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Supplementary Materials: Photocycle Dynamics of
the Archaerhodopsin 3 Based Fluorescent Voltage

Sensor QuasArl

Alfons Penzkofer, Arita Silapetere and Peter Hegemann
S1. Absorption Spectroscopic Photocycle Studies

S1.1. Photoexcitation with Light Emitting Diode LED 590 nm of Medium Photoexcitation Intensity

In Figure Sla, the development of absorption coefficient spectra of a fresh thawed QuasArl
sample in pH 8 buffer during light exposure with LED 590 nm (Aexc = 590 nm) of input intensity lexc =
14.07 mW cm? is displayed. The absorption coefficient curves belong to the exposure times listed in
the legend. With increasing exposure time, the curves show the decrease of the absorption band
around 580 nm and the dominant buildup of an absorption band around 370 nm. The inset in Figure
Sla shows the temporal development of the absorption coefficient o(tex) at the probe wavelength Apr
= 620 nm. It indicates an initially fast absorption decrease (photoconversion of Ret_5801 component)
followed by a slow absorption decrease (photoconversion of Ret_5801 component).

In Figure S1b, the absorption coefficient spectra development
Aa, (A1) =, (A t) = Xy e a0 (A L) — @ (4,1, =0) of formed species of QuasArl due to the
light exposure is displayed. New absorption bands are seen around A = 640 nm (PRSB Ret_640), = 540
nm (PRSB Ret_540), # 460 nm (PRSB Ret_460), = 410 nm (RSB Ret_410), and =~ 370 nm (RSB Ret_370).
The temporal developments of Aa. at the probe wavelengths Apr = 540 nm, 460 nm, 410 nm, and 370
nm are depicted in the inset of Figure S1b. The absorption band of Ret_540 increased within the first

a,Residuals eXC

54 s, then decreased for the next 10 min and leveled off. After 1 min of light exposure the absorption
at 460 nm remained nearly constant. The population buildup of Ret_460 is rather small (absorption
around 460 nm is dominated by absorption tails of Ret_540, Ret_410, and Ret_370). The absorptions
at 410 nm and at 370 nm increased during the whole time of light exposure.
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Figure S1. (a) Development of absorption coefficient spectra of a fresh thawed QuasArl sample in
pH 8 Tris buffer during light exposure with LED 590 nm with input excitation intensity of lexc = 14.07
mW cm?. The durations of light exposure are listed in the figure. The inset shows the temporal
dependence of 0a(620 nm) versus exposure time tfew. The data points are fitted by

a,(t,)=a,0)-Ac, [1—exp(—texc I T )] -Aa, [1— eXP (Lo / Toae )J with 0a(0) = 1.585 cm,

Aou=0.373 cm™, Tsa1 = 0.1 min, Aaur=1.22 cm™, and tsatr = 17.78 min. (b) Absorption coefficient spectra
of formed species of QuasArl in pH 8 Tris buffer due to light exposure with LED 590 nm of input
intensity lexc = 14.07 mW cm2. The absorption contribution of Ret_580, 0ta,ret_580(A, texc), and of the initial
residuals, Ola,Residuals(A, 0), are subtracted, ie.,
Aa, (Ait,e) = @y (A tye) = Qg re s (A o) — @ (At,. =0) . The inset shows the temporal

development of Aa. at Apr = 540 nm, 460 nm, 410 nm, and 370 nm versus exposure time fexc.

a,Residuals exc

In Figure S2, the attenuation coefficient spectra development is shown after excitation light
switch-off. The attenuation coefficient recovery was observed over a time period of nearly three
days. The inset in Figure S2 shows the temporal attenuation coefficient development at Apr = 580 nm
and 370 nm.
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Figure S2. Attenuation coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with LED 590 nm (input excitation intensity Iexc = 14.07 mW c¢m2) for an exposure time of
fexe = 14.7 min (see Figure Sla). The durations of recovery trw. are listed in the figure. The attenuation
coefficient spectra before exposure (tex = 0) and at end of exposure (fexc = 14.7 min) are included. The
inset shows the attenuation coefficient recovery a(trec) at Apr =580 nm and 370 nm.
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The corresponding absorption coefficient spectra development is shown in Figure S3. The
absorption band centered at 580 nm (Ret_580) recovered partly, and the formed absorption band
around 370 nm (Ret_370 including Ret_410) disappeared partly. The attenuation band around 280
nm (dominant tryptophan absorption) increased slightly due to thermal apoprotein restructuring
[33]. The inset in Figure S3 shows the partial absorption coefficient recovery at Apr = 580 nm where
the absorption is determined by Ret_580 (fast rise due to recovery of Ret_410 to Ret_5801, and slow
rise due to recovery of Ret_370 to Ret_580mu), and the partial absorption coefficient decrease at Apr =
370 nm where the absorption is determined by Ret_410 (short-wavelength absorption tail) and
Ret_370. The fast absorption decrease is caused by reprotonation of Ret_410 to Ret_5801, and the slow
absorption decrease is caused by reprotonation of Ret_370 to Ret_580u, and thermal changeover
from Ret_370 to irreversible Ret_350 caused by the dynamic thermal apoprotein restructuring [33].
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Figure S3. Absorption coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with LED 590 nm (input excitation intensity Iexc = 14.07 mW c¢m) for an exposure time of
texe = 14.7 min (see Figure S1a). Immediately after end of exposure, fluorescence emission spectra and
fluorescence excitation spectra were measured. The durations of recovery fr. are listed in the figure.
The absorption coefficient spectra before exposure (fexc=0) and at end of exposure (texc=14.7 min) are
included. The inset shows the absorption coefficient recovery o(trec) at Apr = 580 nm and 370 nm. The
data points are fitted by

o, (te) =, (0)+Act,, [1— eXP(tre / Tree )] +Aa,, [1— eXP(—te / Tree )] with 0a(0,580 nm) =

0.86 cm™, A0 1(580 nm) = 0.76 cm™, Trec (580 nm) = 1.86 h, Acta1(580 nm) = 0.245 cm™, Trec1(580 nm) =
20.4 h, 0a(0,370 nm) = 0.995 cm™, Aca1(370 nm) = -0.282 cm™, Trec1(370 nm) = 2.46 h, Acau(370 nm) =
-0.197 cm™, and Trec1(370 nm) = 113.7 h.

51.2. Photoexcitation with Light Emitting Diode LED 590 nm of Low Photoexcitation Intensity
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In Figure S4a, the development of absorption coefficient spectra of a fresh thawed QuasArl
sample in pH 8 buffer during light exposure with LED 590 nm (Aexc = 590 nm) of input intensity lexc =
1.12 mW cm? is displayed. The absorption coefficient curves belong to the exposure times listed in
the legend. With increasing exposure time, the curves show a decrease of the absorption band
around 580 nm and a buildup of the absorption band around 370 nm. The inset in Figure S4a shows
the temporal development of the absorption coefficient aa(fex) at the probe wavelength Apr = 620 nm.
It indicates an initially fast absorption decrease (photoconversion of Ret_580:1 component) followed
by a slow absorption decrease (photoconversion of Ret_580u component).

In Figure S4b, the absorption coefficient spectra development
A, (A1) = 0, (A t) = et a0 (A L) — Xz resivuass (A Toe =0) - Of formed species of QuasArl due to the

light exposure is displayed. New bands are seen around A = 640 nm (PRSB Ret_640), = 540 nm (PRSB
Ret_540), = 460 nm (PRSB Ret_460), ~ 410 nm (RSB Ret_410), and =~ 370 nm (RSB Ret_370). The
temporal developments of Aaa at the probe wavelengths Apr = 540 nm, 460 nm, 410 nm, and 370 nm
are depicted in the inset of Figure S4b. The absorption band of Ret_540 increased within the first 2
min and then decreased slightly. After 2 min of light exposure, the absorptions at 460 nm and 410
nm continued to increase with small slope. The absorption at 370 nm increased during the whole
time of light exposure with a steeper rise during the first minute of light exposure.
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Figure S4. (a) Development of absorption coefficient spectra of a fresh thawed QuasArl sample in
pH 8 Tris buffer during light exposure with LED 590 nm with input excitation intensity of Iexc = 1.12
mW cm?. The durations of light exposure are listed in the figure. The inset shows the temporal
dependence of 0a(620 nm) versus exposure time tex. The data points are fitted by

a,(t.)=a,(0)-Aq, [1— exXP (Lo / Tom )] -Aq, [1— exXP (Lo / Tomn )] with 0a(0) = 1.42 cm™, Aau
=0.203 cm, Tsat1 = 0.403 min, Aaur = 0.546 cm, and tsatit = 11.67 min. (b) Absorption coefficient spectra
of formed species of QuasArl in pH 8 Tris buffer due to light exposure with LED 590 nm of input
intensity Iexc=1.12 mW cm™?. The absorption contribution of Ret_580, otaget_580(A, texc), and of the initial

residuals, Ola,Residuals(2,0), are
Aaa (2” texc) =, (2" texc) - aa,RethO (/I’ texc) - (2" t

development of Ada at Apr = 540 nm, 460 nm, 410 nm, and 370 nm versus exposure time fexc.

subtracted, ie.,

aResicuals (4 lee =0) . The inset shows the temporal
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In Figure S5, the absorption coefficient spectra development of the QuasArl sample used in

Figure S4a after excitation light switch-off is displayed over a recovery time range of 5.65 h (sample
in the dark at room temperature). The absorption band centered at 580 nm (Ret_580) recovered
partly, and the formed absorption band formed around 370 nm (Ret_370 including Ret_410)
remained nearly constant. The absorption band around 280 nm (dominant tryptophan absorption)
increased steadily. The inset in Figure S5 shows the partial absorption coefficient recovery at Apr =
580 nm were the absorption is determined by Ret_580 (fast rise due to recovery of Ret_410 to
Ret_5801, and slow rise due to recovery of Ret_370 to Ret_580u), and the near constant absorption
coefficient at Apr = 370 where the absorption is determined by Ret_410 (short-wavelength absorption
tail), Ret_370, and the long-wavelength apoprotein absorption tail [33].
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Figure S5. Absorption coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with LED 590 nm (input excitation intensity lexc=1.12 mW cm?) for an exposure time of fexc
= 11.84 min (see Figure S4a). The durations of recovery trc are listed in the figure. The absorption
coefficient spectra before exposure (fexc = 0) and at end of exposure (fexc = 11.84 min) are included. The
inset shows the absorption coefficient recovery oa(trec) at Apr = 580 nm and 370 nm. The data points at
Apr = 580 nm are fitted by

&, (teo) = 2, (0) + Aty , [1—exp(—trec | T )]+Aaa,,, [1—exp(—trec [ e )] with aa(0) = 1.38 cm,

rec

A(Xa,l = 018 Cm'l, Trecl = 094 h, A(Xa,H = 049 Cm'l, Trec Il = 206 h

51.2. Photoexcitation with Light Emitting Diode LED 530 nm

At 530 nm the absorption of a fresh thawed QuasArl sample is dominated by the broad
absorption band of Ret_580. The photoexcitation of Ret_580 causes photoisomerization of Ret_5801 to
Ret_540 and of Ret_580u to Ret_640. The formed Ret_540 is photoexcited by light exposure at 530 nm
and causes a partial back photoisomerization of Ret_540 to Ret_580r (see discussion in the main part,
section 3).

In Figure S6a, the development of absorption coefficient spectra of a fresh thawed QuasArl
sample in pH 8 buffer during light exposure with LED 530 nm (Lexc = 530 nm) of input intensity lexc =
114.2 mW cm?is displayed. The spectral light distribution grepssonm(A) of the LED 530 nm is included
in the figure. The absorption coefficient curves belong to the exposure times listed in the legend.
With increasing exposure time, the curves show the decrease of the absorption band around 580 nm
and the dominant buildup of an absorption band around 370 nm. The inset in Figure S6a shows the
temporal development of the absorption coefficient oa(texc) at the probe wavelength Apr = 620 nm
(long-wavelength absorption region of Ret_580). It indicates an initially fast absorption decrease
(photoconversion of Ret_580: component) followed by a slow absorption decrease (photoconversion
of Ret_580n component).
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Figure S6. (a) Development of absorption coefficient spectra of a fresh thawed QuasArl sample in
pH 8 Tris buffer during light exposure with LED 530 nm with input excitation intensity of Iexc=114.2
mW cm?. The durations of light exposure are listed in the figure. The curve grep 53 nm(A) = SLED 530

nm(A)/SLED 530 nm(Amax) shows the spectral distribution of the excitation light source LED 530 nm. The

inset shows the temporal dependence of aa(620 nm) versus exposure time tex. The data points are

fitted by a,(t,.)=a,(0)-Ag, [1—exp(—teXC [ T )] -Aa, [1— eXP(tye / T )J with 0a(0) =
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1.53 em™, Aau=0.142 cm!, Tsa,1 = 0.02 min, Ao = 1.392 em?, and Tsat,n = 22.04 min.

(b) Absorption coefficient spectra of formed species of QuasArl in pH 8 Tris buffer due to light
exposure with LED 530 nm of input intensity lex = 114.2 mW cm?2. The absorption contribution of
Ret_580, aaretsso(Atexc), and of the initial residuals, oaResiquais(A,0), are subtracted, i.e.,
Aa, (A, b)) = a, (A, ) = A, pet sa0 (A toe) — P resivuats (Ao toe =0) - The inset shows the temporal

development of Aa. at Apr = 540 nm, 460 nm, 410 nm, and 370 nm versus exposure time fexc.

In Figure S6b, the temporal development
Aa, (A1) = 0, (A ) = Xy e 500 (A L) = X esivuass (Ao toe =0) - of the formed species during light

exposure is displayed. New absorption bands are seen around A = 640 nm (PRSB Ret_640), = 540 nm
(PRSB Ret_540), = 460 nm (PRSB Ret_460), = 410 nm (RSB Ret_410), and = 370 nm (RSB Ret_370). The
temporal developments of Aaa at the probe wavelengths Apr = 540 nm, 460 nm, 410 nm, and 370 nm
are depicted in the inset of Figure S6b. Within the first 18 s Aa. increased for all wavelengths, then
Aaa(540 nm) decreased with exposure time, while Ao at 460 nm, 410 nm and 370 nm continued to
increase.

The attenuation coefficient spectra development of the QuasAr1 sample used in Figure S6a after
excitation light switch-off over a recovery time range of slightly more than two days (sample in the
dark at room temperature) is displayed in Figure S7. The inset in Figure S7 shows the temporal
attenuation coefficient development at Apr = 580 nm and 370 nm. The corresponding absorption
coefficient spectra development (scattering contributions approximately subtracted) is shown in
Figure S8. The absorption band centered at 580 nm (Ret_580) recovered partly, and the formed
absorption band formed around 370 nm (Ret_370 including Ret_410) disappeared partly. The
absorption band around 280 nm (dominant tryptophan absorption) increased steadily due to
thermal apoprotein restructuring [33]. The inset in Figure S8 shows the partial absorption coefficient
recovery at Apr = 580 nm were the absorption is determined by Ret_580, and the partial absorption
coefficient decrease at Apr = 370 nm due to reprotonation of Ret_370 and Ret_410 to Ret_580. The only
partial reconversion is caused by the dynamic thermal apoprotein restructuring [33] during the slow
recovery time of the photocycle process.
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Figure S7. Attenuation coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with LED 530 nm (input excitation intensity Iexc = 114.2 mW cm?) for an exposure time of
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fexe = 16.2 min (see Figure S6a). The durations of recovery tfre. are listed in the figure. The attenuation
coefficient spectra before exposure (texc = 0) and at end of exposure (fexc = 16.2 min) are included. The
inset shows the attenuation coefficient recovery a(trec) at Apr =580 nm and 370 nm.
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Figure S8. Absorption coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with LED 530 nm (input excitation intensity Iexc = 114.2 mW cm2) for an exposure time of
texe = 16.2 min (see Figure S6a). The durations of recovery trw. are listed in the figure. The absorption
coefficient spectra before exposure (tex = 0) and at end of exposure (fexc = 16.2 min) are included. The
inset shows the absorption coefficient recovery ca(trec) at Apr =580 nm and 370 nm. The data points are

fitted by @, (tee) = & (0) + Ay, [1= XDty / Ty ) |+ Aty y [1=XP(~tyee /Ty ) | with

0a(0,580 nm) = 1.02 cm™, A0 1(580 nm) = 0.238 cm!, Trec1(580 nm) = 0.87 h, Aataui(580 nm) = 0.525 cm™,
Trec11(580 nm) = 7.81 h, aa(0,370 nm) = 0.869 cm™, Aca1(370 nm) = -0.0462 cm?, Trec (370 nm) = 0.722 h,
Ada,1(370 nm) = -0.265 cm™, and Trec1(370 nm) = 7.9 h.

The temporal absorption coefficient developments at Apr = 580 nm, 530 nm, and 367 nm are
displayed in Figure 59 for a fresh thawed QuasAr1 sample in pH 8 Tris buffer. In the first run, the
probe wavelength was set to Apr = 580 nm, the exposure time was tex = 1.5 s, and the time interval of
recovery in the dark was set to 10 min. Then, it followed immediately the second run with the same
exposure/dark parameters at Apr = 530 nm. After that it followed immediately the third run with the
same exposure/dark parameters at Apr = 367 nm.

The top part of Figure S9 shows the absorption development at Apr = 580 nm. During light
exposure, the absorption decreased dominantly by photoisomerization of Ret_5801 to Ret_540. After
excitation light switch-off, initially a minute absorption decrease was observed likely due to the
conversion of Ret_540 to Ret_410 (absorption band of Ret_540 extends out to 580 nm). The following
slight absorption increase is thought to be due to partial reprotonation and back isomerization of
Ret_410 to Ret_5801 (see discussion in the main part, section 3).

The middle part of Figure S9 shows the absorption development at Apr = 530 nm in a second
exposure of the sample. The absorption decrease, during light exposure, is due to the absorption
decrease of the broad absorption band of Ret_580 which dominates over the absorption increase of
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the absorption band of the formed Ret_540. The weaker absorption decrease, as compared with Apr =
580 nm, is due to the formation of the absorption band of Ret_540 during light exposure. The
photoexcitation of Ret_540 caused back photoisomerization of Ret_540 to Ret_5801 (see discussion in
the main part, Section 3). After light switch-off the absorption at 530 nm decreased because of
deprotonation of Ret_540 to Ret_410 (fitted time constant Treret 510 = 41.6 s, see discussion below). The
spike at the position of light switch-on is thought to be an artifact caused by a photoinduced
transient thermal grating effect [34,35].

The bottom part of Figure S9 shows the absorption development at Apr = 367 nm in a third
exposure of the sample. After excitation light switch-off (fexcend = 1.5 s) the absorption continued to
increase within the first 40 s and then leveled off (fitted time constant trelret 640 = 14.4 s). The
absorption dynamics is thought to be dominated by conversion of Ret_640 to Ret_370 by protonated
retinal Schiff base deprotonation (see discussion in the main part, Section 3). The spike at the
position of light switch-off is thought to be an artifact caused by a photoinduced transient thermal
grating effect [34,35].
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Figure S9. Temporal absorption coefficient development of QuasAr1 in pH 8 Tris buffer at the probe
wavelengths Apr = 580 nm (top part, peak absorption of Ret_580), 530 nm (middle part, near peak
absorption of Ret_540), and 367 nm (bottom part, peak absorption of Ret_370) before, during, and
after photoexcitation with LED 530 nm of excitation intensity lexe=114.2 mW cm for a duration of fexc
=1.5s. The same sample was used. Immediately after measurement at Apr = 580 nm the measurement
was continued at Apr = 530 nm, and then at Apr = 367 nm. In the top left subfigure the data points,
during light exposure, are fitted by
@, (t,) = 2, (0)— A, , [1-exp(~t,. /7, ) |- A, [1-eXp(—t, /7, )] with 0a(0) = 2.32 cm?, Acr
=0.104 cm™, ©u = 160 ms, Acau = 0.076 cm™, and w = 1.47 s. A fit of the right part of the middle
subfigure with &, (t > by ) = @ (s ) = Ao [ 10X (= (t =ty g ) oo sa0) | VS ca(fscens) =
1.354 cm™!, Acta = 0.013 cm, and Trelret 500 = 41.6 s. A fit of the right part of the bottom subfigure with
a,(t>1,0 g) =, (e ong) T A, [1— exp(—(t Lo end )/TreI,Ret_64O )J gives Oa(fexcend) = 0.512 cm, Ao

=0.00845 cm!, and trelRet 620 =14.4 s.
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G§1.3. Photoexcitation with Helium Neon Laser at 632.8 nm

At hexe = 632.8 nm, the absorption of a fresh thawed QuasArl sample is caused by the
long-wavelength absorption tail of Ret_580. The photoexcitation of Ret_580 causes mainly
photoisomerization of Ret_580: to Ret_540 and of Ret _580un to Ret_640. The formed Ret_640 is
photoexcited by light exposure at 632.8 nm and causes a partial back photoisomerization of Ret_640
to Ret_580n (see discussion in the main part, Section 3).
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@ Noye = 632.8 M
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35¢ g
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Figure S10. (a) Development of absorption coefficient spectra of a fresh thawed QuasArl sample in
pH 8 Tris buffer, during light exposure, with helium neon laser (Aexc = 632.8 nm) with input excitation
intensity of lexc = 15.56 mW cm?. The durations of light exposure are listed in the figure. The inset
shows the temporal dependence of 0a(620 nm) versus exposure time fexc. The data points are fitted by

&, () = &, (0) = Act, [1=exp(—tyq / 7y ) | = Aty [1=0Xp(ty [ 7y ) | with as(0) = 1.57 cm, Aau
=0.629 cm!, tsat1 = 0.179 min, Aour = 0.815 cm!, and Tsatn = 8.56 min.

(b) Absorption coefficient spectra of formed species. The absorption contribution of Ret 580,

OaRet 580(A,fexc), and of the initial residuals, OaResiquais(A,0), are subtracted, i.e.
Aaa (ﬂ! texc) =, (lv texc) - aa,Ret_SBO (/l’ texc) - (ﬂ,, t

development of Aaa at Apr = 540 nm, 460 nm, 410 nm, and 370 nm versus exposure time fexc.

=0) . The inset shows the temporal

a,Residuals exc

In Figure S10a, the development of absorption coefficient spectra of a fresh thawed QuasAr1
sample in pH 8 buffer, during light exposure, with a helium neon laser (Aexc = 632.8 nm and input
intensity lexe = 15.56 mW cm?) is displayed. The absorption coefficient curves belong to the exposure
times listed in the legend. With increasing exposure time, the curves show the decrease of the
absorption band around 580 nm and the dominant buildup of an absorption band around 370 nm.
The inset in Figure S10a shows the temporal development of the absorption coefficient aa(tex) at the
probe wavelength Apr = 620 nm. It indicates an initially fast absorption decrease (photoconversion of
Ret_5801 component) followed by a slow absorption decrease (photoconversion of Ret_580u
component).

In Figure S10b, the temporal development
Aa, (A t,.) = @, (A t) = @y ey 550 (A (A,t,, =0) of the formed species, during light
exposure, is displayed. New absorption bands are seen around A = 540 nm (PRSB Ret_540), = 460 nm
(PRSB Ret_460, small contribution), = 410 nm (RSB Ret_410), and = 370 nm (RSB Ret_370). No new
absorption band around A = 640 nm (PRSB Ret_640) is seen, because the excitation laser at 632.8 nm
photoexcites Ret_640 with photoisomerization back to Ret_580n. The temporal developments of Aca
at the probe wavelengths Apr = 540 nm, 460 nm, 410 nm, and 370 nm are depicted in the inset of

’ texc) - aa,ReSiduals exc
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Figure S10b. Within the first minute, Aaa increased for all wavelengths, then Aca(540 nm) decreased
with exposure time, Aa.a(460 nm) remained approximately constant, while Aca at 410 nm and 370 nm
continued to increase.

The attenuation coefficient spectra development of the QuasArl sample used in Figure S10a
after excitation light switch-off over a recovery time range of slightly more than two days (sample in
the dark at room temperature) is displayed in Figure S11. The inset in Figure S11 shows the temporal
attenuation coefficient development at Apr = 580 nm and 370 nm. The corresponding absorption
coefficient spectra development (scattering contributions approximately subtracted) is shown in
Figure S12. The absorption band centered at 580 nm (Ret_580) recovered partly, and the formed
absorption bands formed around 460 nm, 410 nm, and 370 nm decreased slightly. The absorption
band around 280 nm (dominant tryptophan absorption) and its absorption tail out to 400 nm (likely
due to dityrosine [47], tyrosinyl radicals [48], and tryptophanyl radicals [49]) increased steadily due
to thermal apoprotein restructuring [33] (some long-time interaction of the buffer components with
the apoprotein cannot be excluded). The inset in Figure 512 shows the partial absorption coefficient
recovery at Apr = 580 nm where the absorption is determined by Ret_580, and the partial absorption
coefficient decrease at Apr = 370 nm due to reprotonation of Ret_370 and Ret_410 to Ret_580. The only
partial reconversion is caused by the dynamic thermal apoprotein restructuring [33], during the
slow recovery time of the photocycle process.
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Figure S11. Attenuation coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with a helium neon laser (Aexc = 632.8 nm) of excitation intensity lexc = 15.65 mW cm? for an
exposure time of fexc = 16.2 min (see Figure S10a). The durations of recovery tr are listed in the figure.
The attenuation coefficient spectra before exposure (texc = 0) and at end of exposure (fexc = 16.2 min)
are included. The inset shows the attenuation coefficient recovery o(trec) at Apr = 580 nm and 370 nm.
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Figure S12. Absorption coefficient spectra recovery of QuasArl in pH 8 Tris buffer after light
exposure with helium neon laser (Aexc = 632.8 nm) of excitation intensity Iexc = 15.65 mW cm? for an
exposure time of fexc = 16.2 min (see Figure S10a). The durations of recovery trec are listed in the figure.
The absorption coefficient spectra before exposure (fexc=0) and at end of exposure (fexc=16.2 min) are
included. The inset shows the absorption coefficient recovery ota(trec) at Apr = 580 nm and 370 nm. The
data points for Apr = 580 nm and 370 nm are fitted by

a,(t.)=a,0)+Aa,, |:1—exp(—trec 1T, )]+Aaa’“ [1—exp(—trec I Toe )] with 0a(0,580 nm) =

0.452 cm™, A0 1(580 nm) = 0.312 cm™, Trec (580 nm) = 2.56 h, Aca, (580 nm) = 0.505 cm?, Trec1(580 nm) =
14.7 h, 0a(0,370 nm) = 1.1 cm™, Acta1(370 nm) = -0.097 cm?, Treci(370 nm) = 2.5 h, Aata,1(370 nm) = 0.0156
cm™, and Trec (370 nm) = 12.8 h.

The temporal absorption coefficient developments at Apr = 580 nm, 530 nm, and 367 nm are
displayed in Figure S13 for a fresh thawed QuasArl sample in pH 8 Tris buffer. In the first run, the
probe wavelength was set to Apr = 580 nm, the exposure time was fexc = 58 s, and the time of recovery
in the dark was 10 min. Then, it followed immediately the second run with an exposure time of 18 s
and a recovery time in the dark of 10 min at Apr = 530 nm. After that it followed immediately the third
run with 18 s exposure and 10 min recovery at Apr = 367 nm.

The top part of Figure S13 shows the absorption development at Apr = 580 nm. During light
exposure, the absorption decreased by photoisomerization of Ret 5801 to Ret_540,
photoisomerization of Ret_580un to Ret_640 and some deprotonation of Ret_540 to Ret_410 and of
Ret_640 to Ret_370. After excitation light switch-off a slight absorption increase was observed likely
due to reprotonation of Ret_410 to Ret_580: (see discussion in the main part, Section 3).
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The middle part of Figure S13 shows the absorption development at Apr = 530 nm in a second
exposure of the sample. The absorption decrease, during light exposure, is due to the absorption
decrease of the broad absorption band of Ret_580 which dominates the absorption at 530 nm. The
weaker absorption decrease, as compared with Apr = 580 nm, is due to the formation of the
absorption band of Ret_540 during light exposure. After light switch-off (fexcend = 18 s) the absorption
at 530 nm decreased because of deprotonation of Ret_540 to Ret_410 (see discussion in the main part,
Section 3).

The bottom part of Figure 513 shows the absorption development at Apr = 367 nm in a third
exposure of the sample. During light exposure, the absorption increased (conversion of Ret_580r to
Ret_410 and of Ret_580n to Ret_370). After excitation light switch-off (fexcend = 18 s) the absorption
continued to increase within the first 20 s dominantly due to the deprotonation of Ret_640 to
Ret_370.
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Figure S13. Temporal absorption coefficient development of QuasArl in pH 8 Tris buffer at the
probe wavelengths Apr = 580 nm (top part, peak absorption of Ret_580, duration of exposure fexc = 58
s), 530 nm (middle part, near peak absorption of Ret_540, texc = 18 s), and 367 nm (bottom part, peak
absorption of Ret_370, fexc = 18 s) before, during, and after photoexcitation with helium neon laser of
excitation intensity Iexc = 15.65 mW cm2. The same sample was used. Immediately after measurement
at Apr = 580 nm the measurement was continued at Apr = 530 nm, and then at Apr = 367 nm. In the top
left  subfigure the data  points, during light exposure, are fitted by
@, (te) =2, (0)— A, , [1-exp(—t,. /7, ) |- A, [1-eXp(—t,, / 7, )] with 0a(0) = 2.23 cm, Acar

=0.431 cm?, m=251s, Acan=0.454 cm™!, and tn=46.7 s.

S2. Fluorescence Emission Spectra of QuasAr1 in Tris pH 8 Buffer after Light Exposure

In Figure S14, total fluorescence emission quantum distributions, Er(Ar), are shown for the
QuasArl sample in pH 8 Tris buffer used for the photocylce studies of Figure 1a (sample excitation
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with LED 590 nm of input intensity lex = 64.65 mW cm? for a duration of fexc = 25 min). Er(Ar) is
defined by [50]

Se (4e) _ ZiSFvi(lF)
s.. S

Ee (4e) = (SD)

abs abs

where Se(Ar) is the total intrinsic spectral fluorescence photon number density distribution, Sabs is the
total number of absorbed excitation photons, and Sr,i(Ar) is the intrinsic spectral fluorescence photon

number density distribution of species i.

In Figure S14a, the fluorescence spectra were recorded immediately after the end of the
photoexcitation, and in Figure S14b the fluorescence spectra were recorded five days after the end of
the photoexcitation. The various Er(Ar) curves belong to different fluorescence excitation
wavelengths Arex in the range from Arex = 640 nm to 260 nm. For Arex > 550 nm, only Ret_580 and
possibly minor present Ret_640 contribute to Er(Ar). For shorter fluorescence excitation wavelengths,
originally present and formed retinal isomers are excited and contribute to the Er(Ar) curves. For
AEexe < 310 nm, the fluorescence emission in the wavelength range Ar < 400 nm is dominated by
apoprotein Trp emission. A comparison of Figure Sl4a with Figure S14b indicates that the
fluorescence spectra change with storage time in the dark after the light exposure (relaxations after

photoisomerization, thermal isomerizations and protonation changes, and thermal apoprotein

restructuring).
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Figure S14. Fluorescence emission quantum distribution Er(Ar) of QuasArl in pH 8 Tris buffer (a)

immediately after photoexcitation, and (b) after 5 days of recovery in the dark at room temperature.

The fluorescence excitation wavelengths Arex are indicated in the subfigures. Sample excitation was

according to Figure 1a.

In Figure S15 the dependence of the total fluorescence quantum yield

¢|: (ﬂ*F) = Lm EF (ﬂ*F )dﬂ’F

(S2)

on the fluorescence excitation wavelength Arex is shown for a fresh thawed QuasArl sample (data

taken from [33]) and for the photoexcited QuasAr1 sample of Figure 1a (Aexc =590 nm, lexc = 64.65 mW

cm?, fee = 25 min) immediately after excitation, and five days after excitation. The fluorescence

quantum yield of Ret_580 (Arexc > 500 nm) is approximately the same before photoexcitation, after

photoexcitation, and after thermal recovery in the dark. The retinal isomers that are formed by

photoexcitation, immediately after formation, are less fluorescent than Ret_580. This behavior

changes with thermal relaxation in the dark where ¢r in the fluorescence excitation wavelength

region from 310 nm to 500 nm becomes stronger than for the fresh thawed sample. Immediately after

photoexcitation, the apoprotein Trp fluorescence quantum yield is larger than in the case of the fresh

thawed sample or the thermally relaxed sample. In this case the Trp fluorescence quenching by

Forster-type energy transfer [51,52] to retinal isomers is reduced.
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Figure S15. Dependence of fluorescence quantum yield ¢r of QuasArl in pH 8 Tris buffer on
fluorescence excitation wavelength Arexc. Circles, fresh unexposed sample; triangles, fluorescence
measured immediately after light exposure at 590 nm with Iexc = 64.65 mW cm? for duration of 25

min; and squares, fluorescence measure of the same exposed sample five days after light switch-off

(storage in the dark at room temperature).

S3. Fluorescence Excitation Spectra of QuasAr1 in Tris pH 8 Buffer after Light Exposure and Dark
Recovery

In Figure 516, normalized fluorescence excitation quantum distributions E_ (4,.) [33,53] are
shown of the photoexcited QuasAr1 sample of Figure 1a (Aexc=590 nm, lexc = 64.65 mW cm2, and fexc =

25 min) after five days of recovery in the dark. The corresponding absorption coefficient spectrum

0.a()) of the recovered sample is included. The fluorescence excitation quantum distributions Eex(Aexc)
are normalized according to

Eex g, (/Iexc)
Ee'x (ﬂvexc) = Ee:x AF (ﬂ'exc) = e aa (580 nm)
2 AF det EEX,ﬂp_dez =720 nm (/IEXC = 580 nm)

(S3)

In the top subfigure, the E_ (4,.) curves for Arex =780 nm, 740 nm, and 700 nm resemble the

absorption coefficient spectrum of Ret_580 in the wavelength range Aexc > 310 nm. For Aex < 310 nm,
the curves are dominated by apoprotein Trp and Tyr absorption and subsequent Forster-type energy

transfer [51,52] to Ret_580. The curves belonging to Arde = 660 nm and 640 nm include already
emissions from shorter wavelength absorbing retinal isomers.
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Figure S16. Normalized fluorescence excitation quantum distributions E., (1) and corresponding

absorption coefficient spectrum aa(kex) of QuasArl in pH 8 Tris buffer after photoexcitation and
recovery of five days in the dark at room temperature. The fluorescence detection wavelengths A det

are indicated in the subfigures. Sample excitation was according to Figure 1a.

In the second-top subfigure, E,(4,.) curves are displayed for Ardet = 600 nm, 570 nm, 550 nm,

520 nm, and 500 nm. They indicate emission from protonated retinal Schiff base isomers around 450
nm (Ret_450 of thermal relaxed QuasArl, see [33]) and of deprotonated retinal Schiff base isomers
around 350 nm (Ret_350 of thermal relaxed QuasArl, see [33]). For Aexc < 310 nm, the curves are
dominated by apoprotein Trp and Tyr absorption and subsequent Forster-type energy transfer to
Ret_350 and Ret_450.

In the second-bottom subfigure, E_ (4,

) curves are displayed for Afdet = 480 nm, 460 nm, 430
nm, 400 nm, and 370 nm. They indicate emission from deprotonated retinal Schiff base isomers
around 350 nm (Ret_350 of thermal relaxed QuasAr1, see [33]). For Aexc <310 nm, the curves again are
dominated by apoprotein Trp and Tyr absorption and subsequent Forster-type energy transfer to
Ret_350. For Aexc <310 nm and Ak,det = 370 nm, the direct Trp emission dominates.

In the bottom subfigure, the E[(4,) curves are determined by emission from Trp and

Forster-type energy transfer from Tyr to Trp.

XC

S4. Photocycle Dynamics Calculations

The photocycle dynamics of Ret_580: and of Ret_580u occurs with different photoconversion
efficiency (@, ret sa0, (texe = 0, e =590 M) = 0.056, @, et ss0, (Ao =590 NM, I, — 0) = 0.00135, Figure

XC
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5) and different recovery times ( 7 . ret 410 5ret 530, = Treed ® 1.5 0, Troe per 370 ,ret ss0, = Treent = 20 h, Figure

3a). This different dynamic behavior allows a separation of the Ret_5801 and Ret_580un photocycle
analysis.

Before light exposure the absorption coefficient spectrum aaretsso(fee = 0) of Ret_580 is
composed of contributions from Ret_580: and Ret_580n according to

Ay pet 530 (0) = &4 Ret_580, 0)+ O3 Ret_580, 0) (54)

with
g Ret 580, 0)= KRet_580, %a,Ret_580 0) (S5)
Ay Ret 580, 0)= KRet_580, ¥a,Ret_580 (0) (S6)

where [33] Kgy 550, = 0.41 is the fraction of Ret_5801 in Ret_580, and &g 550, = 0.59 is the fraction of

Ret_580m in Ret_580.

For fexc << Troq et a105ret 580, < Trec,ret a0ret 580, (SIOW saturable absorption [54]) the excitation

intensity dependent temporal development of @, gy g0, (tex.) ANA - @, ey 550, (L) 18 given by [55]

y Ret_580, (t) = Oy Ret_580, (0)exp [_ﬁj (57)
Qy Ret_580,, (to) = Ay Ret 580, (0)exp [_z}aett:ﬁ] (S8)
where
TRet_580, sat w (89)
exc

Ve = Oa,Ret_580 (}“e:;/;Zn,Retsao. (o) 10

S (s11)

Weer_se0, sat = Mo (S12)

a,Ret_580 (ﬂ‘exc )¢con,Ret_580“ ( I exc )

TRet 580, sat and TRet 580,50t AT€ the saturation time constants. Wheet 580, sat and Whet 580, 52t Ar€ the

saturation energy densities.

For Aexe =590 nm and Iexc = 64.65 mW cm?, the saturation energy density and the saturation time
constant of Ret_580n are Wgy 550, 5 = 48 ] cm? (Garet 550(590 nm) = 1.55x101¢ cm? [33], @y, rer 80, (Nexc)
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=453 x 10'5, Figure 5) and TReLSSO,,,sat = WRethSO,,,sat /Iexc = 740 s. For hexc = 590 nm, Iexc = 64.65 mW Cm'z,

and fex — 0 the saturation energy density and the saturation time constant of Ret_580: are
Weet 50,5t = 0-0388 J cm? (Garet580(590 nm) = 1.55 x 1016 cm? [33], @y, et 50, (lexe 1 texe = 0) = 0.056,

Figure 5) and gy 550, ot = Weet 580,500 /Lexc = 0.6 s.
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Figure S17. Temporal absorption coefficient development of Ret 5801 at Apr = 580 nm during
photoexcitation: (Top part) Aexc = 590 nm, fexc = 64.65 mW cm! and (Bottom part) Aexc = 530 nm, exc =
114.2 mW cm™.

For ty, < Ty sa, s the absorption coefficient development of Ret_5801 is approximately given

aa,Rel_SSO, (texc) = aa,Rel_Sso (texc) - aa,Ret_SSOH (O) (813)

The temporal development of @, gy sg0, (texc s Ao =580 NM) is shown in Figure S17 for Lexc = 590 nm, fexc
= 64.65 mW cm in the top part, and for Aexc = 530 nm, Iexe = 114.2 mW cm? in the bottom part.

54.1. Photocycle Dynamics Calculations for Ret_5801

Schemes of the photocycle dynamics of Ret_5801 are shown in Figures 6a and 7a. The absorption
coefficient development at Apr = 530 nm of the middle parts of Figures 4 and S9, after excitation light
switch-off, reveals a Ret_540 relaxation time constant of TrelRet 520 = 39 s.



Int. ]. Mol. Sci. 2019, 20, x FOR PEER REVIEW 23 of 30

For fexc << Trelret 540 and t,,, < Tgy 550, o » the photoexcitation dynamics of Ret_5801 and Ret_540

are approximately given by

dN

Ret_580, I

T = hvi <_ N Ret 580, O a,Ret_580 (Aexc )¢iso, Ret 580, T N Ret_5400 a,Ret_540 (Zexc )¢|so, Ret_540 ) (514)
ONge; 540 Lo
dt—L - V( N Ret_580, (of a,Ret_580 (/’i’exc )¢|50.Ret_580, -N Ret_5400- a,Ret_540 (/’i’exc )¢|50,Ret_540 ) (515)
with
N Ret_540 (t,.)=N Ret 580,,0 N Ret_580, (toe) (S16)

where Npg, o is the number density of Ret_5801 Nretso is the number density of Ret_540, and

Nt 580,0 = Nret 50, (0) = Krer 590, Nrer 580 (0) s the initial number density of Ret_580r at time fex = 0.

GaRet 580(Aexc) and Oaret560(Aex) are the absorption cross-sections of Ret 580 and Ret 540 at the
excitation wavelength Aex. The same absorption cross-section spectrum is assumed for Ret_580r and
Ret_5801. Garet 580 is given in [33]. GaRet_540,max is set equal to Garet 580,max and the shape of the absorption

cross-section spectrum of Ret_540 is set equal to the shape of the absorption coefficient spectrum of

Ret_580 (see for example Figures 1b, S1b, S4b, and S10b). exc is the excitation intensity. @, e ss0, 1S

the quantum yield of photoisomerization of Ret_5801 to Ret_540, and @, gy 540 is the quantum yield

of photoisomerization of Ret_540 to Ret_580: (see Figures 6a and 7a).

Insertion of Equation (S16) into Equation (514) and rearrangement of terms gives

dN Ret_580, |
—

exc

thXC hveXC
|

_ lexc

" N Ret 580,,00 a,Ret 540 (Aexe )¢iso,Ret_540

Vexc

(O' a.ret 580 (Aexe iso,ret 580, + Taret 540 (Aexe )Prso,ret 510 ) N et seo,
(517)

Changing to the absorption coefficient development, @, gy 50, (Apr) = Niet 580, Ta et 560 (4pr) » Equation
(517) changes to

d e gg0, (A1) N I

(Ua,Ret_SSO (Aexe )¢|50,Ret_580, + O, Ret 540 (Aexe )¢iso,Ret_54O )aRet_SBO, (ﬂ’pr )

thXC hVeXC
(518)
- hVi aRetﬁSSO, ,0 (j’pr )O-a,Ret754O (ﬂ’exc )¢|so,Ret7540
Equation (S18) is a linear differential equation with constant coefficients of the form
dagy 550 (Ay)
P gy 0, () = O (S19)

dt

exc

with
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f= h!ixc (O-a,Ret_sgo (ﬂ’exc ) ¢iso, Ret_580, + O-a,Ret_SAO (ﬂ’exc )¢|so, Ret_540 ) (SZO)
Iexc
g = F aRet_580| ,0 (/’Lpr )o-a,Ret_540 (ﬂ’exc )¢|50,Ret_540 (521)
and the solution
Ol 50, (Apr toxe) = Ol se0, (A 0) XD (= ft, . )+ % [1-exp(-ft,.)] (S22)

The quantum yield of photoisomerization @, r. 55, Of Ret_5801 to Ret_540 is equal to the initial
quantum yield of photoconversion ., re s80,.0 = Pron ret 500, (e = 0) 0f Ret_5801 determined in Section

2.2 (Figure 5). This equality is derived from Equations (1) to (4) with application of Equation (514) for
texe = 0 (there Nretsso(texe=0) = 0). It gives

dNReLSBOI 0

I exc
¢ AN Rt 560 (0) dtexc 5texc hVexc NRet_ 580, (0) Ga,Rel_SSO (lexc )¢|su‘Re|_580\ gtexc
'ton,Ret 580,0 — == =
B An 0 I exc 5texc I exc 5texc
phabs,| © hy NReLSSOI (O)Ga,RethO (Zecc) h NRet7580| (O)Ua,RethO (Zexe) (S23)

=¢

is0,Ret 580

Using the results obtained in Section 2.2, we obtain @, r. sgo, (Aexc =590 nm) = 0.056 and @, pe; 50, (Aexc

=530 nm) = 0.023. These @, r. 55, T€SUltS are included in Table 1.

The quantum yield of photoisomerization d¢isoret 540 of Ret_540 to Ret_580: is derived from

Equation (S22) for fexc—oe. It is

g et 580,,0 (/Ipr )O'a, Ret_540 (- )¢iso,Ret_540
Oret 580, (ﬂ’pr ,00) ===
- f Ga,Ret_SSO (j’exc )¢iso,Ret_580, + O-a,Ret_SAO (lexc )¢iso,Ret_54O

(S24)

Solving Equation (S24) for diso,et 540 gives

O-a,Ret_Sao (/,lexc )¢|50,Ret_580,

a A
Oa,Ret 540 (Zexc) RS0, 0 ( o ) -1 (525)
aRetfsso, (ﬂpr ,tm g OO)

¢|so,Ret7540 =

Insertion of values for Aexc =590 nm gives Qiso,ret 540(Aexc = 590 nm) = 0.21 (Garet 580(590 nm) = 1.55 x 1016

CmM?, B, pet ss0, (590 NM) = 0.056, Garet 560(590 nm) = 6.91 x 1017 cM?, gy 59, 0 (4, =580 NM) = 0.95 cm?,
Olpet 500, (A =580 NM, . — 0) =0.595 cm, top part of Figure 517), and isoret 540(Aexe = 530 nm) = 0.125

(Caret530(530 nm) = 1.0 x 1016 cm?, @, qer 50, (530 NM) = 0.023, Garet 540(530 nm) = 1.55 x 1016 cm?,
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ORet 580, ,0 (ﬂ‘pr =580 nm) = 1.01 cm, ORet_s80, (ﬂ’pr =580 nm,t

T texc

— ) =0.902 cm?, bottom part of Figure

S17). These @, py 540 Tesults are included in Table 1.

Ret_540 (PRSBtns) relaxes to Ret_410 (RSB#ais) by proton release (Figures 6a and 7a) with the
time constant TrelRet540. A value of Trelket50 = 39 * 3 s is extracted from the absorption coefficient
recovery oa(Apr =530 nm, t) of Figures 4 and S9 after excitation light switch-off. The value is included
in Table 1.

The recovery of Ret_410 (RSBtans) back to the original Ret_ 5801 (PRSBcis) by reprotonation and
trans-cis isomerization with time constant 7 . ge 410 ,ret 50, OCcurs only partially with a quantum

yield of recovery of @ ret 410 ket 500, - 1De limited recovery is thought to be caused by a thermal

Apoprotein! restructuring to irreversible Ret_400 [33] within the slow recovery of time constant
Treret a10sRet 580, - 1he quantum yield of thermal conversion of Ret 410 to Ret 400 is

¢therm,Re174lOe Ret_400 — 1- ¢rec,ReLAlO»ReLSSO, .

The parameters Of Tiy pet 410 et 590, ANA  Preg pet a10ret 50, are extracted from the absorption

coefficient development at Apr = 580 nm after excitation light switch-off. This development is given

by

aa (trec) = aa (texc,end ) + AO’/a,rec,Rel_410~>FZet_580| (trec) + A0”&1,rec,Rel_C-‘ﬂOaRel_SSO" (trec) (526)

The absorption coefficient recovery Aa, .. et 10 >retss0, (tec) @t Apr =580 nm due to back conversion of

rec

Ret_410 to Ret_5801 is given by

t
Aaa,rec,RetleﬁRethO, (tee) = Aaa,rec,RetﬁAlOﬁRethO“ 0 [1_ exp(_$]:l (527)

Trec ,Ret_410—Ret_580,

Values of Ac, e ret 410 5ret 580,00 AN Trec ret 410 5ret 530, Nave been obtained by ota(tre, lp=580 nm) curve
fits in the insets of Figure S8 for Lexc = 530 nm, lexc = 114.2 mW cm? (AQ, e ret 410 5ret 580,00 = A0a1(580
nm) = 0.238 cm?, 7. ret 410 5Ret 530, = Treet = 0.87 h), and Figure S12 for Aexc = 632.8 nm, fexc = 15.65 mW

5 _ _ 4 _ _ . .
CM? (A, oo pet 410 5Ret 580, 0= A0@1(580 nm) = 0.312 cml, 70 et 410 ret 530, = Treel = 2.56 h). The insets in

Figures 3a and S3 for Aexe = 590 nm cannot be used reliably because immediately after excitation light

switch-off the samples were exposed for fluorescence measurements. The obtained absorption

recovery time constants 7y ge 4105ret 50, are included in Table 1. The recovery time for Lexc = 530 nm

is shorter than that of lex = 632.8 nm probably due to the higher heat load to the sample by the

shorter excitation wavelength and the higher excitation intensity.
The quantum yield of Ret_410 recovery to Ret_5801, @ get 410-ret 580, + 1S @pproximately given by

the ratio of recovered Ret_410 for free = o to the photoexcited Ret_5801. It is
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A, e, Ret_410—>Ret 580, ,0

K Ret_580, [aa (texc = 0) —a, (texc,end ):|

¢rec,Retﬁ4lOaRet7580, ~

(S28)

The obtained values are @ ret 410,ret ss0, = 0-38 fOr dexc = 632.8 nm, lexc = 15.65 mW cm? (Figure S12,
Aaa,rec,Ret}lO—)RetﬁSBO,,O = Adla1 = 0.312 Cm'l, KRet_SSO, = 041, (Xa(texc=0) =245 Cm'l, (Xa(texc,end) =0.452 Cm'l)

and .. et 410 5ret 590, = 042 for Rexe = 530 nm, fexc = 114.2 mW cm? (Figure S8, A«

a,rec,Ret_410—Ret_580,,0 =
Acar = 0.238 cm™, Kpy s, = 041, 0a(fex=0) = 2.40 cm!, and aa(fexcend) = 1.02 cm). These data are
included in Table 1.

The quantum yield of thermal conversion of Ret_410 to Ret_400, {therrm Ret_410_Ret_400, is given by

¢therm,ReL410a Ret 400 — 1- ¢rec,Ret7410ﬁReLSSO, (529)

The obtained values are @, ret 410-5ret 400 = 0-62 fOr dexe = 632.8 nm and lexe = 15.65 mW cm? (Figure

S12) and @y ret s105ret a0 = 0-58 fOT Aexe = 530 nm and lexc = 114.2 mW cm? (Figure S8). These data are
included in Table 1.

54.2 Photocycle Dynamics Calculations for Ret_580n

For tfexc > Trelreteso = 17 s and o, K Tpeo pet s105ret 580, = 1.5 h the photoexcitation dynamics of

Ret_580mn is given by

dN Ret_580,, I

_ e
at "y (_ N Ret_580,, O Ret_580 (Zexc )¢|so,Ret_580” +N Ret_640 O Ret_640 (Zecc )¢isu,ReI_64O ) (530)
exc exc
dN | N
Ret 640 _ lexc Ret_640
at “h ( N Ret 580, O Ret_580 (Aexe )¢iso,Ret_580,, -N Ret 6400 Ret_640 (Aexe )¢iso,Ret_640 ) -
exc Vexc Trel ,Ret_640 (53 1 )
. . AN ge 60 .
The steady state situation ———— =0 fOr fexc > TrelRet_640 givVes
y
exc
I exc N O_ (ﬂ/ )¢
hV Ret_580,, " Ret_580 \”"exc / ¥iso,Ret_580,,
— exc
N Ret_640 (texc) - 1 | (832)
exc
+ h ORet 640 (Ao ) Ret 640
TrelRet 640 Wexe

Insertion of Equation (532) into Equation (S30) leads to
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exc
N Ret_580,, GRet_SSO (/lexc )¢|so,Ret_580,,

dN I h
Ret 580, _  Texc Vexe
- -N Ret_580, ORet 580 (j“exc )¢|su‘ Ret 580, + ORet 640 (ﬂ'exc )¢iso,Rel_640
dtexc hvexc 1 + IEXC o (/‘t )¢ (833)
Ret_640 \”"exc / 'iso,Ret_640
Trel ,Ret_640 hvexc

The quantum yield of photoconversion @, ge ss, Of Section 2.2 (Equations (1)-(4)) applied to

Ret_5801 may be expressed as

dN Ret_580,, dN Ret_580,,
—AN - (Stexc -
Ret_580, dt dt
¢con, Ret_580,, = An = | 5'[ = | (534)
ph.abs 2N Ret_580, O a,Ret_580 (Aexc) h =N Ret_580,, O a,Ret_580 (Aexe)

h VEXC exc

Insertion of Equation (S33) into Equation (S34) gives

exc
h 1s0,Ret_580,,
exc

¢con.Re!_580,, = ¢|so,Rel_580” - 1 o-Re!_GAO (ﬂ’exc )¢|so,Re(_640 (535)

|
+ URELSAU(iexc)ﬂso,ReLem

hv,

rel,Ret_640 exc

T,

The quantum yield of photoisomerization of Ret_5801, ¢, re; s, , is Obtained from Equation (S35) for

Iexe — 0. That is

¢|so,Ret_580,, = ¢con‘Ret_580,, (Iexc - 0) (836)
Its value is obtained from the top part of Figure 5 to be ¢, g 50, (Aere =590 NM) = (1.350.15) x 102,
Solving of Equation (S35) t0 @, e 60 giVes

¢|50, Ret_580,,

¢con,Rel_580,, ( I exc ) (837)

¢|50,Ret7640 =
exc
h O-a,Ret7640 (ﬂexc )TreI,ReLGAO
exc

Insertion of parameters for Aexc = 590 nm and lexc = 64.65 MW cm? gives @ e sso = 012 (Sgo ret 530, =

0.00135, @, ret 560, (lex. =64.65 MW cm?) =4.53 x 105, caRret 640(590 nm) = 7.5 x 1017 cm?, and TrelRet 640

= 17 s). This result is included in Table 1.

Ret_640 (PRSB.is) relaxes to Ret_370 (RSB.is) by proton release (Figures 6b and 7b) with the time
constant Trelret 640. A valuie of Trelret 640 = 17 = 3 s is extracted from the absorption coefficient recovery
oa(Apr = 370 nm, t) of Figures 4 and S9 after excitation light switch-off.

The recovery of Ret_370 (RSB.is) back to the original Ret_ 580u (PRSBtrns) by reprotonation and
cis-trans isomerization with time constant 7, ge 370 ress0, OCCUrs only partially with a quantum

yield of recovery of @ pet 370 et 530, - 1his limited recovery is thought to be caused by a thermal
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Apoproteinn restructuring to irreversible Ret_350 [33] within the slow recovery of time constant
TrecRet 370Ret 50, - Lhe quantum yield of thermal conversion of Ret 370 to Ret 350 is

¢therm, Ret_370—Ret_350 = 1 - ¢rec,Ret_370—>Ret_580,, .

The parameters of 7. ge 370 ket 580, AN rec ret 370 ret 530, ar€ extracted from the absorption

coefficient development at Apr = 580 nm after excitation light switch-off (Equation (526)). The
absorption coefficient recovery Ad, o pet 370 5ret 50, @t Apr =580 nm due to back conversion of Ret_370

to Ret_580mu is given by

Trec,Ret_370—>Ret_580,,

t
Aaa\,rec,Re'[_370eRet_580” (trec) = Aaa,rec,Ret_37OeRet_580,, ,0 |:1_ EXp [_ $]1 (538)

Values of Aq, o pet 370 5ret 580, 0 AN Treg et 370 5ret 530, Nave been obtained by da(tre, Ap=580 nm) curve
fits in the insets of Figure S8 for Aex = 530 nm and lexc = 114.2 mW cm? (A, e ret 370 5ret 580,0 =
Ao (580 nm) = 0.525 cm!, 7, pet 370 sRet 500, = Treet = 7.81 h) and Figure 512 for Aexc = 632.8 nm and lexc =
15.65 mW em? (AQ, rec et 370 >ret 580, 0 = A01(580 nm) = 0.505 cm™, 7,.; ey 370 ,ret 580, = Treett = 14.7 h). The

obtained absorption recovery time constants 7. ge 570 ,re 500, are included in Table 1. The recovery

time constant for Aexc = 530 nm is shorter than that of Aexc = 632.8 nm, probably due the higher heat
load to the sample by the shorter excitation wavelength and the higher excitation intensity.

The quantum yield of Ret_370 recovery to Ret_5801, @ ret 370-,ret 580, + 1S @pproximately given by
the ratio of recovered Ret_370 to Ret_580u for tee — o to the photoexcited Ret_580u. It is

AQ rec Ret 3705 Ret 580, .0

K Ret_580,, [aa (texc = 0) —Q, (texc,end ):|

¢rec,Retﬁ370aRethO,, ~

(S39)

The obtained values are @ g 370 sret 530, = 0-43 for hexc = 632.8 nm and fexc = 15.65 mW cm? (Figure

S12) and @y get 370 ret 580, = 0-64 fOr Aexc = 530 nm and lexc = 114.2 mW cm? (Figure S8). These data are

included in Table 1.

The quantum yield of thermal conversion of Ret_370 to Ret_350, e ret 370-ret 350, 1S given by

¢therm,Ret_370—>Ret_350 =1- ¢rec,Ret_370—>Ret_580,, (540)
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The obtained values are @, ret 370 5ret 350 = 0-57 fOr Aexe = 632.8 nm and lexc = 15.65 mW cm2 (Figure

S12) and @y et 370 5ret 350 = 0-36 fOT Aexe = 530 nm and lexc = 114.2 mW cm2 (Figure S8). These data are

included in Table 1.

S5. Quantum Yields of Primary Photoisomerizations of some Rhodopsins

In Table S1, first-step photoisomerization quantum yields of some microbial rhodopsins (type I

rhodopsins) and an animal rhodopsin (type II rhodopsin) are listed.

Table S1. Quantum yield of photoisomerization comparison of rhodopsins.

Name  Buffer Cofactor Primary photoisomer Qiso Reference
Rh PRSBii1-cis PRSBalt-trans 0.67 [56,57]
PR pH8  PRSBal-trans PRSBi3-cis ~0.7 [58]
BR pH7.5 PRSBatt-trans PRSBi3-cis 0.65 [59,60]
HR pH7  PRSBalLtrans PRSB13-cis 0.34 [61]

pSRII pH8  PRSBatt-trans PRSB13-cis 0.5 [62]

C1C2 pH8  PRSBaitrans PRSBi3-cis 0.30 [63]

ASR pH7.5 PRSBan-trans PRSBi3-cis ~0.2 [64]
ASR pH7.5  PRSBisis PRSBait-trans ~0.4 [64]

HKR1 pH74 RSBz RSBatl-trans 0.096 [65]

HKR1 pH7.4 PRSBatt-trans PRSB13-cis 0.405 [65]

BeRh pH8  PRSBaittrans PRSBi3-cis 0.66 [66]

CaRh pH7.3 PRSBatt-trans PRSB13-cis 0.46 [67]

QuasArl pHg L Robe PRSBans 0.056  This work
(Ret_5801)
QuasArl  pH8 (II:SS ];‘é‘g;) PRSBus 0.00135  This work

Abbreviations: Rh, bovine rhodopsin (type II rhodopsin); PR, proteorhodopsin from uncultivated
marine y-proteobacteria; BR, bacteriorhodopsin from Halobacterium salinarum; HR, halorhodopsin
from Halobacterium halobium; pSRII, sensory rhodopsin II from Natronobacterium pharaonic; C1C2,
chimeric channelrhodopsin ChR1 and ChR2 from Chlamydomonas reinhardtii; ASR, sensory rhodopsin
from Anabaena (Nostoc) sp. PCC 7120 cyanobacterium; PRSB, protonated retinal Schiff base; RSB,
deprotonated retinal Schiff base; ¢iso, quantum yield of photoisomerization.
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