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Methods 

Cell culturing: E. coli strain UT5600 transformed with the pKJ900 plasmid was used to express 

recombinant PR with a C-terminal 6-His tag. The cells were grown in LB medium, harvested, lysed and 

regenerated with the appropriate retinal as per protocols described previously 1-2.  

  

Protein purification: The lysed cell suspension was incubated with 4% DDM (w/v) overnight at 4°C and 

centrifuged to remove the insoluble cellular debris. The His-tagged proteorhodopsins were purified by im-

mobilized-metal affinity chromatography (IMAC), as reported previously 2. 10 ml Ni2+-NTA resin was used 

per 2000 mL original culture volume. The purified proteorhodopsin was eluted in 5 ml fractions containing 

20 mM bis-tris propane, 500 mM imidazole, 0.5 M NaCl, 0.1% DDM, pH 8 at RT. The fractions were 

combined and concentrated using a 10 kDa cut-off column (Amicon) to OD~10 at the absorption maxima 

for steady-state Raman and transient absorption experiments or OD~0.05 for fluorescence experiments. 

Buffer solutions for pH-dependent experiments contained 150 mM NaCl and 2.5% DDM, with 20 mM bis-

trispropane (for pH 6.0–7.0) or 20 mM Tris-HCl (for pH 7.5–9.0),.    

 

Steady-state stimulated Raman spectroscopy: Steady-state stimulated Raman experiments were performed 

as reported previously 3-5, using a 2-mm pathlength quartz cuvette (100-QS, Hellma Analytics).   

 

Femto- to submillisecond transient absorption spectroscopy: Transient absorption measurements were 

performed with a femtosecond-to-submillisecond pump-probe setup as reported previously 3, 5-7. The 

samples were filled in a homemade sample holder that has two 2-mm-thick CaF2 plates. The sample 

thickness was set at 400 µm for transient absorption experiments with an appropriate sample spacer. The 

sample holder was set on a Lissajous scanner forsample refreshment between laser shots with a time interval 

of 60 seconds between successive exposures to the laser pulses 8. A CaF2 plate on a homemade moving 

stage was used for supercontinuum white light generation, and a selected wavelength region; 400–750 nm, 

was detected by the photodiode array. The time delay was varied up to 430 µs at 163 data points with the 



minimum temporal step of 50 fs. The diameters of the pump and the probe beams at the sample position 

were ~200 µm and ~50 µm, respectively. The central wavelength and the power of the pump beam were 

set at 510 nm (~400 nJ), 620 nm (~400 nJ), 670 nm (~400 nJ), and 730 nm (~600 nJ). The instrument 

response function was ~100 fs, as estimated from global analysis.  

 

Global analysis methodology: Global analysis was performed for the transient absorption spectra using the 

Glotaran program.9-10 With global analysis, all wavelengths/wavenumbers were analyzed simultaneously 

with a set of common time constants 10. A kinetic model was applied consisting of sequentially 

interconverting, evolution-associated difference spectra (EADS), i.e. 1 → 2 → 3 →… in which the arrows 

indicate successive mono-exponential decays of a time constant, which can be regarded as the lifetime of 

each EADS 10. The first EADS corresponds to the difference spectrum at time zero. The first EADS evolves 

into the second EADS with time constant τ1, which in turn evolves into the third EADS with time constant 

τ2, etc. The procedure clearly visualizes the evolution of the intermediate states of the protein 3, 5, 11. Decay-

associated difference spectra (DADS) indicate the spectral changes with parallel decay channels and 

independent decay time constants. Intuitively, the DADS provide the difference spectra between the 

subsequent EADS, provided that the time constants are sufficiently widely separated. It is important to note 

that the parallel and the sequential analysis are mathematically equivalent and yield identical time constants 

12. The standard errors in the time constants were less than 5% 9, 11. 

Fluorescence spectroscopy: 

Fluorescence spectra of PR:MMAR at pH 6.0, 6.5, 7.0, 7.5, 8.0 and 8.5 were taken with a Vis/NIR 

fluorescence spectrometer (Fluoromax, Horiba) at 20°C, as reported previously 13. For the data acquisition 

process, the excitation light intensity was monitored by a photodiode and the fluorescence intensity was 

corrected for the photon flux of the excitation light. The samples were diluted to an OD< 0.05 (per cm) at 

760 nm to prevent reabsorption. The pigment concentration was the same for the different pH conditions. 

The fluorescence quantum yield of PR:MMAR at pH 7.0 with 760-nm excitation was measured using a 



near-infrared laser dye (HITCI, ФFL = 28.3% 14) dissolved in ethanol as a standard.  The samples were 

contained in a quartz cuvette (104F-QS, Hellma Analytics) with 10-mm pathlength in the excitation 

direction and 4-mm pathlength in the detection direction. The fluorescence spectra were obtained for the 

PR:MMAR and HITCI between 700–850 nm, and multi-Gaussian fitting was applied to calculate the total 

area of emission counts. The fluorescence quantum yield of PR:MAMR (ФFL,PR) was calculated with the 

following formula 14: 

  ФFL,PR = ФFL,dye × fdye(λex)/fPR(λex) × FPR/Fdye × nwater
2/nethanol

2 

Here fx , Fx  and nx represent 1−transmittance, total area of emission and refractive index, respectively.  

  

  



 
Fig. S1. Normalized pH-dependent absorption spectra of PR:MMAR. Modified from Ganapathy et 

al.(1).  

  



 
Fig. S2. Fluorescence excitation spectrum of 820-nm fluorescence of PR:MMAR at pH 7.0 overlapped 

with 1-transmittance (1-T) spectrum.  

  



 
Fig. S3. Globally-fitted transient absorption data of PR:MMAR at pH 7.0 with 730-nm excitation.. 

Selected time traces between (a) -1 ps and 10 ps, (b) 10 ps and 400 µs and (c) 1 ns and 400 µs, at 430, 490, 

580, 660 and 750 nm. Open dots show the raw data, and the solid gray lines show fitting curves. For further 

details see Fig. S7. 

  



 

 
 

Fig. S4. Globally-fitted transient absorption spectra of PR:MMAR at pH 7.0 with 620-nm excitation. 

Evolution-associated difference spectra (EADS) and decay-associated difference spectra (DADS) of the (a) 

first five and (b) the last three components. In (b), the vertical axis has been rescaled and the 540 ns 

component of panel (a) (magenta lines) has been reproduced. The wavelength region of 610–630 nm is 

omitted because of the strong scattering. Selected time traces between (c) -1 ps and 10 ps, and (d) 10 ps 

and 400 µs, at 430, 490, 580, 660 and 750 nm. Open dots show the raw data, and the solid gray lines show 

fitting curves.  The 260 fs component does not involve decay of ground-state bleach/stimulated emission 

and is assigned to a relaxation process in the excited state. In contrast, the 6.4, 34 and 290 ps lifetimes 

clearly represent loss of ground-state bleach/stimulated emission and hence are due to excited-state decay. 

Note that the 290 ps EADS and DADS (green lines in panel (a) are nearly identical to the 310 ps 

EADS/DADS upon 730 nm excitation (Fig S3(a), blue lines), indicating that this component arises from a 

fraction of directly excited 760-nm species that has a residual absorption at the 620 nm excitation 

wavelength. We conclude that the effective fluorescence lifetime is significantly shorter at 620 nm 



excitation than at 730 nm excitation. In addition, a K-like photo-isomerization product with an absorption 

at 670 nm is observed at low amplitude (panel (a, b) magenta line) implying that isomerization occurs at a 

low yield with this excitation wavelength. The K-like photoproduct evolves in 540 ns and 12 µs into an M-

like intermediate (panel (b), orange line) that has an absorption around 420 nm and is a marker of a 

deprotonated retinylidene Schiff-base (RSB)15, indicating proton transfer from the protonated RSB, most 

likely to the counterion Asp97, consistent with the observation that PR:MMAR is capable of pumping 

protons2. For further details see Fig. S7. 

  



 

 

 
Fig. S5. Global-fitted transient absorption spectra of PR:MMAR at pH 7.0 with 510-nm excitation. 

Evolution-associated difference spectra (EADS) and decay-associated difference spectra (DADS) of the (a) 

first five and (b) the last three components. In (b), the vertical axis has been rescaled and the 540 ns 

component of panel (a) (magenta lines) has been reproduced. The wavelength region of 500–520 nm is 

omitted because of the strong scattering. Selected time traces between (c) -1 ps and 10 ps, and (d) 10 ps 



and 400 µs, at 430, 490, 580, 660 and 750 nm. Open dots show the raw data, and the solid gray lines show 

fitting curves.  For further details see Fig. S7. 



 

 

Fig. S6. Global-fitted transient absorption spectra of PR:MMAR at pH 7.0 with 670-nm excitation. 
Evolution-associated difference spectra (EADS) and decay-associated difference spectra (DADS) of the (a) 

first five and (b) the last three components. In (b), the vertical axis has been rescaled and the 540 ns 

component of panel (a) (magenta lines) has been reproduced. The wavelength region of 660–680 nm is 

omitted because of the strong scattering. Selected time traces between (c) -1 ps and 10 ps, (d) 10 ps and 

400 µs and (e) 1 ns and 400 µs, at 430, 490, 580, 660 and 750 nm. Open dots show the raw data, and the 

solid gray lines show fitting curves. For further details see Fig. S7.  



 

Fig. S7. DADS of the three excited-state components of PR:MMAR at pH 7.0 with excitation at 510, 

620, 670 and 730 nm. ESA1, ESA2 and ESA3 show the excited-state component decaying in ≲10 ps, ~30 

ps and ~300 ps, respectively. The table shows comparison of the peak intensities of the excited-state 

absorption species and the K-like state of PR:MMAR with different excitation wavelengths. The unit of the 

values is mOD. In the graphs, the DADS of the ESA1, ESA2 and ESA3 with different excitation 

wavelengths (510, 620, 670 and 730 nm) are shown. The populations of ESA1 were almost identical with 

excitation at 510, 620 and 670 nm, while those of ESA2 are about 3-fold smaller with 670-nm excitation 

as compared with 510- and 620-nm excitation. Strikingly, the K-like state population is also ~3-fold smaller 

with 670-nm excitation than with 510- and 620-nm excitation, which is suggestive of a positive correlation 

between the population of ESA2 and that of the K-like photoproduct. These observations indicate that ESA2 

is the productive excited-state species, and ESA1 is a non-productive state. Overall, we conclude that the 

ESA2 is the dominant state in producing the K-like intermediate in ~30 ps, and the ESA1 and ESA3 are 

excited-state species returning to the initial ground state. It should be noted that it is not clear whether 

proton transfer from the protonated RSB in PR:MMAR is essential for its proton pumping function.16  
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