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Cyanobacteriochromes (CBCRs) are small and versatile photoreceptor proteins with high potential for
biotechnological applications. Among them, the so-called DXCF-CBCRs exhibit an intricate secondary
photochemistry: miliseconds after activation with light, a covalent linkage between a conserved cysteine
residue and the light-absorbing tetrapyrrole chromophore is reversibly formed or broken. We employed
time-resolved IR spectroscopy over ten orders of magnitude in time in conjunction with 2D-IR
spectroscopy to investigate the molecular mechanism of this intriguing reaction in the DXCF-CBCR
model system TePixJ from T. elongatus. The crosspeak pattern in the 2D-IR spectrum facilitated the
assignment of the dominant signals to vibrational modes of the chromophore, which in turn enabled us
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to construct a mechanistic model for the photocycle reactions from the time-resolved IR spectra. Here,
we assigned the time-resolved signals to several proton transfer steps and distinct geometric changes of
the chromophore. We propose a model that describes how these events lead to the rearrangement of
charges in the chromophore binding pocket, which serves as the trigger for the light-induced bond
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| Introduction

Throughout evolution, many organisms evolved the ability to
adapt to specific environmental light conditions by utilizing light-
sensitive proteins, ie. photoreceptors."™ One family of photo-
receptors, cyanobacteriochromes (CBCRs), regulate a variety of
light responses in cyanobacteria."® CBCRs have a modular
domain structure and often consist of multiple photosensory
GAF (cGMP-phosphodiesterase/adenylate cyclase/FhlA) domains
that are linked together in a chain and connected to a catalytic
output module such as a kinase or cyclase domain. The output
modules can be swapped in a modular fashion, thus CBCRs are
emerging tools for the optogenetic control of slow processes such
as gene expression in microorganisms.’*° The photosensory GAF
domains incorporate tetrapyrrole co-factors such as biliverdin,
phycocyanobilin (PCB), or phycoviolobilin (PVB) with a broad
variety of absorption properties ranging from the UV to the
NIR.® Among the different CBCR subfamilies, DXCF-CBCRs
(named after a conserved Asp-Xaa-Cys-Phe motif) harbour two
conserved cysteine residues that play a crucial role in their
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formation and breakage with the nearby cysteine.

photochemical reaction cascade.'™> DXCF-CBCRs incorporate
the red-absorbing pigment PCB, which is covalently attached to
one conserved Cys residue at the A-ring vinyl group. To reach the
photoactive form, the protein autocatalytically reduces the PCB
chromophore in a second step to the blue shifted pigment
PVB.'"'*4 In a third step, the second conserved cysteine (from
the DXCF motif) covalently attaches to the PVB, breaking the
conjugated system a second time and resulting in a second blue-
shift of the absorption.

Here, we studied the photosensory GAF domain from the
DXCF-CBCR TePix] (abbreviated as TePix] for simplictiy in the
following), a protein that is responsible for positive phototaxis in
the thermophilic cyanobacterium Thermosynechococcus elongatus."
The crystal structure of this protein in the dark adapted blue-
absorbing “Pb” parent state, including the attachment to the two
cysteine residues 494 and 522 (numbering related ot the full-length
protein) is shown in Fig. 1A."> Upon photoexication, TePix] is
known to undergo a complex photoreaction that involves isomer-
istaion of the pyrrole ring D and the breaking of the thioether bond
to C494 to reach the green absorbing “Pg” parent state (Fig. 1B and
C).">'" The characteristic absorption spectra of the two parent
states are shown in panel D.

Over the last years, TePix] was expressed and purified
heterologously in E.Coli by different laboratories around the
world, and some aspects of this proteins intriguing photo-
chemistry are already understood to a certain extent. In these
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Fig. 1

(A) Crystal structure of TePixJ in the Pb state (PDB: 6PRU), highlighting the attachment of the PVB chromophore to the two cysteine residues

C494 and C522.2 (B and C) Lewis structures of PVB in the Pb and Pg states, respectively.lz‘16 (D) UV-Vis absorption spectra of TePixJ before and after
purification with the IEX method. (E) IEX chromatogram showing the elution profiles of the Pb and Pg states. Inset: Photograph of the IEX column

highlighting the two fractions.

works, the efficiency of PCB incorporation and conversion to
PVB differed dramatically between different labs. Results by
Burgie et al. suggest that high incorporation and conversion
efficiencies can be reached,">'® but other labs obtained samples
with lower incorporation albeit the used expression and purification
protocols were quite similar."*'**® Another issue that occured in
some studies are impurities caused by unconverted PCB that are
typically detected as a sharp band with maximum at 570 nm.
Further, a detailed description of the molecular mechanism and
the driving force for the reversible lightinduced thiol bridge
formation and breaking still remains elusive. To investigate these
processes, vibrational spectroscopies are the method of choice,
because they combine a high temporal and spatial resolution.”*>*
Although two time-resolved spectroscopic studies recently
established the time-scales of different events in the photocycle
of TePix], such as the formation and breaking of the covalent
Cys-attachment,®*® it was up to now not possible to assign and
track the evolution of different vibrational marker modes to
deduce a mechanistic model with atomic resolution.

Il Materials and methods
Sample preparation

Competent E. coli BL21 cells were transformed simultaneously
with a pET-15b vector (ampicilin resistance) containing the
sequence for the TePix] GAF domain (amino acids 437 to 588 of
the full-length protein)'* with C-terminal 6xHis-tag, and a
PCOLADuet-1 vector (kanamycin resistance) containing the
sequence for a heme oxygenase and phycocyanobilin:ferredoxin
oxidoreductase from synechocystis (GenScript Biotech, Piscat-
away Township NJ, USA). Cells were grown in TB (terrific broth)
medium that contained ampicilin and kanamycin to an OD of
0.5 at 37 and expression of both vectors was induced at the
same point in time by adding 1 mM IPTG. The temperature was
lowered to 20 and protein expressed for 2 h. Cells were lysed by
sonication, and a mixture of TePix] apo- and holoprotein was

This journal is © the Owner Societies 2023

obtained after standard Ni-affinity purification. To separate the
apo- from the holoprotein and a residual fraction of PCB-bound
protein, anion-exchange chromatography (IEX) with a NaCl
gradient was performed under green light to convert all TePix]
to the Pb form which eluted at significantly higher salt con-
centrations then the apoprotein. All three fractions eluted
between 10-15% IEX B buffer that contained 2 M NaCl. Finally
samples were desalted into HEPES buffer (pH = 7.8) using a gel-
filtration column and the solvent was exchanged to D,O by two
cycles of lyophilization in the dark.

Spectroscopic measurements

To cover the total timeframe from ten ps to hundreds of ms,
two experimental setups were used. For the time span ranging
from 10 ps to ps, two electronically synchronized laser systems
running at 2.5 kHz and centered at 840 nm were applied. The
mid-IR probe pulses (~ 120 um) were generated in a homebuilt
optical parametric amplifier.>® To induce the photoisomeriza-
tion of the chromophore in the Pb state, second harmonic
generation in a BBO crystal was used. The resulting pump
pulses were focused on the sample on ~140 um with an energy
of 600 nJ and a pulse length of ~120 fs. To initiate the Pg — Pb
conversion, white light generation in a flowing water cell was
applied, followed by a 550 + 8 nm bandpass filter. This gener-
ated green pump pulses with a pulse energy of 125 nJ and were
focused to 300 um at the sample position. We estimate excitation
densities of 19% and 1% for the Pb and Pg states, respectively.

To cover the timerange from ps to ms, a vis-pump-IR-
multiprobe with 100 kHz system as described earlier,*® com-
bined with a stop-flow sample delivery system®’ was used.
To initiate the Pg — Pb conversion a green ns laser (532 nm,
AO-S532, CNI, Changchun, China) and for the Pb — Pg direction
a blue laser (447 nm, QB-447-25, CrystaLaser, Reno, NV, USA)
were used. Both pump pulses were focused on the sample on
~110 pm with an energy of 10 m J (green) and 12 m J (blue).
Here, a 2 x 32 MCT array detector with a spectral resolution of
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ca. 4 cm™" per pixel was used. For both techniques, the pump
polarization was set to magic angle (54.7°) compared to the
probe beam and multichannel referencing®® was used for noise
suppression.

For the stationary 2D-IR experiments, the same 100 kHz
system was used. The two IR pump pulses were generated with
a pulse shaper (PhaseTech). We applied phase cycling in four
states to suppress scattering and the number of laser shots
needed to measure a full 2D-IR spectrum was minimized by
undersampling in a rotating frame.>® The waiting time (¢,) was
set to 200 fs. In all spectroscopic experiments, the sample path
length was 50 um.

Il Results
Anion exchange chromatography

In our first attempt to express TePix] heterologously in E. Coli,
the sample showed a strong absorption at 280 nm relative to
the characteristic Pb-PVB band at 420 nm, suggesting that the
sample contained a large excess of apo-protein compared to
results from other groups (Fig. 1D, dashed black line).">"'® We
tried several chromatographic methods to separate the desired
holo- from the apoprotein and were successful with anion-
exchange chromatography (IEX) with a NaCl gradient. Here, the
apoprotein eluted at lower NaCl concentration then the holo-
protein, indicating that the fractions bear increasingly negative
charge. After this purification step, most of the apo-protein was
successfully removed (Fig. 1D). Surprisingly, we could also
separate the Pb and Pg states of an already purified sample by
IEX when starting under conditions where both states were
initially populated to approximately 50%. The two states separated
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visibly on the column into a red (Pg) and a yellow (Pb) fraction,
and the elution was tracked by recording the absorption at
420 and 520 nm as a function of elution volume (Fig. 1E). This
indicates that the Pb state is more negatively charged than Pg,
which can be explained by the release of the thiol proton in Pg
(highlighted in red in Fig. 1B and C).

Time-resolved IR spectroscopy

Once pure samples were obtained, the photoreaction of TePix]
was monitored by time-resolved infrared (TRIR) spectroscopy
over more than ten orders of magnitude in time by combining
two conceptually different setups for two different time win-
dows (see materials and methods for details). The merged data
was analyzed with two complementary methods: lifetime analysis
was used in conjunction with a global fit to a sequential reaction
scheme (Fig. 2).>*° The frequency-integrated amplitude from the
lifetime analysis (dynamical content D*"*?) is shown in panel B.
Briefly, this plot allows to estimate the time points where spectral
changes take place, which are reflected by the local maxima in the
plot. A more detailed description of lifetime analysis and dyna-
mical content can be found in ESI{ S1. These time points were
used as initial values for the time constants in the global fit to a
unidirectional sequential model, which resulted in six so-called
evolution-associated difference spectra (EADS, panel D), whose
time-dependent concentration profiles c(EADS) are shown in
panel C. If the presumption of a strictly unidirectional and
sequential reaction scheme of discrete states is correct, the EADS
represent the real spectra and concentration profiles of six
species. If the presumption is not correct, the EADS still represent
the most relevant spectral changes in the different temporal
stages of the photoreaction in a compact way.
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Fig. 2 Photochemistry after excitation of Pb-TePixd monitored by TRIR spectroscopy. (A) Data represented as a contour plot. (B) Dynamical content. (C)
Concentration profiles of the (D) EADS. The last (violet) EADS corresponding to the 0.2 s process was overlaid with the steady-state FTIR difference

spectrum (black line).
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Excitation of the dipyrrole chromophore

The first (red) EADS corresponds to the electronic excited state
Pb* and is dominated by a bleach signal at 1610-1620 cm ™",
accompanied by positive excited state absorption at 1655 cm™*.*°
In Pb, only the dipyrrolic unit of rings C and D can be excited by
blue light, and thus, the bleach signal must originate from this
relatively small part of the PVB chromophore (highlighted in
blue in Fig. 1B). For band assignment, hexamethylpyrromethene
is a useful model compound because its structure is very similar
to the dipyrrolic unit. This molecule exhibits only two vibrational
modes in the investigated frequency window, that correspond to
the symmetric and asymmetric combination of the C=—C
stretches inside ring D and of the C/D methine bridge.** In
resonance Raman (RR) experiments of TePix] in the Pb state, a
strong C=C stretching signal is also observed at 1620 cm *,
validating the assignment of this signal to a C=C stretch.'®
Another very small bleach signal is found at 1690 cm™*, which
we assign to the C=0O0 stretch of the ring D carbonyl. We identify
only one time constant of 430 ps for the decay of Pb*, while the
authors of ref. 19 measured this process with higher time
resolution and retrieved a bi-phasic decay with two time con-
stants of 11.9 and 868 ps. The decay of Pb* is accompanied by
the rise of two positive features at 1655 and 1680 cm™'. We
assign these signals to the same vibrational modes as the
bleaches, that are shifted in frequency due to the Z/E isomerisa-
tion of the C/D methine bridge.

Difference 2D-IR spectroscopy

A helpful technique to unwrap the complex pattern of positive
and negative peaks in the difference spectra is difference 2D-IR
spectroscopy. We recently showed that this advanced nonlinear
method is sensitive to changes in coupling between adjacent
C—C and C=O stretching modes in the tetrapyrrole co-factor
of bacteriophytochrome Agp1.** The characteristic crosspeak
pattern reports on the changes in connectivity of certain func-
tional groups. The “Pg-minus-Pb” difference 2D-IR spectrum is
shown in Fig. 3 together with the linear ‘“Pg-minus-Pb”’ FTIR-
difference spectrum (the absolute 2D-IR spectra of Pb and Pg
and details on the FTIR difference spectrum are given in Fig. S1
and S2, ESIY).

All bands in the FTIR-difference spectrum are accompanied
by counterparts on the main diagonal of the 2D-difference
spectrum and correspond to the individual bleaches associated
with Pb (blue, negative) and new absorption in Pg (red, positive).
The assignement of the C—C and C=O bleach bands that
originate from the relatively small dipyrrolic unit are expected
to couple strongly to each other, which is confirmed by a pattern
of negative (off-diagonal) crosspeaks connecting them (high-
lighted with dark blue squares and dotted lines). On the other
hand, a pattern of positive crosspeaks is found that connects the
diagonal bands at 1600, 1630, and 1687 cm™ ' to each other,
indicating that these are the frequencies of two different C=C
stretches and COp, which are coupling to each other in Pg. The
overall downshift of the COp mode by ca. 10 em™ " is consistent
with crystal structures, where the carbonyl is coordinated by an

This journal is © the Owner Societies 2023
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Fig. 3 "Pg-minus-Pb" difference 2D-IR spectrum of TePixJ (lower panel)
compared to the linear FTIR difference spectrum (top panel).

asparagine and a histidine residue in Pb,'* but moves to a
solvent exposed position in Pg,'® where a stronger coordination
by water molecules and thus a lower frequency can be expected.**>°
The intensity of the positive crosspeaks indicates that the feature at
1630 couples more strongly to COp, then the intensive diagonal
band at 1600 cm™ ', which indicates that the higher frequency
mode corresponds to the C/D bridge, while latter likely originates
from the B/C bridge that is only conjugated in Pg.

Secondary photochemistry and Cys-bond breaking

With this assighment in mind, we turn to investigate the secondary
photochemistry of TePix] after Pb excitation. The last EADS inf
Fig. 2 is identical to the steady state “Pg-minus-Pb” FTIR-difference
spectrum and indicates that all secondary photoreactions are
completed within 0.2 s as the final Pg state is formed (black line
overlapped with violet EADS). The EADS in between the first ground
state photoproduct (second EADS) and the final reaction report on
ground-state intermediates of the reaction cascade. The first two of
those are formed with time constants of 76 ns and 36 s and are
dominated by the decay of the absorption at 1655 cm™* and the
concomitant rise of a positive band at 1630 cm™*, as well as an
intensification of the difference signal in the COp, region. On this
time scale, the protein environment can adapt to the local struc-
tural changes caused by the photoisomerisation, therefore amide I
contributions might play a role. Nevertheless, the overall spectral
signature is dominated by signals at positions that we assigned
beforehand to be characteristic of C—C modes in the dipyrrolic
unit. The predominant downshift of the large positive signal
probably originates from a twisting motion around the C/D bridge
which releases the strain of the primary photoproduct and is
accompanied by a blue shift in the visible absorption.’® The entire
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process is not reflected by one sharp transition, but rather stretches
from the ns to ps, which is consistent with the interpretation that
these rearrangements are determinated by slow, complex and
therefore non-exponential adaptations of the surrounding protein
environment. The largest spectral changes occur in the late stages
of the photoreaction, where two components with 5 ms and 0.2 s
are detected. The 5 ms EADS is accompanied by intensification of
signals that are associated with C—C stretches in the region
around 1610-1620 cm™ ", which is indicative of rearrangements
of the conjugated system. The last EADS is dominated by the rise
of the band at 1600 cm ™" and happens on a time scale consistent
with the large shift in the visible spectrum which was interpreted as
the breaking of the Cys-bond (ref. 19 reported a time constant of
86.7 ms for this process in H,O).

The Cys-attachment reaction

As a next step, we studied the photochemistry in the reverse
direction to access the mechanism of Cys-bond formation.
Here, five EADS were identified in the relevant time window
between 10 ps and 0.1 s (Fig. 4). The first (red) EADS corre-
sponds to Pg* and shows two broad bleach bands at 1600 and
1680 cm ™" and a broad excited state absorption at 1655 cm ™.
The bleach at 1680 cm ™' can be readily assigned to the C=0
stretch of ring D, while the signal at 1600 cm ™" was assigned
beforehand to the B/C bridge C—C stretching mode of the
excited unit of the PVB chromophore. The second EADS shows
the decay of these rather broad signals into three much weaker
bleach bands and positive counterparts. The strong decrease of
the difference signal in the second EADS might be interpreted
in terms of a low photochemical quantum yield for the iso-
merisation. However, since the last EADS displays strong
difference signals, we think this interpretation is misleading
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and that the weak signals rather originate from a strong overlap
of positive and negative bands. The first two bleach bands in the
50 ps EADS are observed at 1600 and 1630 cm™* with the second
one having the larger intensity. This finding crossvalidates the
assignment from the 2D-IR experiment, that there are indeed
two distinct IR-active C—C stretches in the Pg chromophore: one
at 1600 cm ™' which can be readily seen in the first EADS and a
second one at 1630 cm ™' that is obscured by the strong excited
state absorption and thus only becomes evident in the later
ground state intermediates. The next (green) EADS is formed
within 2.8 ps and is characterized by the almost complete lack of
positive bands and an additional bleach at 1730 cm™". The
positive bands re-appear in another EADS with 2 ms at the same
time the 1730 cm™* bleach disappears. The last EADS is identical
with the “Pb-minus-Pg” FTIR difference spectrum (black line
overlaid with purple EADS), indicating that the last step of the
photoreaction takes place on a time scale of 12 ms, consistent
with transient vis and CD results (ref. 19 and 20 reported time
constants of 4.6 ms and for this process in H,0, respectively).

IV Discussion
Two distinct proton transfer steps

Over the last decade, several X-ray and NMR structures of TePix]
have been deposited in the protein data bank.'*'®'737 The
most recent Lewis structures of PVB in both parent states
derived from these results (Fig. 1B and C)"* are suitable to
explain the stationary blue/green photochemistry of TePix].
However, it is evident that these structures can be only correct
if the thiol proton leaves the chromophore in Pb. Up to now, it
is not clear whether this proton is accepted by a residue inside
the protein or released to the bulk solvent. Our IEX result shows

1750 . . .
A D 1
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P . S~
1700 1620/~ "1 12 ms
1695
1730
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S l H\/
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1655\ 1980
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Fig. 4 Photochemistry after excitation of Pg-TePixJ monitored by TRIR spectroscopy. (A) Data represented as a contour plot. (B) Dynamical content. (C)
Concentration profiles of the (D) EADS. The last (blue) EADS corresponding to the 12 ms process was overlaid with the steady-state FTIR difference

spectrum (black line).
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that TePix] in the Pb state is more negatively charged than in
Pg. Therefore, we propose that the thiol proton is released to
the bulk, which is not surprising since the crystal structures
show that C494 is in a solvent accessible position (Fig. 1A).
On top of this overall deprotonation between the two parent
states, kinetic isotope effects in transient visible experiments"®
indicated additional transient de- and reprotonation steps
taking place on the microsecond time scale after triggering of
the Pg photoreaction. Time- and pH-resolved studies on a
related blue/orange CBCR also came to the conclusion that
formation of the C-S bond is accompanied by protonation
changes of the conjugated system, and a model with a transiently
deprotonated nitrogen at ring B was proposed.®® In our corres-
ponding TRIR experiment, we observe a spectral signature that is
dominated by bleach bands with very weak counterparts persist-
ing up to 2 ms, which are consistent with a deprotonated
chromophore and a neutral conjugated system with smaller
dipole. Furthermore we observe an additional negative transient

C-S bond forms

View Article Online
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band at 1730 cm™ "' which entirely disappears with 2 ms, con-
comitant with the appearance of positive features at 1620 and
1690 cm . This indicates that the fully-protonated state is re-
established within 2 ms, and the negative signal at 1730 cm™ " is
directly related to this process. In the spectral region around
1730 cm™ *, there are only few possible functional groups that can
absorb and cause such a signal in TePix], namely protonated
carboxylic acids or the ring A carbonyl. An obvious mechanism
would be that the chromophore deprotonates transiently, and a
nearby carboxylate serves as proton acceptor, like in many retinal
proteins.>** However, such a mechanism would cause a positive
signal in this frequency window caused by the C—O stretching of
the formed carboxylic acid residue, and we observe a negative
feature instead. The only other functional group that absorbs in
the concerning frequency window is the ring A carbonyl of PCB.*?
We therefore propose that the rearrangement of charges in
the chromophore binding pocket caused by the deprotonation
transiently reduces the transition dipole moment of either the

12 ms \74 - o Y)C/D twisting ns-us
e photoisomerisation ps-ns Ve ~N
C494 charged C494 +
\ + H
S

\

deprotonation
2.8 us

3 J photoisomerisation 50 ps
N

5ms (

7 ) C-S bond

breaking 200 ms

P g ?494

Fig. 5 Proposed model for the TePixJ photocycle with Lewis structures of the intermediate stages. Important aspects of the intermediate states that
drive the secondary photochemistry are highlighted in magenta and red. R1 indicates the position of ring A, compare Fig. 1B and C.
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ring A carbonyl or a protonated carboxylic acid, leading to the
bleach at 1730 cm™". In a second step, the reverse reaction occurs
and the reprotonation of the conjugated system can serve as a
trigger for the C-S bond formation, because the protonated
conjugated system bears a larger partial positive charge at the
methine bridge C atom, which is required for the nucleophilic
attack of the thiol. The proposed mechanism of C-S bond
formation is shown in the left half cycle of Fig. 5.

Cys-bond breaking after planarisation

In the other half photocycle, no transient proton transfer was
proposed by other groups, and we also found no signatures that
indicate such a process in our transient IR data. However, in
order to establish the Pg final geometry from the relaxed Pg
photoproduct, the C-S bond needs to break and the B/C
methine bridge planarises. The fact that the two C—C bands
at 1600 and 1630 cm ™" (Fig. 2) display different rise kinetics on
the ms time scale allows to gain insights into this mechanism.
The 5 ms EADS is already highly similar to the final photo-
product with only one prominent difference: the positive band
at 1600 cm™' is still almost completely missing. Since the
results in the visible region clearly show that the characteristic
Pg absorption is only established in the very last step and no
green absorption is found after 5 ms,"® only the last process can
be associated with the breaking of the C-S bond and extension
of the conjugation length. This is in line with our assignment
that the vibrational mode at 1600 cm ™" is associated with the
B/C methine bridge, while the mode at 1630 cm ™ * originates
mainly from the C/D dipyrrolic unit.

Interestingly, the final reaction is preceded by a distinct
5 ms event that establishes all marker bands of the C/D
dypyrrolic unit in their final positions and relative intensities,
which again might act as a trigger for the last step. It is
consistent with our data that this process is the planarisation
of the B/C methine bridge, which should be sensed strongly by the
C—C signals of the directly connected C/D bridge. Altogether, we
propose that the planarisation of the B/C bridge within 5 ms acts
as a trigger for the C-S bond breakage by introducing a con-
formational strain.

V Conclusions

By applying a combination of IEX chromatography, time-
resolved and 2D-IR spectroscopy, we were able to investigate
crucial proton transfer steps and the molecular triggers of C-S
bond breaking and formation in the DXCF-CBCR TePix]. There
are three main findings in this study: (1) the thiol proton of
C494 is released to the bulk solvent and not accepted by some
residue inside the protein, increasing the net negative charge of
TePix] in the Pb state. (2) After excitation of Pg, a proton is
transiently released from the conjugated system. The reproto-
nation reaction happens within 2 ms, establishing a positive
partial charge at the B/C methine carbon and thereby triggering
the C-S bond formation. (3) Breaking of the C-S bond in the
reverse direction is preceded by the planarisation of the C/B
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unit, thereby establishing a mechanical strain. Taken together,
these results provide a mechanistic understanding of the
unique secondary photochemistry in DXCF-CBCRs and the
reaction pathways that enable the fascinating color tuning in
these proteins.
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