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Supplementary Figure 1. Globally-fitted EAS and time traces of time-resolved Raman 

spectra of miRFP670/C20A. EAS obtained in (a) H2O and (b) D2O. Time traces at (c) 1630 

cm-1 in H2O (black) and 1620 cm-1 in D2O (red), and (d) 1649 cm-1 in H2O (black) and 1645 

cm-1 in D2O (red). The open dots show the raw data, and the solid lines show fitted time traces.  
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Supplementary Figure 2. Molecular models for QM/MM calculation. Based on the 3D 

structure (PDB entry: 5VIV1), two models where generated considering the two chromophore 

species detected in the electron density maps: model I, characterized by a single covalent bond 

between BV- C32 and the Cys253 of the GAF domain; model II, characterized by two covalent 

bonds between BV-C31 and Cys253 and between C32 and Cys20 from the PAS domain.  
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Supplementary Figure 3. Comparison of experimental and computational Raman spectra 

of miRFP670/C20A. (a) Third EAS of miRFP670/C20A from Figures 2d–f and 

Supplementary Figure 2. (b) QM/MM calculation of Raman spectrum of miRFP670/C20A. 

The black and red lines indicate data obtained in H2O and D2O, respectively.  
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Supplementary Figure 4. Calculated Raman spectra of BV with protonated and 

deprotonated pyrrole rings. QM/MM calculation of Raman spectra of miRFP670/C20A 

(model I in Supplementary Figure 2) for (a) BV with four protonated pyrrole nitrogens, (b) BV 

with one deprotonated pyrrole nitrogen in ring C, (c) BV with one deprotonated pyrrole 

nitrogen in ring B. Black and red lines show spectra in H2O and D2O, respectively.  
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Supplementary Figure 5. Normalized EAS of time-resolved stimulated Raman spectra of 

miRFP670/C20A. (a) The Raman spectra at 650–1750 cm-1. (b) Close-up Raman spectra at 

1500–1720 cm-1. The Raman spectra are normalized at 1626 cm-1.  
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Supplementary Figure 6. Difference spectra of EAS of time-resolved stimulated Raman 

spectra in miRFP670/C20A at pH 8.0. (a) Evolution-associated spectra (EAS), reproduced 

from Figure 3f. The 2nd (red) and 3rd (blue) EAS are displayed. (b) A difference spectrum of 

EAS: the 3rd EAS minus the 2nd EAS.  
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Supplementary Figure 7. Globally-fitted EAS of time-resolved Raman spectra of 

miRFP670 at pH 8.0. 
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Supplementary Figure 8. Time traces of the Raman data in miRFP670 (green) and its 

C20A mutant (black) in H2O. The open dots show the raw data, and the solid lines show the 

fitted time traces.   
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Supplementary Figure 9. Difference spectra of EAS of time-resolved stimulated Raman 

spectra in miRFP670 at pH 8.0. (a) Evolution-associated spectra (EAS), reproduced from 

Figure 4e. The 2nd (red), 3rd (blue), and 4th (green) EAS are displayed. (b) A difference 

spectrum of EAS: the 3rd EAS minus the 2nd EAS. (c) A difference spectrum of EAS: of the 4th 

EAS minus the 3rd EAS.  
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Supplementary Figure 10. Biliverdin assembly kinetics. SDS-PAGE protein gels of (a,c) 

miRFP670 and (b,d) miRFP670/C20A. Absorbance spectra at indicated time points of (e) 

miRFP670 and (f) miRFP670/C20A.  
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Supplementary Figure 11. Globally-fitted evolution-associated spectra of time-resolved 

Raman spectra of miRFP709 at pH 8.0. Evolution-associated spectra (EAS) with time 

constants of 2.1 min (black line), 18 min (red line) and nondecaying (blue line). The biliverdin 

(BV) stimulated Raman spectrum before addition of apoprotein is indicated with the grey line. 
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Supplementary Figure 12. Comparison of evolution-associated spectra of the stimulated 

Raman spectra of miRFP670/C20A in H2O. Evolution-associated spectra (EAS) of (a) 

before and (b) after the additional manual baseline correction, as described in the methods. 
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Supplementary Table 1. Mode Assignment based on QM/MM calculation.  

 

Model I 
(cm-1) 

 
1636.83 

 
1622.26 

 
 

1614.68 
 
 

1583.82 
 
 
 

1575.95 
 
 

 
 
 
 (20.26%) STRE C=C (Ring D Ethyl)                          
 (29.42%) STRE C=C (Methine Bridge C - D)  
 (22.56%) STRE C=C (Ring D Ethyl)                          
 (8.40%)   STRE C=C (Methine Bridge A - B)             
 (16.28%) STRE C=C (Methine Bridge C - D)             
 (20.94%) STRE C=C (Methine Bridge A - B)             
 (7.01%)   STRE C=C (Methine Bridge C - D)             
 (9.01%)   ROCK N-H (Ring A)                                   
 (10.77%) STRE C=C (Methine Bridge B – C)            
 (21.23%) STRE C-C (Methine Bridge B - C)              
 (9.66%)   ROCK N-H (Ring B)  
 (11.08%) ROCK C-H (Methine Bridge B - C)  
 (15.11%) ROCK N-H (Ring B)  
 (41.47%) ROCK N-H (Ring C)  
 

Model II 
(cm-1) 

 
1647.71 

 
1633.20 

 
 

1629.11 
 

1585.49 
 
 

1580.68 
 
 

1571.72 

 
 
 
 (22.03%) STRE C=C (Ring D Ethyl) -> 1                   
 (27.05%) STRE C=C (Methine Bridge Ring C - D)  
 (6.21%)   STRE C=C (Ring D Ethyl) -> 1                   
 (34.58%) STRE C=C (Methine Bridge A - B)             
 (9.01%)   ROCK N-H (Ring A)                                   
 (18.19%) STRE C=C (Ring D Ethyl)                          
 (26.04%) STRE C=C (Methine Bridge C - D)             
 (14.68%) STRE C=C (Methine Bridge B - C)             
 (6.59%)   STRE C-C (Methine Bridge B - C)              
 (32.31%) ROCK N-H (Ring C)                                   
 (15.54%) STRE C-C (Methine Bridge B - C)  
 (20.93%) ROCK N-H (Ring B)                                   
 (8.82%)   ROCK N-H (Ring C)  
 (9.19%)   STRE C=C (Ring D Ethyl)                          
 (40.72%) STRE C-C (Ring D)                                     
 (6.21%)   ROCK N-H (Ring C) 
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