two-hybrid system and
by an in plantabimolecular fluorescent complementation assay.
Phosphorylation of Ser-66 in the intrinsically disordered N-ter-
minal region decreases the interaction strength with the impor-
tin � proteins. Hence, the N-terminal region may constitute a
regulatory domain, stabilizing these interactions.

Intrinsically disordered regions are flexible and extended
protein segments that have no ordered secondary structure
under physiological conditions. However, this unstructured
state is crucial for their biological function. Proteins harboring
long stretches of intrinsic disorder (ID)3 have been shown to be
key components of signal transduction cascades because these

flexible regions confer high specificity and low affinity to pro-
tein-protein interactions (1).
Plants, as sessile organisms, require highly efficient regula-

tory circuits to modulate cellular signal transduction cascades.
Plant-specific remorin proteins, which may act as molecular
scaffolds regulating signal transduction, have been described to
be highly phosphorylated and to associate with signaling com-
partments at the plasma membrane (2–4). These proteins
evolved in all land plants, including ferns and mosses and con-
stitute amultigene family that comprises six subgroups with no
significant sequence similarity to other described proteins or
domains (5). All remorins are characterized by the presence of a
conserved C-terminal region (Pfam domain Remorin_C;
PF03763) that encodes a predicted coiled-coil motif and a
dynamic membrane-anchoring motif (6). Additionally, almost
all groups harbor a highly diverse N-terminal region, which is
predicted to be intrinsically disordered and to harbor most
phosphorylation sites (7). However, its biological function has
not been elucidated.
The best-studied remorins belong to group 1b. Potato

StREM1.3 binds simple and complex galacturonides, cell wall-
derived molecules that induce defense during pathogenesis (3,
8). Tomato SlREM1.2 interacts with the viral protein TGBp1,
and its overexpression inhibits movement of potato virus X in
leaves (9). Arabidopsis thaliana AtREM1.3 is a filament-form-
ing, ubiquitously expressed, and highly abundant protein (5,
10). Furthermore, it is differentially phosphorylated upon treat-
ment with bacterial elicitors and has been proposed to play a
dynamic role as scaffold protein in plant innate immunity (11,
12). Therefore, AtREM1.3 is a prominent candidate to bio-
chemically assess the presence of ID protein domains and their
possible function in remorin signal transduction.
To increase our knowledge about the role of the remorin

N-terminal region in plant signaling, we show the first struc-
tural characterization of AtREM1.3 N- and C-terminal
domains by circular dichroism spectroscopy, limited proteoly-
sis, and mass spectrometry, experimentally proving that the N
terminus of AtREM1.3 is intrinsically disordered. Furthermore,
the IDN-terminal region contributes to homo-oligomerization
of AtREM1.3 and interaction with members of the cytosolic
and nuclear importin � protein family, probably via an induced
folding mechanism.
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EXPERIMENTAL PROCEDURES

Bioinformatic Tools—Amino acid compositional analysis
was performed using the Composition Profiler tool and the
SwissProt version 51 database as background data set (13). The
charge-hydrophobicity phase space was constructed using data
of intrinsically disordered proteins described in literature (data
taken partially from Ref. 14) and from randomly chosen
natively folded proteins obtained from the Protein Data Bank.
The mean net charge (�R�) and the mean hydrophobicity �H�
were calculated using the FoldIndex server (15). The border
between intrinsically disorder and folded proteins is described
by the formula,

�R� � 2.785 �H� � 1.151 (Eq. 1)

The intrinsic disorder profile was determined using the
PONDR VL-XT algorithm (16–18).
Ab Initio Modeling, Molecular Graphics, and Protein Inter-

action Predictions—Ab initio modeling of AtREM1.3 was per-
formed using the I-TASSER server (19, 20). Models for the N-
and C-terminal regions were constructed independently and
fused subsequently. Predictions of putative regions involved in
protein interactions were performed using the PPI-Pred (Uni-
versity of Leeds) (21) and ProMate (Weizmann Institute) serv-
ers (22). Molecular graphics images were produced using the
UCSF Chimera package (23).
Cloning—For protein expression, the A. thaliana AtREM1.3

coding sequence was PCR-amplified from a cDNA library with
primers that encode a Strep-tag II (supplemental Table S1) and
inserted into the expression vector pETDuet-1 (Novagen) via
the NdeI and XhoI restriction sites, resulting in the vector
pETDuet1_Strep_AtREM1.3 (supplemental Table S2). The
truncation variants AtREM1.3-N and AtREM1.3-C� were
cloned by the same strategy using primer pairs specified in the
supplemental material (supplemental Table S1).
Fusion constructs for the yeast two-hybrid assays were cre-

ated usingGateway (GW) technology (Invitrogen) according to
the manufacturer’s guidelines. Entry clones for AtREM1.3 and
importin� isoforms were generated in the pENTR-D-modified
vectors. The coding sequences were amplified fromA. thaliana
Col-0 cDNA using primers containing a stop codon and BsaI
restriction sites specified in the supplemental material (supple-
mental Table S1). Insertion of the fragments was carried by
cut-ligation as described previously (24), and positive clones
were sequenced.Correct plasmidswere used for in-framedeliv-
ery of genes into respective destination vectors by LR reaction
(Invitrogen). The fusions with GAL4 activation (AD) and bind-
ing (BD) domains were performed using the GW-compatible
destination vectors pGADT7::GW and pGBKT7::GW, respec-
tively (supplemental Table S2). The fusions with YFPn and
YFPc were performed using the GW-compatible plant expres-
sion destination vectors pAM-PAT-YFPn::GW and pAM-
PAT-YFPc::GW, respectively (supplemental Table S2).
Site-directed Mutagenesis—The plasmid pETDuet1_Strep_

AtREM1.3 was used as template to introduce the S66A and
S66D site-directed mutations in the AtREM1.3 coding
sequence. Mutations were generated using the primers indi-
cated in supplemental Table S1 as described earlier (25). Tem-

plate DNA was removed by DpnI digestion. Integrity of the
mutants was verified by sequencing.
Protein Expression and Purification—Escherichia coli

Rosetta pLacI harboring the expression plasmids was grown in
LB medium supplemented with 1% (w/v) glucose, 100 �g/ml
ampicillin, and 34 �g/ml chloramphenicol at 37 °C until A600
�0.6–0.7. Cells were induced at 28 °C with 0.4 mM isopropyl
1-thio-�-D-galactopyranoside for 3–4 h. Induced cells were
centrifuged, and the obtained pellet was resuspended in lysis
buffer (50 mM Tris/HCl (pH 8.0), 200 mM NaCl, 1 mg/ml
lysozyme (Sigma), 100 �g/ml DNase I (Sigma)) and incubated
for 30 min at 4 °C. Cells were further disrupted using a French
press (Aminco), and the cell debris was removed by ultracen-
trifugation for 30 min at 30,000 � g and 4 °C. The clear lysates
were loaded onto the respective columns equilibrated in bind-
ing buffer (50 mM Tris/HCl (pH 8.0), 200 mM NaCl).

The Strep-tagged proteins were purified by a single-step
affinity chromatography using a gravity flow Strep-Tactin-Sep-
harose column (IBA). The column was washed with binding
buffer, and the Strep-tagged proteins were eluted with elution
buffer (50 mM Tris/HCl (pH 8.0), 200 mM NaCl, 2.5 mM des-
thiobiotin). The fractions containing the protein were pooled
and concentrated using an Amicon Ultra centrifugal filter
(Millipore).
Far-UV Circular Dichroism (CD) Spectroscopy—Far-UV CD

spectra were collected using a J-810 spectropolarimeter (Jasco)
at 20°. The protein samples were extensively dialyzed against 10
mM Tris/HCl buffer, pH 8.0, and diluted to a 0.1 mg/ml final
concentration. Spectra were collected from 185 to 260 nm
using a 1-mm path length cell. Each spectrum is the average of
three scans with a 1-nm bandwidth. Spectra manipulation was
done using the spectramanager software (Jasco), and data anal-
ysis was performed using the CDSSTR program from the
DichroWeb server (26–28). Folding was studied by incubation
with increasing concentrations of 2,2,2-trifluoroethanol (TFE;
�99.5%) (Sigma). TFEwas added to the protein samples to final
concentrations of 12.5–50% (v/v).
Proteinase K (PK) Digestion and Mass Spectrometry

Sequencing—5 �g of AtREM1.3 protein variants were incu-
bated in proteolysis buffer (50mMTris, pH8.0, 5mMCaCl)with
increasing amounts of PK (50 pg, 500 pg, 5 ng, 50 ng, and 500
ng) for 30 min on ice. Reactions were stopped by adding SDS
sample buffer and phenylmethylsulfonyl fluoride (PMSF) to a
final concentration of 5 mM and incubated for 5 min at 95 °C.
Samples were loaded onto a 15% SDS-polyacrylamide gel and
electrophoresed. Protein bands were excised and analyzed by
mass spectrometry.
Transmission Electron Microscopy (TEM)—A 10-�l droplet

of each protein sample (100 �g/ml) was applied to a carbon-
coated Formvar nickel grid (300-mesh) (Plano) for 10 min and
stained twice with 2% (w/v) uranyl acetate. Micrographs were
collected on an FEIMorgani transmission electronmicroscope.
Yeast Two-hybrid Interaction Assay—Plasmids harboring

GAL4 fusion proteins (supplemental Table S2) were trans-
formed into the yeast strain pJ694A, which harbors the HIS3
reporter gene. The transformed yeast cultureswere plated on to
synthetic defined (SD; 0.67% yeast nitrogen base, 2% glucose,
2% Bacto-agar, and amino acid mix) plates without tryptophan
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and leucine (-LW) for 3 days at 28 °C. Transformants were
tested for interactions on SD plates without the appropriate
auxotrophic markers and in the presence of 10–20 mM 3-ami-
no-1,2,4-triazole in different dilution series. �-Galactosidase
activity of yeast strains was determined by the Miller method
(29). 3–6 independent yeast transformants were grown over-
night in 3 ml of SD�LW medium at 30 °C. Stationary phase
cultures were diluted to A600 �0.2 in SD�LW medium and
grown at 30 °C to A600 �0.5–0.8). Cells were lysed using SDS
and chloroform. �-Galactosidase activity was assayed accord-
ing to theMillermethod (29). Expression of the different fusion
proteins was detected by Western blot using a rat monoclonal
�-HA-HRP antibody (Roche Applied Science) and a mouse
monoclonal �-Myc antibody (Santa Cruz Biotechnology, Inc.)
for AD and BD fusion proteins, respectively.
Statistical Analysis—Multiple comparisons among groups

were performed in R version 2.15.1 (30) using a one-way anal-
ysis of variance followed by Tukey’s honestly significant differ-
ence test (95% family-wise confidence level). Homogeneous
subsets (samples not being different from each other, as indi-
cated by the same letters on the bar plots (see Figs. 4 and 5))
were retrieved using the packagemultcompView. Samples with
a p value of �0.05 were considered statistically different.
Results are presented as means 	 S.E.
Bimolecular Fluorescence Complementation and Confocal

Microscopy—Agrobacterium infiltration of tobacco leaves was
performed using Agrobacterium tumefaciens GV3101 carrying
the constructs described before. Briefly, bacterial cultures were
pelleted and resuspended in infiltration solution (10 mM MES-
KOH, 10 mM MgCl2, 0.15 mM acetosyringone) to an A600 of
0.25. Cultures were mixed with an Agrobacterium strain har-
boring the silencing suppressor p19 (31). Nicotiana benthami-
ana leaves were infiltrated with the agrobacteria mix and ana-
lyzed 2 days postinfiltration. Imaging was performed with a
spectral TCS SP5 MP confocal laser-scanning microscope
(Leica Microsystems) with settings described earlier (2).

RESULTS

N-terminal Region of AtREM1.3 Is Intrinsically Disordered—
The N-terminal region (residues 1–77) of AtREM1.3
(At2g45820) shares no sequence similarity with any function-
ally characterized protein domain and is lowly conserved
among remorin proteins. To gain insights into the structure-
function characteristics of this region, we analyzed the
AtREM1.3 amino acid composition using a composite profiler
tool. This analysis shows that AtREM1.3 is depleted of order-
promoting residues (Cys, Trp, Tyr, Ile, Phe, Leu, His, Thr, and
Asn), whereas it is enriched in disorder-promoting residues
(Ala, Lys, Pro, andGlu) comparedwith a set of randomproteins
(SwissProt version 51 database) (Fig. 1A). The abundance of
charged residues (Lys and Glu) and the lack of hydrophobic
residues (Trp, Tyr, and Phe) indicate a high net charge and a
lowmeanhydrophobicity, respectively. Such a combination has
been correlated with ID in proteins and thus can be used to
discriminate intrinsically disordered from folded proteins (14).
Investigation of AtREM1.3 in a charge-hydrophobicity phase
space revealed a tendency toward ID, with AtREM1.3 being
located in the border between order and disorder (Fig. 1B).

Based on in silico analyses, this structural feature has recently
been proposed to be a common feature of the remorin protein
family (7). Indeed, a more detailed inspection of AtREM1.3
using the PONDR VL-XT predictor clearly indicates ID for the
N-terminal region. In contrast, the C-terminal region is pre-
dicted to be mostly folded (Fig. 1C).
To experimentally verify this prediction, we recombi-

nantly expressed and purified the full-length AtREM1.3(1–
190) as well as truncated variants harboring the N-terminal
region (AtREM1.3-N(1–77)) and part of the C-terminal
region (AtREM1.3-C�(78–161)). The complete C-termi-
nal region (residues 78–190) unfortunately could not be suc-
cessfully expressed and purified. Interestingly, the C-termi-
nal 28 residues of potato remorin StREM1.3 are responsible
for plasma membrane attachment (6). Based on sequence
comparisons, these 28 terminal residues are probably also
required for AtREM1.3 plasma membrane attachment.
Strep-tagged recombinant proteins were purified by affinity
chromatography, and their purity (�95%) was assessed by
SDS-PAGE (Fig. 1D). The full-length protein as well as both
truncation variants migrated abnormally in a denaturing
acrylamide gel. Full-length AtREM1.3 (predicted mass, 22.8
kDa) ran as a globular 30-kDa protein, whereas AtREM1.3-N
(predicted mass, 9.9 kDa) and AtREM1.3-C� (predicted
mass, 11.5 kDa) ran at 23 and 17 kDa, respectively (Fig. 1D).
The abnormally slowmigration of AtREM1.3-N supports the
presence of intrinsic disorder within this region (32, 33).
Next we used far-UV CD spectroscopy to analyze the sec-

ondary structure composition of the protein. The presence of
�-helices is characterized by the presence of two distinct min-
ima at 208 and 222 nm, as observed for the full-length
AtREM1.3 (Fig. 1E). The percentage of �-helical structure in
AtREM1.3-C� (36%) was comparable with values obtained for
the full-length protein, indicating that the N-terminal region
may partially gain helical structure upon protein oligomeriza-
tion. In contrast, AtREM1.3-N showed low ellipticity at 190 nm
and a minimum ellipticity at 200 nm, the characteristic pattern
of a disordered conformation (57% randomcoil) (Fig. 1E, table).

To verify these findings by an independent method, we used
limited proteolysis with PK, a protease that hydrolyzes flexible
and therefore disordered regions. Incubation of purified
AtREM1.3 with increasing concentrations of PK led to the
accumulation of a stable fragmentmigrating at 17 kDa (Fig. 1F).
Sequence determination by mass spectrometry of the proteol-
ysis-resistant fragment resulted in the identification of residues
62–176, representing the majority of the C-terminal region.
This suggests the presence of ID segments within the oligomer-
ized full-length protein that are prone to PK cleavage. Further-
more, PK treatment of AtREM1.3-C� and AtREM1.3-N
revealed that the ID N-terminal region is more susceptible to
such a treatment (Fig. 1F). This supports our data obtained by
CD spectroscopy and the idea that the N- and C-terminal
regions constitute two independent domains.
The N-terminal Region Folds upon Incubation with TFE—As

ID regions often exhibit induced folding upon interaction with
other proteins, we tested whether ordered structures can be
induced within AtREM1.3 and AtREM1.3-N under conditions
mimicking protein-protein interactions. Thus, we recorded
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structural changes by acquisition of far-UV CD spectra in the
presence of TFE. This solvent resembles hydrophobic environ-
ments present in protein-protein interactions and therefore has
been used to test the propensity of intrinsically disordered pro-
teins to undergo an induced folding upon target binding (34).
Incubation of the full-length protein with increasing TFE
concentrations (0–50%) led to a moderate increase in �-helic-
ity (Fig. 2A). A more pronounced effect was observed for
AtREM1.3-N, indicated by the appearance of the distinct min-
ima at 208 and 222 nm (Fig. 2B), with most of the disorder-to-
order transition occurring at TFE concentrations of up to 25%
(Fig. 2B, inset). These results clearly demonstrate folding pro-
pensity of the ID region and suggest �-helix formation upon
interaction with binding partners.
The N-terminal Region of AtREM1.3 Is Required for

AtREM1.3 Homo-oligomerization and Filament Formation in
Vitro—Topredict if the IDN-terminal domain or other regions
within the AtREM1.3 protein mediate protein interactions, we
constructed an ab initio model of AtREM1.3 using the
I-TASSER program. The model predicts an �-helical C-termi-

nal domain and a vastly disordered N-terminal domain (Fig. 3),
in accordance with the results obtained by CD and limited pro-
teolysis. This model resembles a recently published homology
model of the potato remorin StREM1.3, which also describes an
�-helical C-terminal domain (6). Subsequently, we searched for
regions within the model, which may be prone to mediate pro-
tein interactions using the PPI-Pred and ProMate programs.
Both algorithms that are based on a support vector machine
and probing of the surfaces of proteins using 10-Å radius
spheres, respectively (21, 22), indicated that patches within the
N- and C-terminal domains may contribute to protein interac-
tions (Fig. 3).
To verify these results experimentally we addressed

whether the different domains contribute to oligomerization
of AtREM1.3 using a yeast two-hybrid GAL4 system. In this
system, the AD and the BD of the GAL4 transcription factor
are split into two halves and fused to nuclear localization
signals. Upon protein interaction in the nucleus, both
domains get into proximity enabling the activation of a HIS3
reporter. This allows the yeast to complement a histidine

FIGURE 1. The N-terminal region of AtREM1.3 is intrinsically disordered. A, composition profile of AtREM1.3 full-length (black), N-terminal (gray), and
C-terminal (white) domains. Analysis was performed using the Composite Profiler tool and the SwissProt version 51 database as a background data set (13).
Horizontal bars indicate order-promoting and disorder-promoting residues. B, charge-hydrophobicity phase space for AtREM1.3 (dark gray dot) and its
N-terminal region (light gray dot). Black circles, intrinsically disordered proteins described in the literature (data taken partially from Ref. 14). White circles,
natively folded proteins obtained from the Protein Data Bank. Solid black line, border between ID proteins and folded proteins, described by the formula,
�R� 
 2.785 �H� � 1.151, where �R� and �H� are the mean net charge and the mean net hydrophobicity, respectively. C, PONDR VL-XT intrinsic disorder prediction
and schematic representation of protein variants. White and black bars, N- and C-terminal regions, respectively. The gray line highlights the ID region.
D, SDS-PAGE of AtREM1.3 and truncation variants. Proteins were separated on a 15% acrylamide gel and stained with Coomassie Brilliant Blue. Molecular
masses of broad range protein marker (7–175 kDa) (New England Biolabs) are indicated in kDa. E, far-UV CD spectroscopy. CD spectra were recorded in 10 mM

Tris/HCl buffer, pH 8.0, for the full-length AtREM1.3 (black), the AtREM1.3 N-terminal region (AtREM1.3-N; light gray), and the truncated AtREM1.3 C-terminal
region (AtREM1.3-C�; dark gray) protein variants at a protein concentration of 0.1 mg/ml. The table below shows the secondary structure content expressed as
a percentage. F, limited proteolysis with PK. Recombinantly expressed and purified AtREM1.3 and truncation variants (5 �g) were incubated with increasing
amounts of PK (ratios 1:10�5, 1:10�4, 1:10�3, 1:10�2, and 1:10�1) for 30 min on ice. Fragments were resolved on a 15% SDS-PAGE. Arrowheads, non-digested
protein. *, PK-resistant fragment that was subjected to mass spectrometry.
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auxotrophy and thus growth on histidine-depleted medium.
Full-length AtREM1.3 as well as the AtREM1.3-N and
AtREM1.3-C� variants were fused to the GAL4-AD and
GAL4-BD. Additionally, a fusion protein comprising the
complete C-terminal domain (AtREM1.3-C(78–190)) was
constructed. In agreement with data reported for other
remorin proteins (2), full-length AtREM1.3 homo-oligomer-

ized (Fig. 4A). Additionally, only AtREM1.3-C (78–190) but
neither AtREM1.3-N nor AtREM1.3-C� was able to interact
with itself under these conditions (Fig. 4A). This indicates
that residues critical for oligomerization reside within the
C-terminal region and that the terminal 28 residues are
essential for this interaction. To quantify the differences in
interaction strength, we made use of a �-galactosidase activ-
ity assay. The �-galactosidase enzyme is encoded by the lacZ
gene, which is transcriptionally activated by the GAL4 tran-
scription factor. These experiments revealed that the ID
N-terminal region also contributed to protein oligomeriza-
tion, as shown by the significant reduction in the interaction
strength of AtREM1.3-C compared with AtREM1.3 in the
quantitative �-galactosidase assay (Fig. 4B). In all cases,
expression of the respective fusion proteins was assessed by
Western blot analyses to verify expression of the constructs
(Fig. 4C).
To confirm these results by an independentmethod, we ana-

lyzed AtREM1.3 in vitro filament formation because this fea-
ture of group 1b remorins was reported earlier (10). For this,
recombinantly expressed truncated variants were purified and
inspected by TEM. As observed before, the full-length
AtREM1.3 form filaments in vitro, whereas both AtREM1.3-N
and AtREM1.3-C� truncation variants mostly form amor-
phous aggregates (Fig. 4D).
To get a more detailed understanding of this interaction, we

studied the shape of the AtREM1.3 filaments using TEM,
observing that a fraction of the filaments were twisted, which
makes them not suitable for further analysis by high resolution
cryo-EM. Additionally, we determined if AtREM1.3 filaments
were amyloid in nature because several ID filament-forming
proteins have this structural property (35). We performed a set
of previously described experiments (36), which indicated the
lack of any amyloid structure in AtREM1.3 filaments.
AtREM1.3 Interacts with Importin � Isoforms—It was pre-

viously shown that two group 2 remorin proteins from the

FIGURE 2. TFE induced folding of full-length AtREM1.3 and its N-terminal
domain. Recombinantly expressed and purified full-length AtREM1.3 (A) and
AtREM1.3-N (B) were subjected to far-UV CD spectroscopy with increasing
TFE concentrations. The TFE percentage was as follows: 0% (red), 12.5% (yel-
low), 25% (green), and 50% (cyan). The mean residue ellipticity (MRE) at 222
nm versus TFE percentage is shown in the inset, illustrating that most of the
disorder-to-order transition occurs up to 25% TFE.

FIGURE 3. Ab initio model of AtREM1.3. The model was constructed using
the I-Tasser program (19), and images were created with the UCSF Chimera
package (23). Discontinuous lines mark the borders between the different pro-
tein regions. N, C, and ReMCA, N-terminal, C-terminal, and membrane-binding
regions, respectively. Predictions of putative interaction surfaces were per-
formed using the PPI-Pred (21) and ProMate programs (22). Interaction prob-
ability ranges from minimum (white) to maximum (green).
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legume plants Medicago truncatula (MtSYMREM1) and
Lotus japonicus (LjSYMREM1) interact with at least three
plasma membrane-resident receptor-like kinases (2, 37). In
LjSYMREM1, this interaction is stabilized by the conserved
C-terminal region, whereas two of the kinase domains phos-
phorylate residues in the putative ID N-terminal region of this
protein (SYMREM1-N) (2). We currently hypothesize that the
N-terminal region of SYMREM1 may be involved in the
recruitment of cytoplasmic proteins to the plasma membrane.
Because the intrinsically disordered N-terminal region of
AtREM1.3 contributes to remorin oligomerization, we next
asked if this region could also mediate interaction with
other, non-membrane-resident proteins. To identify puta-
tive cytoplasmic interactors, we searched the Center for
Cancer Systems Biology plant interactome database, which
provides data from a high throughput yeast two-hybrid
screen (38). Interestingly, these data not only confirmed
homo- and hetero-oligomerization with itself and the closely
related AtREM1.4 protein, respectively, but also yielded
interactions with three importin � isoforms (AtIMPa1
(At3g06720), AtIMPa3 (At4g02150), and AtIMPa6
(At1g02690)). Importin � proteins are soluble receptors,
which facilitate translocation of a broad spectrum of pro-
teins across the nuclear envelope (reviewed in Refs. 39–41).
Biologically, importin � proteins play roles in processes such
as chromosome segregation, plant innate immunity, and
nuclear envelope formation (42–45).
First, we verified these interactions between AtREM1.3 and

importin � proteins independently. For this, AtIMPa1,
AtIMPa3, and AtIMPa6 were amplified from a cDNA library
and cloned into the above-mentioned DNA-binding domain
yeast vectors. Indeed, all three IMPa proteins interacted with
the full-length AtREM1.3 protein (Fig. 5A). Furthermore,
we additionally found positive interaction with AtIMPa2
(At4g16143) (84% identity toAtIMPa1) (Fig. 5A), which did not
interact with AtREM1.3 in the Center for Cancer Systems Biol-
ogy Y2H screen. As described above, we additionally performed
a �-galactosidase activity assay to quantify the interaction
strength, showing that the interaction of AtREM1.3 with
AtIMPa2 is comparable with the one with AtIMPa3 but weaker
than with AtIMPa1 or AtIMPa6 (Fig. 5B). Interestingly, this
does not correlate with the phylogenetic relation between
importin � proteins (46).
The N-terminal Region of AtREM1.3 Facilitates Interaction

with Importin � Isoforms—Next we addressed if the intrinsi-
cally disordered N-terminal region of AtREM1.3 mediates
the interaction with IMPa proteins. For this, different trun-
cated AtREM1.3 variants were co-expressed with AtIMPa1,
AtIMPa2, AtIMPa3, and AtIMPa6 using the GAL4 system.
Similar to AtREM1.3 homo-oligomerization, the C-terminal

FIGURE 4. Oligomerization assays for AtREM1.3 truncation variants.
A, yeast two-hybrid interaction assay. Fusion proteins with GAL4-AD and -BD
were expressed in yeast and assayed for their interaction on selective SD
medium depleted in leucine (L), tryptophan (W), and histidine (H) and supple-
mented with 20 mM 3-amino-1,2,4-triazole to suppress residual histidine bio-
synthesis. Serial dilutions of yeast cells were grown to obtain single colonies.
Empty pGBKT7::GW (BD) and pGADT7::GW (AD) were used as negative con-
trols. B, quantitative �-galactosidase assay. �-Galactosidase activity was
assayed using ortho-nitrophenyl-�-galactoside as substrate and measured in
Miller units. Error bars, S.E. values from three independent biological repli-

cates. Lowercase letters indicate different significance groups obtained by
one-way analysis of variance. C, detection of fusion proteins expressed in
yeast by Western blot. BD and AD fusion proteins were detected with �-Myc
and �-HA monoclonal antibodies, respectively. Arrowheads, weakly
expressed proteins. Molecular masses are indicated in kDa. FL, full-length
AtREM1.3; N, AtREM1.3-N; C, AtREM1.3-C; C�, AtREM1.3-C�; �, empty vector
control. D, recombinantly expressed and purified AtREM1.3 protein variants
were investigated by TEM. Samples were negatively stained with 2% uranyl
acetate. Arrowheads, filaments. Scale bar, 100 nm.
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domain was found to be essential for the interaction with all
tested importin � isoforms (Fig. 5A). However, the influence
of the terminal 28 residues within this domain was difficult
to assess because expression levels of the AD-AtREM1.3-C�
construct were found to be highly reduced (Fig. 5C). Dele-
tion of the N-terminal region led to a significant reduction in
the interaction strength with AtIMPa1 and AtIMpa2 in the
quantitative �-galactosidase assay (Fig. 5, B and D), indicat-
ing that the ID N-terminal region also contributed to inter-
action with the importin � proteins.

A prominent feature of remorin N-terminal regions is that
they contain most of the phosphorylation sites of the highly
phosphorylated remorin proteins (7). Across phylogenetic
group 1b, Ser-66 (in AtREM1.3) is conserved and seems
to be constitutively phosphorylated (7). Phosphoablative
(AtREM1.3-S66A) and phosphomimetic (AtREM1.3-S66D)
mutant variants of Ser-66 were created and used to assess the
possible impact of phosphorylation within the ID N-terminal
domain in the interaction with importin � proteins. Quantita-
tive�-galactosidase assays showed a tendency to reduced inter-
action strength of AtIMpa1 and AtIMpa2 with the phosphomi-

metic variant. Interestingly, this reduction is comparable with
the reduction observed in the variant devoid of the N-terminal
domain (Fig. 5, B and D). In contrast, the phosphoablative var-
iant showed no difference compared with the full-length pro-
tein. In all cases, expression of the respective fusion proteins
was assessed by Western blot analyses (Fig. 5C). In summary,
these experiments indicate that the ID N-terminal region of
AtREM1.3 quantitatively contributes to the interaction with
IMPa proteins and may thus serve regulatory functions.
Ectopic Expression of IMPa Proteins Leads to Subcellular

Redistribution of AtREM1.3—In a last set of experiments, we
asked whether cellular translocation of at least one of the part-
ners occurs during the interaction between nuclear IMPa pro-
teins, andplasmamembrane-residentAtREM1.3 indeed occurs
in planta. To determine this, we used bimolecular fluorescence
complementation, where theN- (YFPn) and C-terminal (YFPc)
regions of YFP are individually fused to the proteins of interest
and expressed in different combinations in N. benthamiana
leaves for 2 days. The interaction between proteins results in
the reassembly of the functional YFP protein and thus in fluo-
rescence at the sites of interaction. Herewemade use of the fact

FIGURE 5. ID N-terminal domain of AtREM1.3 facilitates interaction with importin � isoforms. A, yeast two-hybrid interaction assay. Importin � isoforms
and AtREM1.3 truncation variants were fused to GAL4-BD and -AD, respectively. Fusion proteins were expressed in yeast and assayed for their interaction on
SD�LWH selective medium supplemented with 10 mM 3-amino-1,2,4-triazole. Empty pGBKT7::GW (BD) and pGADT7::GW (AD) were used as negative controls.
B, quantitative �-galactosidase assay. �-Galactosidase activity was assayed using ortho-nitrophenyl-�-galactoside as substrate and measured in Miller units.
Error bars, S.E. values from 3–9 biological replicates. Lowercase and capital letters indicate different significance groups for each individual combination and for
BD subgroups (importin � combination), respectively. C, detection of fusion proteins expressed in yeast by Western blot. BD and AD fusion proteins were
detected with �-Myc and �-HA monoclonal antibodies, respectively. FL, full-length AtREM1.3; N, AtREM1.3-N; C, AtREM1.3-C; C�, AtREM1.3-C�; S66A,
AtREM1.3-S66A; S66D, AtREM1.3-S66D; �, empty vector control. Arrowheads, weakly expressed proteins. Molecular masses are indicated in kDa. D, stacked
column plot representation of yeast �-galactosidase activity grouped by AD domain fusion. Black, dark gray, light gray, and white bars, AtIMPa1-, AtIMPa2-,
AtIMPa3-, and AtIMPa6-related activities, respectively. Lowercase letters indicate different significance groups.
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that both YFP halves still show a tendency to autoassemble a
functional fluorophore during overexpression and thus poten-
tially stabilize protein complexes. This allowed us to better
visualize changes in cellular distributions of the proteins. Co-
expression of IMPa1 and IMPa2 resulted in almost exclusive
nuclear fluorescence (Fig. 6, A and B), whereas an additional
cytosolic signal was observed for IMPa3 and IMPa6, indicated
by distinct cytoplasmic strands that traverse the large central
vacuole (Fig. 6, C and D). In contrast and as expected, the fluo-
rescent signal of AtREM1.3 homo-oligomers resided exclu-
sively in the periphery of the cell, indicating plasma membrane
localization of the proteins (Fig. 6E). Interestingly, co-expres-
sion ofAtREM1.3with any of the four IMPaproteins resulted in
a signal inside the nucleus and the plasma membrane (Fig. 6,
F–I). In none of these cases were cytoplasmic strands observed,
clearly demonstrating that the fluorescence signal did not
derive from any YFP cleavage product. These data show for the
first time that remorins can be translocated from the plasma
membrane into the nucleus.

DISCUSSION

Plants require efficient signaling cascades to rapidly respond
to environmental cues. It has been predicted that around 8% of
the total A. thaliana proteome contains completely intrinsi-
cally disordered proteins. Moreover, it has been estimated that
29% of theA. thaliana proteome is composed of ID regions that
are 50 residues or longer (47). However, only a few plant-sig-
naling components have been experimentally characterized
with respect to their ID. Examples of ID proteins are the
A. thaliana ERD10 and ERD14 dehydrin proteins (48, 49), the
N-terminal region of the A. thaliana Hy5 bZIP transcription
factor involved in photomorphogenesis (50), and theHordeum
vulgare (barley) senescence-associated NAC transcription
factor (33). In the case of the Alb3 membrane insertase (51)
and the DELLA proteins (34), their ID regions mediate pro-
tein interactions.
Plant-specific remorin proteins have been proposed to be

involved in plant-microbe cell signaling, where the group 2

symbiotic remorins LjSYMREM1 and MtSYMREM1 were
shown to interact with the plasma membrane-resident symbi-
otic receptor-like kinases (NFR5, NFR1, and SYMRK in
L. japonicus and NFP, LYK3, and DMI2 in M. truncatula) via
their conserved and �-helical C-terminal regions (2, 37). Here
we experimentally demonstrated that the N-terminal domain
of the remorin protein AtREM1.3 is intrinsically disordered
(Figs. 1 and 2). This experimentally proves previous predictions
of ID in the N-terminal regions of diverse remorin proteins (7).
A key functional advantage over structurally ordered proteins is
that ID regions can bind a number of partners with high spec-
ificity and low affinity (1). This high flexibility possibly explains
the lack of interaction of the N-terminal domain alone because
stability is one of the requirements to detect interactions with
yeast two-hybrid systems (Figs. 4 and 5). ID regions achieve
high specificity when they undergo binding-induced folding.
This is characterized by the presence of short rigid segments
located within disordered regions termed molecular recogni-
tion features (52, 53). A potential molecular recognition feature
is located in the ID N-terminal region, as indicated by the
AtREM1.3 disorder profile, where a region of order within dis-
order is predicted (Fig. 1). Furthermore, this ordered segment is
conserved among all group 1b remorins (7). TFE-induced for-
mation of �-helical structure also indicates possible induced
folding of the ID N-terminal domain of AtREM1.3 upon pro-
tein-protein interactions (Fig. 2) and therefore putative func-
tional contributions to this process.
Such a hypothesis is supported by data obtained by fluores-

cence lifetime imaging microscopy and in vitro kinase assays
that clearly indicate the involvement of the putative ID N-ter-
minal region of LjSYMREM1 in the interaction with the recep-
tor-like kinases (2). Similarly, deletion of the ID N-terminal
region of AtREM1.3 results in reduced interaction strength
with IMPa1 and IMPa2 (Fig. 5B). Furthermore, constitutive
phosphorylation of Ser-66 decreases the interaction with
importin � proteins, implying that phosphorylation of
AtREM1.3 in its ID N-terminal domain could be a mechanism

FIGURE 6. AtREM1.3 and importin � isoforms are translocated and interact in planta. YFPn and YFPc were fused to the N terminus of AtREM1.3 and
importin � proteins, and their subcellular localization and interaction were assessed by bimolecular fluorescence complementation in N. benthamiana leaf
epidermal cells. IMPa1 (A) and IMPa2 (B) proteins interact mostly in the nucleus, whereas additional cytoplasmic localization was observed with IMPa3 (C) and
IMPa6 (D), as indicated by cytoplasmic strands. AtREM1.3 homo-oligomerizes exclusively at the plasma membrane (E). However, co-expression with importin
� proteins reconstitutes YFP fluorescence in the cell periphery and in the nucleus (F–I). Scale bars, 25 �m.
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of controlling protein interactions with cytosolic proteins.
These data are in agreement with previous reports (54–57),
which describe that phosphorylation clusters preferentially
within ID regions and often mediates protein interactions. For
example, 14-3-3 proteins can discriminate between phosphor-
ylated and non-phosphorylated partners (58). Interaction of a
14-3-3 proteinwith theRNA-bindingK-homology splicing reg-
ulator protein (KSRP) is promoted by phosphorylation of the
latter, which drives relocalization of KSRP into the nucleus,
where it performs its mRNA degrading activity (59). In other
cases, phosphorylation of residues within ID regions mediates
stimulus-specific degradation, as in the case of plant GRAS
transcription factors (60, 61).
Here we confirmed putative interactions betweenAtREM1.3

andmembers of the importin� family thatwere originally iden-
tified in a large unbiased yeast two-hybrid screen (38). Importin
� proteins are soluble receptors involved in nuclear trafficking.
InA. thaliana, this family comprises 9members, some ofwhich
are involved in interaction with VirD2 and VirE2 bacterial
T-complex proteins and mediate nuclear localization of these
bacterial proteins (46). Moreover, AtIMPa3 (MOS6) plays a
role in plant innate immunity because it is a suppressor of
resistance responses and immunity to pathogens (42), further
supporting possible roles of remorin proteins during plant-mi-
crobe interactions and innate immunity. Although the C-ter-
minal domain of AtREM1.3 predominantly mediates stable
oligomerization and interactionwith importin� proteins, dele-
tion of the ID N-terminal domain reduces significantly the
strength of these interactions (Fig. 5). These data underline
putative regulatory functions of ID domains in remorin pro-
teins during protein-protein interactions.

Acknowledgments—We kindly thank Axel Strauss for help in statisti-
cal analyses, Petra Wendler (Gene Center of the Ludwig-Maximil-
ians-University of Munich, Germany) for a contribution to the high-
resolution TEM analysis, Marcus Fändrich and Senthil Kumar (Max
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