
Supplementary Figure 1. A bioluminescence assay system for monitoring dimerization 
of VVD based on complementation of split-firefly luciferase fragments. (a) Schematic 
representations of domain structures of the fusion proteins tested in Supplementary Figure 
1b. An N-half fragment (Nfluc: residues 1–398) and a C-half fragment (Cfluc: residues 394–
550) of a split-firefly luciferase were separately tagged with VVD with different orientations. 
(b) Detecting blue light-dependent dimerization of VVD with split luciferase fragments. 
COS-7 cells co-expressing Nfluc-VVD or VVD-Nfluc along with Cfluc-VVD or VVD-Cfluc 
were irradiated with blue light (470 ± 20 nm, 3 mW cm-2) for 30 s. The pair of Nfluc-VVD and 
VVD-Cfluc produced a larger bioluminescence signal than others in response to blue light. 
RLU, relative light unit. The result is means ± S.D. of three independent measurements.	
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Supplementary Figure 2. Optimizing conditions for the irradiation to induce the VVD 
dimerization. (a) COS-7 cells expressing Nfluc-VVD and VVD-Cfluc were irradiated with 
blue light (470 ± 20 nm, 3 mW cm-2) for 1, 3, 10, 30, 60, 180 and 600 s, respectively. The 
bioluminescence intensity reached the maximum level upon blue light irradiation with a 
power density at 3 mW cm-2 for 30 s. (b) COS-7 cells expressing Nfluc-VVD and VVD-Cfluc 
were irradiated for 30 s with 0.1, 0.5, 1, 2, 3, 4, 5 and 6 mW cm-2 blue light, respectively. The 
bioluminescence intensity reached the maximum level upon blue light irradiation with a 
power density at 3 mW cm-2 for 30 s.  RLU, relative light unit.  The results are means ± S.D. 
of three independent measurements. !
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Supplementary Figure 3. Electrostatic interactions-based discrimination of the hetero-dimer 
from the homo-dimer. (a) Homo-dimerization of VVD variants, having single substitutions with 
glutamic acid at amino acid residues from 47 to 56, respectively. Nfluc-X and X(Y)-Cfluc (X and Y 
stand for VVD variants) were co-expressed in COS-7 cells. The cells were irradiated with blue light 
(470 ± 20 nm, 3 mW cm-2) for 30 s, and bioluminescence measurements of the live cells were then 
performed. The fold induction (light/dark) of bioluminescence under the light condition to that under 
the dark condition is shown above each white bar. (b) Hetero-dimerization of each of the arginine 
variants and each of the glutamic acid variants, both having single substitutions at amino acid 
residue 47, 48, 50, 51, 52, 54 or 55. (c) A comparison of the fold induction (light/dark) between the 
homo-dimerization (closed circle) and the hetero-dimerization (open circle) of the VVD variants 
having single substitutions of amino acid residue 47, 48, 50, 51, 52, 54 or 55. The single 
substitution of Ile52 or Met55 was more effective to differentiate the fold inductions (right/dark) 
between the hetero-dimerization and the homo-dimerization than others. (d, f) Homo-dimerization 
and hetero-dimerization of VVD variants having single substitution with a charged amino acid at 
amino acid residue 55 (d) or 52 (f). In the case of Met55, its single substitution with a negatively 
charged amino acid suppressed homo-dimerization of the VVD variants, and hetero-dimerization 
was promoted between the variants with a negatively charged amino acid and those with a 
positively charged amino acid (d). However, single substitution of Met55 with a positively charged 
amino acid did not inhibit homo-dimerization of the VVD variants. This is in contrast to the case of 
substitution of Ile52 (f). The single substitution of Ile52 suppressed not only homo-dimerization of 
the VVD variants with a negatively charged amino acid but also that with a positively charged 
amino acid. In addition, the single substitution of Ile52 was effective to promote hetero-dimerization 
of the VVD variants with a negatively charged amino acid and those with a positively charged 
amino acid. Among the VVD variants with single substitutions of Ile52, the pair of the arginine 
variant (I52R) and the aspartic acid variant (I52D) was more effective to promote the hetero-
dimerization than others. (e, g) Heat maps of the fold induction (light/dark) shown in 
Supplementary Figure 3d,f, respectively. (h) Homo-dimerization of VVD variants having double 
substitutions with a charged amino acid at amino acid residues 52 and 55. Two-letter code with R, 
K, D and E represents each of VVD variants with arginine, lysine, aspartic acid and glutamic acid 
at amino acid residues 52 and 55 (e.g., RK stands for I52R/M55K). I52R and I52D, having no 
substitution at amino acid residue 55, are depicted as R_ and D_, respectively. (i) Hetero-
dimerization of VVD variants having double substitutions with a charged amino acid at amino acid 
residues 52 and 55. The double substitutions of both the residues 52 and 55 with a charged amino 
acid were not effective for the hetero-dimerization. (j) Hetero-dimerization between I52R or I52D 
and each of VVD variants having substitution with a charged amino acid at amino acid residue 55 
of I52D or I52R. We found that I52R/M55R with arginine substitutions of both the residues 52 and 
55 efficiently formed a hetero-dimer with I52D having no substitution of Met55. This implies that as 
the residue 55 of VVD variants having the I52D substitution, uncharged amino acids may be more 
promising compared with charged amino acids to achieve efficient hetero-dimerization with I52R/
M55R. Thus we substituted Met55 of I52D with other fifteen uncharged amino acids, respectively, 
and examined the hetero-dimerization with I52R/M55R and the homo-dimerization in 
Supplementary Figure 3l,m.  (k) A heat map of the fold induction shown in Supplementary Figure 
3i,j. (l) Hetero-dimerization between I52R/M55R and each of VVD variants having substitution with 
an uncharged amino acid at amino acid residue 55 of I52D. (m) Homo-dimerization of VVD 
variants with double substitutions with an uncharged amino acid at amino acid residues 52 and 55. 
The results are means ± S.D. of three independent measurements. Single asterisks highlight I52R 
and I52D. Double asterisks highlight I52R/M55R and I52D/M52G, renamed pMag and nMag, 
respectively.!



Supplementary Figure 4. Dissociation kinetics of the pMag–nMag hetero-dimer (black) 
and the VVD−VVD homo-dimer (orange). COS-7 cells expressing the pair of Nfluc-pMag 
and nMag-Cfluc or that of Nfluc-VVD and VVD-Cfluc were irradiated with blue light (470 ± 20 
nm, 3 mW cm-2) for 30 s. The homo-dimer of VVD dissociated with half-life t1/2 of 2.0 h (rate 
constant, 9.5 × 10-5), similar to the pMag–nMag hetero-dimer (t1/2, 1.8 h, rate constant, 1.1 × 
10-4). The result represents typical experiments from three independent measurements.!
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Supplementary Figure 5. Homo-dimerization of pMag variants and that of nMag 
variants. COS-7 cells expressing the Nfluc-X and X(Y)-Cfluc (X and Y stand for any one of 
Magnet variants shown in the figure) were irradiated with blue light (470 ± 20 nm, 3 mW 
cm-2) for 30 s. The pMag variants and the nMag variants do not efficiently form their homo-
dimers upon blue light irradiation. The results are means ± S.D. of three independent 
measurements. !
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Supplementary Figure 6. A schematic diagram of a Magnet-based photoactivatable 
actuator for a small GTPase (Rac1). Upon blue light irradiation, a functional domain is 
recruited to the plasma membrane with the help of the present paired photoswitches, 
Magnets (red and blue). Here we demonstrated photoactivatable Rac1 using pMagFast2(3x) 
(red) and nMagHigh1 (blue). To develop photoactivatable Rac1, we used a guanine 
nucleotide exchanging factor (GEF) domain (residues 1033–1406) from mouse Tiam1.!
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Supplementary Figure 7. Magnet-based photoactivatable Rac1. (a) Fluorescence images 
of COS-7 cells expressing nMagHigh1-EGFP-CAAX, Tiam1-pMagFast2(3x)-iRFP and 
Lifeact-mCherry before and 20 min after irradiation with blue light (Left and middle panels). 
Right panels show merged images of expanded area (cyan), contracted area (red) and 
overlapped area (white). (b) A potent inhibitor for Rac1-specific GEF Tiam1 (100 μM) 
blocked the blue light-dependent cell expansion. (c) Fluorescence images of COS-7 cells 
expressing Tiam1-pMagFast2(3x)-iRFP and Lifeact-mCherry before and 20 min after 
irradiation with blue light. (d) Fluorescence images of COS-7 cells expressing nMagHigh1-
EGFP-CAAX, Tiam1-pMagFast2(3x)-iRFP and Lifeact-mCherry at initiation time (0 min) and 
after elapsed time of 20 min in the dark condition. (e) Quantification of expanded area of the 
COS-7 cells expressing Magnet-based photoactivatable Rac1. The expanded area was 
calculated by subtracting cell area before blue light irradiation and from that after irradiation. 
Blue light irradiation was completed with a Multi-line Argon laser (488 nm) at 0.2 mW. Scale 
bars of all images, 10 μm.!
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Supplementary Figure 8. Re-engineering of the nature of a fungal photoreceptor has 
created pairs of distinct photoswitches with selective hetero-dimerization properties, 
substantially enhanced dimerization efficiencies and accelerated dissociation 
kinetics, allowing spatially and temporally precise control of cellular proteins with 
blue light. !
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Supplementary Figure 9. Schematic representations of domain structures of 
constructs used in this study. L1-9, linker domains; CAAX1, a CAAX box motif 
(QGCMGLPCVVM) derived from C-terminus of N-Ras; CAAX2; a CAAX box motif 
(KKKKKKSKTKCVIM) derived from C-terminus of K-Ras; iSH2, an inter SH2 domain 
(residues 421–623) from bovine p85alpha-PI3kinase; Tiam1, a guanine nucleotide 
exchanging factor (GEF) domain (residues 1033–1406) from mouse Tiam1; AktPH, a PH 
domain (residues 1-164) derived from human Akt1.!
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Supplementary Figure 10. List of DNA sequences and amino acid sequences of constructs 
used in this study. Dark green; Nfluc and Cfluc, Orange; VVD, Red; pMag and pMagFast2, 
Magenta; mCherry, Blue; nMagHigh1, Light green, mKikGR and EGFP, Gray; CAAX, Dark red; 
iRFP, Light blue; iSH2 domain and Tiam1 domain, Purple; AktPH, Brown; Lifeact, Black; Start 
codon, Stop codon, linkers and histidine tag.!
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Supplementary Movies	


Supplementary Movie 1. Blue light-dependent translocation of 
pMagFast2(3x)-iRFP to the plasma membrane (PM) and its fast 

dissociation when the blue light is turned off. nMagHigh1 is tethered to 
the PM of the NIH3T3 cell. Imaging was conducted at 37 °C with a 63× 

oil objective on the stage of a LSM 710 confocal laser scanning 
microscope. Fluorescence images of iRFP were taken using a HeNe 

laser (633 nm). Scale bar, 10 μm.!

 !
Supplementary Movie 2. Blue light-dependent morphological changes 

in the PM of a COS-7 cell expressing iSH2-pMag(3x)-iRFP and 

nMagHigh1-EGFP-CAAX. Lifeact-mCherry is expressed to observe actin 
polymerization in the cell. Imaging was conducted at room temperature 

with a 63× oil objective on the stage of a LSM 710 confocal laser 
scanning microscope. Fluorescence images of mCherry were taken 

using a HeNe laser (543 nm). Scale bar, 10 μm.!


