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Supplementary Fig. 1. Domain architecture and hydrogel binding assay of RNA binding 

proteins. a) Turbidity of 8 μM MBP:FUS in the presence of buffer, ± 8 μM Kapβ2, ± 8 μM Kapβ2-

M9M complex, and ± 8 μM PR20. OD 395 nm is normalized to measurement of MBP:FUS + 

buffer + Tev. Mean of three technical replicates, ±SD. b) Hydrogel droplets of mCh:FUS-LC 

(lower images) were incubated with 1.0 µM of GFP (left panel) or 1.0 µM of GFP:FUS-LC (right 

panel) and visualized by confocal microscopy. GFP:FUS-LC was challenged for homotypic 

polymer extension in the presence of different concentration of Kapβ2 (left to right: 0.1 µM, 0.3 

µM, 1.0 µM, 3.0 µM, 10.0 µM, respectively). c) Domain architecture of hnRNPA2 and GFP fusion 

hnRNPA2-LC (GFP:hnRNPA2-LC). NLS of hnRNPA2 (residue 296-319) is located in the middle 

of LC-domain. d) mCh:hnRNPA2-LC (lower images) were incubated with 1.0 µM of GFP (left 

panel) or 1.0 µM of GFP:hnRNPA2-LC (right panel). GFP:hnRNPA2-LC containing Kapβ2 (1.0 

µM) was challenged in the absence or presence of PR20 (1.0 µM). e) Domain architecture of 

TDP43 and GFP-tagged cNLS fusion TDP43-LC (GFP:cNLS:TDP43-LC). f) mCh:TDP43-LC 

(lower images) were incubated with 1.0 µM of GFP (left panel) or 1.0 µM of GFP:cNLS:TDP43-

LC (right panel) in the absence or presence of Impα/β1 (1.0 µM/1.0 µM) and/or PR20 (1.0 µM). 

Source data are provided as a Source Data file. RGG: Arg-Gly-Gly motif, RRM: RNA Recognition 

Motif, ZnF: zinc-finger domain.  
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Supplementary Fig. 2. Interaction between nuclear import receptors and PR poly-dipeptides. 

a-b) Immunoprecipitation showing the recognition of endogenous and exogenous Kapβ2 by anti- 

Kapβ2 antibody. c) Pull-down binding assay showing interaction between GST:PR18 and Kapβ2. 

d) Pull-down binding assay showing no interaction between GST:PR18 and proteins, BSA, MBP, 

EGFP, and Lysozyme. e) Pull-down binding assay showing interaction between MBP:PR18 with 

GST:Importinα or GST:Importinβ1. f) Analytical ultracentrifugation showing complex formation 

between Kapβ2 and MBP:PR18. The experiments (a, c, e) were independently repeated two or 

three times with similar results. Source data are provided as a Source Data file. 
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Supplementary Fig. 3. Solution NMR of Kapβ2. 1H-13C-correlated methyl NMR spectra of [U-
2H; Ile-1-13CH3; Leu, Val-13CH3/

12CH3]-labeled Kapβ2. The peaks are labeled with peak numbers. 

Asterisks indicate the positions of the small peaks that were absent in the threshold setting of the 

figure.   
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Supplementary Fig. 4. Interaction between Kapβ2 and M9M/FUS-ΔNLS investigated by 

solution NMR. a) 1H-13C-correlated methyl NMR spectra of [U-2H; Ile-1-13CH3; Leu, Val-
13CH3/C

2H3]-labeled Kapβ2 (grey) and that in complex with M9M (green). The significant 

perturbations were observed, which is consistent with the high affinity between Kapβ2 and M9M 

as reported in a previous study (Supplementary Table 1). b) 1H-13C-correlated methyl NMR 

spectra of [U-2H; Ile-1-13CH3; Leu, Val-13CH3/
12CH3]-labeled Kapβ2 in complex with M9M, in 

the absence (green) and presence (magenta) of FUS-ΔNLS. Significant representative 

perturbations are indicated by arrows. Perturbations only seen for PR20 are indicated by red arrows. 

Perturbations only seen for M9M are indicated by green arrows. Perturbations common to PR20 

and M9M are indicated by the purple arrows. Perturbed resonances induced by the addition of 

FUS-ΔNLS were distinct from those induced by PR20.   
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Supplementary Fig. 5. Structural model of Kapβ2 and NLS of FUS. a) Electrostatic surface 

potential of Kapβ2 (4FDD). Positive and negative surface potentials are drawn in blue and red, 

respectively. The methyl groups of isoleucine, leucine, valine, and methionine residues located 

close to the Kapβ2 cavity are represented as spheres colored green, blue, yellow, and orange, 

respectively. b) An expanded view of Kapβ2 cavity. Methyl groups of isoleucine, leucine, valine, 

and methionine are represented as spheres colored green, blue, yellow, and orange, respectively. 

L539, I540, V643, and I642 are located on negatively charged cavity. NLS of FUS is represented 

as a stick model, colored pale green. The structure was drawn using PyMol program.  
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Supplementary Fig. 6. RMSD values of all atoms from the reference structure (0 ns) for MD 

simulation. Root-mean-square deviations (RMSDs) of all atoms were plotted as a function of time 

for the 100-ns MD simulation (Fig. 5a, b) of Kapβ2 and PR poly-dipeptides. Source data are 

provided as a Source Data file. 
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Supplementary Fig. 7. Comparison of NMR perturbations of Kapβ2 induced by PR20 and 

CIRBP-RGG. 1H-13C-correlated methyl NMR spectra of [U-2H; Ile-1-13CH3; Leu, Val-
13CH3/C

2H3]-labeled Kapβ2 in the absence (grey) and presence (blue) of PR20. The resonances 

that showed significant perturbations by interaction with CIRBP-RGG1 are indicated by 

arrowheads. 
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Supplementary Table 1. Kd value against Kapβ2 determined by ITC 
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Supplementary Table 2. Primers for plasmid construction 
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