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S1. Detailed discussion of 1530 cm-1 to 1650 cmtregion

Since isomerization takes place with 100 fs, i.e. faster than the time-resolution of this experiment?,
we don’t observe excited state contributions in Figure 2. Hence, all positive signals are due to ab-
sorption of the photoproduct and all negative signals are induced by ground-state bleaching. We
know from our previous works!2 that the dynamics of retinal are described with time-constants of
500 fs and 5 ps. Thus, spectral changes on these time scales indicate retinal contributions while
slower spectral changes within tens of ps are an indication for protein contributions.

The position of the retinal modes in CaChR1 is well known from resonance Raman spectroscopy?3-
5, therefore we start by assigning the retinal modes in our transient spectra (Figure 2).

The negative peaks at 1540 cm! and 1623 cm-! can be attributed to the bleaching of the ground-
state all-trans retinal C=C stretching vibration and the C=N-D stretching vibration of the deuterated
Schiff’s base (SB). The assignment is supported by the dichroic ratio of both bands: for each band
the ratio is larger than two, indicating a near parallel orientation of the corresponding vibrational
tdm to the electronic tdm, in line with previous measurements.®’ Additionally, both bands are par-
tially decaying within the first 10 ps, in agreement with our prior studies of the C-C fingerprint re-
gion. The peak at 1623 cm-1 shows a slower decay as well, likely due to an additional obscured band
located at 1627 cm-1, as the neighboring band at 1633 cm-! shows almost identical changes.

The high-frequency edge of the bleaching signal at 1540 cm-! shows additional changes in tens of
picoseconds centered at 1552 cm1, likely caused by an underlying protein contribution from a COO-
antisymmetric stretching (as) vibration. On the low-frequency side of the 1540 cm-! signal a positive
peak at 1530 cmis rising with 5 ps. This peak can be attributed to the 13-cis retinal C=C stretching
vibration of the P1 state, as reported in the aforementioned resonance Raman studies3-.

A broad, partly structured, positive band appears between 1560 cm'1and 1610 cm-1. The broad
band decays partially in 5 ps, which is an indication that retinal modes are contributing in this re-
gion. The peak at 1602 cm! of this band can be attributed to the SB C=N-D vibration in the product
state P1, again following the assignment from previous RR studies. Like its ground-state bleaching
band, it follows the retinal dynamics and has a dichroic ratio between 2 and 3, again indicating par-
allel orientation thus supporting the established assignments. The rest of the region is difficult to
assign: There are two smaller negative bands at 1600 cm! and 1585 cm-1, which are either caused
by band shifts or by protonation of COO- asymmetric stretching vibrations from aspartates or glu-
tamates. A band-shift also results in a positive signal next to the negative band. Hence, part of the



broad positive signal could be due to the frequency shift of these two modes. At 1575 cm! a positive
band with a dichroic of ~2 is identifiable (Fig. 2). Since the dichroic ratio is different to the adjacent
bleaching peak at 1586 cm1, it is unlikely that they belong together. Instead this signal could be due
to an asymmetric stretching COO- mode of Glu. Further contributors to the signal of the broad band
could be C=N stretching vibration of arginine8? in a salt-bridge with a carboxylic acid.

The assignment of the negative band at 1635 cm1 is unclear. It has a slightly smaller strength than
the SB stretching mode and has a dichroic ratio of about 1. A similar band is also observed in CrChR2
and was attributed to an arginine C=N vibration.1? Ogren proved that protein contributions also ap-
pear in 80K-FTIR difference spectra in this region. It cannot stem from a partially deuterated sample,
since the C=N-H SB vibration in CaChR1 is located at 1646 cm. Potential contributions from the
residues located in the vicinity of the retinal could be tryptophan ring vibrations and arginine C=N
stretching vibrations.

S2. Comparison of the measured angles with angles in the homology
model.



We calculated the relative angles between the electronic tdm of retinal and the C=0 groups in the ho-
mology model (see S2). Since ultrafast processes in molecules are typically located around its excitation
site and propagate with about five angstroms per picosecond, it is reasonable to expect ultrafast interac-
tions within 350 fs (the system response of the experiment) to be located close to the retinal.!* Thus, we
focused on C=0 groups in a 6 A distance of the retinal C14 atom given by the homology model. The cal-
culated angles are presented in Figure S1. Only the calculated relative angles of the backbone C=0
group of Glu169 and of the carboxyl C=0 group of Glu169 agree within the given error margins with
the measured values.
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Figure S1. Estimated angles between electronic and vibrational tdms for all amide I vibrations and the car-
boxylic C=0 stretching vibrations in a 6 A distance of the retinal C14 atom given by the homology model. For
amide I tdms the estimated angles for 0° (blue squares) and 10° (red triangles) rotation away from the C=0
bond in the N-C-O plane are shown. The black circle marks the angle of the one C=0 stretching of a carboxyl
group in the given volume, the Glu169. The experiment was performed in D,0 where the rotation angle is
normally ~10°. The black horizontal lines mark the best fit values of the 1661 cm-! and 1689 cm-! band, with
the purple and green shaded ranges marking the 1o0- and 2o-ranges.
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Table S1. Estimated angles between electronic and vibrational tdms for all amide I C=0 stretching
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36 Cys133
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28 Leul37
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42 1le140

28 Cysi141
79 Phel42
68 Glul43
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79 Gly186
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51 Cys231
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73 Lys240
86 Val241
46 Leu242
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44 Met261
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60 Tyr265
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84 Gly268
42 Trp269
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76 lle275

49 Phe276
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72 Phe278

65 Gly279
24 GIn280
45 Ser281
71 Gly282
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29 Tyr289
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35 1le293
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78 Ser295
41 Ser296
41 Phe297
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87 Ser302
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84 Phe306
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vibrations in a 20 A distance of the retinal C14 atom given by the homology model.
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