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Methods

Expression and purification in Pichia pastoris Humanized cDNA of CsChrimson (GenBank™: KJ995863.2, 1-
345 AA) was inserted in frame with the N-terminal yeast consensus sequence (AATAATGTCT, (Mark Cigan
and Donahue 1987)) and a C-terminal TEV protease cleavage site (ENLYFQG) and cloned into pPICZ-C
(Thermo Fisher Scientific, Waltham, MA, USA) between EcoRI/Sall (Thermo Fisher). Transformation and
expression in the methylotrophic yeast Pichia pastoris was done as described elsewhere® 2 with minor
modifications. Proteins were purified by affinity chromatography (His-Trap Crude FF, 5 mL) and desalting
(Desalt 16-60). pH was adjusted to pH 7.0 during the desalting step and transferred to pH 5.0 before the
measurement.

Transient absorption spectroscopy: Femtosecond to sub-millisecond transient absorption measurements
were performed by a pump-probe setup with synchronized 1 kHz Ti:Sapphire amplifiers as reported
previously3. A 2-mm-thick sapphire plate was used for supercontinuum white light generation, and selected
wavelength regions 425 - 725 nm, were detected by a photodiode array. The time delay was varied up to
400 ps at 166 data points with a minimum temporal step of 50 fs. The diameters of the pump and the probe
beams at the sample position were =200 um and =70 um, respectively. The wavelength of the pump beam
was centered at 520 or 580 nm, and the laser pulse energy was attenuated to =400 nJ and =300 nJ for 520
nm and 580 nm, respectively. The instrument response function (IRF) was 120 fs full width at half maximum
(FWHM), estimated from the global fitting. The flash photolysis experiments were performed as reported
previously to observe transient absorption from 1 ps to 10 s'. Global and target analysis according to the
kinetic schemes in Fig. S3 was carried out as described in.* The P1-P4 SAS estimated with 520 nm excitation
(Fig.4C) have been used as guidance spectra® to estimate the SAS in Fig. 4F. Details of the different kinetic
schemes and spectral constraints on the SADS or SAS employed in the target analysis are collated in Table
S1.

The absorption spectrum was fitted as a function of the wavenumber with skewed gaussian shapes*

e(V) /7 =&, exp(—InQ)[In(1+2b(7 -V )/ AV)/b])

max

with parameters v__, Av, and b for the location of the maximum, FWHM and skewness.

scheme Fig. ES3=ES1 ES3=ES2 ES3=ES4 PO=P1 P4=0 PO=0
sequential | 2 - - - -

(1a) $2,58 | 425-450nm | 425-525nm | 425-540nm

(1b) S3 425-450nm | 425-525nm | 425-540nm

(2) sS4 425-450nm | 425-725nm | 425-725nm

(3)520exc | 3,4 425-450nm | 425-710nm | 425-450nm | 425-525nm | 600-725nm | 710-725nm
(3)580exc | 3,4 425-450nm | 425-725nm | 425-715nm | 425-525nm | 610-725nm | 715-725nm

Table S 1. Spectral equality and zero constraints employed in the target analysis with the different kinetic schemes.
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Figure S1A. Selected time traces of Chrimson reaction dynamics at pH 5.0 upon 520 nm excitation. Fs to ms
data (in mOD, grey) and global analysis fit (black). Flash photolysis data (orange) and fit (red). Wavelength
is indicated in the ordinate label. Note that the time axis is linear until 1 ps (after the maximum of the IRF),
and logarithmic thereafter. Insets zoom in on the data after 100 ps.
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Figure S1B. Selected time traces of Chrimson reaction dynamics at pH 5.0 upon 580 nm excitation. Fs to ms
data (in mOD, grey) and global analysis fit (black). Flash photolysis data (orange) and fit (red). Wavelength
is indicated in the ordinate label. Note that the time axis is linear until 1 ps (after the maximum of the IRF),
and logarithmic thereafter. Insets zoom in on the data after 100 ps.
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Figure S1C. First left (A,C,E,G) and right (B,D,F,H) singular vectors resulting from the singular value decomposition
(SVD) of the residual matrix upon 520 (A-D) or 580 (E-H) nm excitation. Note that the first left singular vector
panels (A,E) show no systematic trends, and are dominated by the fluctuations of the laser intensity. Note further
that the first left singular vector panels (C,G) do show no systematic trends around 108,10° ps which are attributed to
instrumental differences (e.g., the different set ups, the longer duration of the excitation pulse and the
larger amount of measurement light).
Key A,B: 520 nm excitation TR1 (fs-sub-ms TA setup); C,D: 520 nm excitation Time Range 2 (TR2, flash photolysis
setup); E,F: 580 nm excitation TR1; G,H: 580 nm excitation TR2. Note that the time axis in (A,C,E,G) is linear until 1
ps (after the maximum of the IRF) and logarithmic thereafter.
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Figure S2. Target analysis (1a) of the Chrimson reaction dynamics at pH 5.0 upon 520 (B-D) or 580 (F-H) nm
excitation using the kinetic schemes of (A,E) where excited states ES1 and ES2 are productive. In the detailed
kinetic scheme (A,E) all rate constants are in ns?, the lifetimes are in yellow highlighted cells, and the thin
percentages indicate the branching. With P2-P5 the lighter colors apply to the flash photolysis data. (B,F)
Concentration profiles of ES1-ES4 and P1-P5 upon 520 (B) or 580 (F) nm excitation, using the same colors
asin (A,E). (C,G) SADS of ES1-ES4 and P1. (D,H) SADS of P1-P5. Key: ES1 — ES4: orange, purple, turquoise,
maroon; P1 — P5: red, blue, dark green, black, magenta. Cyan, green, grey and magenta in (B,F) refer to
flash photolysis populations. Note that in the bleach region around 550 nm the SADS of ES2,3,4 in (C,G) are
similar.
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Figure S3. Target analysis (1b) of the Chrimson reaction dynamics at pH 5.0 upon 520 (B-D) or 580 (F-H) nm
excitation, using the kinetic schemes of (A,E) where all excited states are productive, with a common rate. All rate
constants are in ns’, the lifetimes are in yellow highlighted cells, and the thin percentages indicate the branching.
With P2-P5 the lighter colors apply to the flash photolysis data. Concentration profiles of ES1-ES4 and P1-P5 upon
520 (B) or 580 (F) nm excitation, using the same colors as in (A,E). (C,G) SADS of ES1-ES4 and P1. (D,H) SADS of P1-P5.
Note that the SADS of ES2,3,4 in (G) contain features of P1, well visible in the bleach region around 550 nm.
Therefore, this kinetic scheme (1b) where all excited states are productive, with a common rate, is discarded.
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Figure S4. Target analysis (2) of the Chrimson reaction dynamics at pH 5.0 upon 520 (A-C) and 580 (D-F) nm
excitation according to scheme (A,E) in which the SADS of ES2, ES3 and ES4 are assumed to be identical, and all
excited states decay via a ground state intermediate (GSI, brown SADS). (B,F) Populations of the species. (C,G) SADS
(in mOD) of ES1 — ES4 and P1; (D,H) SADS of P1 — P5. Key: ES1 — ES4: orange, purple, turquoise, maroon; P1 — P5: red,
blue, dark green, black, magenta. Cyan, green, grey and magenta in (B,F) refer to flash photolysis populations. The
estimated GSI SADS (brown in C,G) are not realistic, especially with 580 nm excitation (G) where it shows ESA around

475 nm. Therefore, this kinetic scheme (2) where the differences around 640 nm between the ES2, ES3 and ES4 SADS
in Fig.S2 are attributed to a GSI is discarded.
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Figure S5. Skewed gaussian fits of the absorption spectrum of Chrimson (A) and bacteriorhodopsin (B).
Each spectrum was fitted by a sum of two skewed gaussian bands. The parameters of the main band
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b=0.336. A minor band (red) was needed to fit the small absorption at higher energy. Insets depict the
residuals which are attributed to vibrational fine structure.



Kq ER G
,—j\ e ~
=
£ Txnnnmmmmnnmmmmg
Qo @©
g 8 .
=)
T*“ U ;W« ?'55 —
. indsasasddss
B 1 © 1001000 164 E5 166 17 168 KB ED BN ER ES ' 0 1 0 D0 D00 16t 165 5 K7 159 169 ED EN E12 &3 O 1 10 100 DOD B IE5 155 &7 BB BB ED Bl B2 EB 4 O 1 D D0 000 It 165 15 IE7 166 169 EN EN E13 EXS
& 3 L -
TN =
-
N w .
En £ £
& g e & 3
™ \i\_/ " *”%h@@\
e
10 D00 4 155 165 17 168 E3 ED G B2 6 T0 o 1 15 B 17 168 169 €0 £n B2 B
- 1 0 1 0 100 000 B4 155 15 1Y LD KD ED E1 B2 EB 4 O 1 D DO N0 1k 165 15 IE7 10 160 ED ED ER EB
ER =
N e .
\/ N
E Ev_
8 - & 8
w ol ;
Q S
0 000 154 155 15 17 166 169 b ch B2 &S

---------------

R 34 @ k3 - -
j\ Pl
o gvvth o R% [ 1
. 00 1000 14 €5 160 187 160 w0 €0 £ B2 BB ini:néu's:'nu'la'nz's:b&a'zu'ss .
£ € g
e° B’ g || =
N
o) o \—"Mc\
\«‘*7‘ =
N - D0 00 A B5 B 127 128 19 £D Eh B2 B
{0 1 1 10 100 14 6 156 I WP KD KD EU EREB 4 0 1 0 D0 D00 (64 15 5 B 159 100 D BN B2 &3 "4 0 I 0 ol 0o 1 165 85 1E7 166 159 ED Eh £ EB
] ’ ’ §- ] M
-a‘eélilxl' """"" | : """"" ¥ =
e hﬂﬂnmzsll!lﬂlmﬂmlllmms &mm]ﬁnﬂlﬂl[!mﬂmms
£
§° 8 8 3
* o R
~
3
N B . 0 000 15k 155 15 127 166 109 b oh B2 B
T I I I MO GO BBadad 10 I AEErEndadEs 10 TN MEEE el ed 10 I IO B b ddS s
©n 9. & - 3 P
n4 3 .T. T -J ...... YTt T T T 7T T T ‘ v
. 00 1000 14 €5 166 187 160 B 0 £h B2 EB e R !
£ e £ £
<Q 2 ] 8 -

T~

it i s To0 oob 164 165 165 17 38 ¥B €D B o2 EB 00 000 15 165 B 107 160 160 €D £h 2 B
1 0 1 0 00 o0 B E5 s I B EDCH EUEREB 4 0 1 O D0 D00 10 15 E5 & Lo W0 D EN B2 BB 14 O 1 B 100 D00 K4 IS b Y BB ED b DI 2 €8 41 O 1 B D) 000 14 185 BB 1Y 166 150 €D £h £B £
Time (ps) Time (pe) Time (ps) Time (ps)

Figure S6A. Selected time traces of Chrimson reaction dynamics at pH 5.0 upon 520 nm excitation. Fs to ms

data (in mOD, grey) and target analysis (3) fit (black). Flash photolysis data (orange) and fit (red).
Wavelength is indicated in the ordinate label. Note that the time axis is linear until 1 ps (after the

maximum of the IRF), and logarithmic thereafter. Insets zoom in on the data after 100 ps. Note that in the
target analysis slightly different kinetic parameters have been estimated for the flash photolysis data, to
describe instrumental differences (e.g., the different set ups, the longer duration of the excitation pulse

and the larger amount of measurement light).
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Figure S6B. Selected time traces of Chrimson reaction dynamics at pH 5.0 upon 580 nm excitation. Fs to ms

0 1 D D0 000 14 IES E5 IE7 1E6 19 EO EN E2 EB
Tine (ps)

data (in mOD, grey) and target analysis (3) fit (black). Flash photolysis data (orange) and fit (red).
Wavelength is indicated in the ordinate label. Note that the time axis is linear until 1 ps (after the

maximum of the IRF), and logarithmic thereafter. Insets zoom in on the data after 100 ps. Note that in the
target analysis slightly different kinetic parameters have been estimated for the flash photolysis data, to
describe instrumental differences (e.g., the different set ups, the longer duration of the excitation pulse

and the larger amount of measurement light).
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Figure S6C. First left (A,C,E,G) and right (B,D,F,H) singular vectors resulting from the singular value decomposition
(SVD) of the residual matrix upon 520 (A-D) or 580 (E-H) nm excitation. Note that all first left singular vector
panels (A,C,E,G) show no systematic trends, and are dominated by the fluctuations of the laser intensity. Key A,B:
520 nm excitation TR1 (fs-sub-ms TA setup); C,D: 520 nm excitation Time Range 2 (TR2, flash photolysis setup);

E,F: 580 nm excitation TR1; G,H: 580 nm excitation TR2. Note that the time axis in (A,C,E,G) is linear until 1 ps (after

the maximum of the IRF) and logarithmic thereafter.
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A |1/cm PO P1 P2 P3 P4 P5
520 nm exc| 16115]17040]17727] 17826 | 19145 | 18087
580 nm exc| 16284]17048]17732] 17831 | 18998 | 18088

B |nm PO P1 P2 P3 P4 P5
520nmexc| 621 | 587 | 564 | 561 522 553
580 nmexc| 614 | 587 | 564 | 561 526 553

Table S 2. Location of the maximum absorption \_/max inecm™ (A) or th in nm (B) estimated from the SAS in Fig.S7.

SAS

i H

425 450 475 500 525 550 575 600 625 650 675 700 725 425 450 475 500 525 550 575 600 625 650 675 700 725
Wavelength (nm) Wavelength (nm)

Figure S7. SAS of Chrimson P0-P5 upon 520 (A) and 580 (B) nm excitation with superimposed spectral fits (dotted
lines) using skewed Gaussian shapes. Key: PO — P5: brown, red, blue, dark green, black, magenta. The estimated

locations of the maximum absorption ‘_/m are collated in Table S 2.
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Figure S8. Target analysis of the Chrimson reaction dynamics at pH 5.0 upon 520 (A-C) and 580 (D-F) nm excitation,
including the GSB according to the kinetic scheme (1a) in Fig.S2A,E. (A,D) Populations of the species. Note that
the time axis is linear until 1 ps (after the maximum of the IRF), and logarithmic thereafter. (B,E) GSB (dotted) and
SAS (solid, in mOD) of ES1 — ES4, and P1 (C,F) GSB (dotted) and SAS (solid) of P1 — P5. Key: ES1 — ES4: orange, purple,
turquoise, maroon; P1 — P5: brown, red, blue, dark green, black, magenta. Cyan, green, grey and magenta in (A,D)
refer to flash photolysis populations.
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