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LOV (Light Oxygen Voltage) proteins are photosensors ubiquitous to all domains of life. A variant of the short LOV protein
from Dinoroseobacter shibae (DsLOV) exhibits an exceptionally fast photocycle. We performed time-resolved molecular
spectroscopy on DsLOV-M49S and characterized the formation of the thio-adduct state with a covalent bond between the
reactive cysteine (C72) and C,, of the FMN. Using a tunable quantum cascade laser, the weak absorption change of the
vibrational band of S-H stretching vibration of C57 was resolved with a time resolution of 10 ns. Deprotonation of C72
proceeded with a time constant of 12 ps which tallies the rise of the thio-adduct state. These results provide valuable infor-
mation for the mechanistic interpretation of light-induced structural changes in LOV domains, which involves the chore-
ographed sequence of proton transfers, changes in electron density distributions, spin alterations of the latter, transient
bond formation and breakage. Such molecular insight will help developing new optogenetic tools based on flavin photore-

ceptors.

Blue-light photoreceptors are widely found in all kingdoms
of life where they regulate different cellular functions such
as phototropism, chloroplast movement and stomatal
opening 3. Characteristic to this family of photoreceptors
is the chromophoric cofactor flavin, which gives rise to the
yellow color with a maximum absorption at around 450
nm. Cryptochromes (CRYs) and BLUF photoreceptors
(blue-light sensors using flavin) carry flavin adenine dinu-
cleotide (FAD) as a cofactor whereas the majority of LOV
photoreceptors (light, oxygen, voltage) harbor a flavin
mononucleotide (FMN). These blue-light receptors extend
the toolbox of optogenetics beyond the prominent rhodop-
sins 4,

LOV domains undergo cyclic photoreactions that are initi-
ated in the femto- to picosecond time range by excitation
of the FMN cofactor into the excited singlet state 5°. Effi-
cient intersystem crossing (ISC) populates the triplet state
([LOV]P) on the nanosecond time scale 7. In the subse-
quent microsecond time range, a small fraction of the tri-

plet state decays back to the ground state, while the major-
ity of the molecules yield a covalent FMN-cysteinyl-thiol-
adduct ([LOV]* - Figure 1A). This adduct is formed be-
tween the FMN chromophore and the terminal thiol group
of a nearby cysteine residue, involving the deprotonation
of the thiol moiety (Figure 1A), as observed in the LOV do-
main from Chlamydomonas reinhardtii 9. Interestingly, in
Chlamydomonas LOV2 the covalent adduction formation
was found to also occur from the singlet state as reported
by Zhu et. al.>. The proton of the cysteine is released, the
N, atom of the FMN gets protonated and a covalent bond
is formed between the cysteine residue and the C,, atom of
the FMN isoalloxazine ring (Fig. 1A and *®). It is well ac-
cepted that the adduct state represents the active signaling
state of LOV domains '7*® not just due to its long-lived na-
ture but also because other intermediates have not been
observed between the decay of [LOV]* and the recovery of
the initial ground state. Finally, the photocycle is com-
pleted when [LOV]” reverts spontaneously back to its orig-
inal dark state in a few seconds to hours 578161922,



Despite extensive research into the photoreaction of LOV
domains over the last two decades, the reaction sequence
leading to the formation of the flavin-cysteine adduct has
not yet been resolved. Various scenarios have been pro-
posed 78375 2324 out of which a radical pair mechanism is
currently favored. Here, the adduct state is formed by elec-
tron transfer or movement of a hydrogen atom from the
reactive cysteine (C72) to the N atom of the FMN followed
by ISC back to the singlet state and finally bond formation
between C,. of FMN and the side chain of the cysteine 3.
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Still, the time scale of proton transfer from the cysteine to
N, of FMN has not been determined yet.

Figure 1 (A) Chemical structure of the catalytic co-factor
FMN in LOV domains. Blue light excitation induces the
reversible formation of the covalent bond between FMN
and the C72 residue. The adduct ([LOV]*) reverts sponta-
neously back to the dark state on a timescale of seconds to
hours. (B) Light-induced FTIR difference spectrum of
DsLOV-M49S from 1800 - 1000 cm™. The inset depicts the
spectral range of the S-H stretching vibration from 2600 -

2500 cm™. The indicated frequencies are compiled and as-
signed in Table S1.

In this report, we present time-resolved IR experiments on

the short LOV protein DsLOV from the photohetero-
trophic marine a-protobacterium Dinoroseabacter shibae.
The protein, which has no fused effector domain %79, was
only recently described and characterized with regard to
structure and function 3°3'. Strikingly, DsLOV exhibits
unique characteristics opposed to other LOV photorecep-
tors as it was found to participate in the regulation of pho-
topigment synthesis in the absence of blue light. To this
end, the dark state is the physiologically relevant signaling
state. DSLOV exhibits an accelerated photocycle with a
lifetime of the adduct state of T = 9.6 s3°. DSLOV carries a
methionine residue at position 49 3°3, where isoleucine or
leucine residues are found at this position in other LOV
domains. Several studies have shown that the exchange of
this residue strongly influences the lifetime of the adduct
state of LOV proteins 7*"3'. Replacement of M49 by serine
in DSLOV produces a variant with a faster dark-state re-
covery in the absence of large structural alterations com-
pared to the wild type 3. The accelerated recovery rate of
dark-state DsLOV-M49S after photoactivation (t = 1.6 s 3!)
facilitates time-resolved IR spectroscopic experiments to
study the mechanistic details of the photoreaction of LOV
proteins.

Dark-state DsLOV-M49S exhibits the vibrationally fine
structured electronic absorption with maximum at around
450 nm that is characteristic to flavoproteins. Formation of
the cysteinyl adduct is accompanied by changes in the vi-
brational modes of the FMN cofactor and the apoprotein
as recorded by FTIR difference spectroscopy (Figure 1B).
Here, negative bands represent vibrations due to the dark
state of the protein, whereas positive bands arise from con-
tributions of the adduct state. In this frequency range, the
spectrum is dominated by changes in the vibrational bands
of the FMN chromophore because formation of the cyste-
inyl-adduct state induces large changes in the dipole mo-
ment of FMN 3*. The agreement between the DsLOV-M49S
and spectra of other LOV domains > 333 permits the as-
signment of vibrational bands (Table S1). The C,=0O vibra-
tional mode is of particular interest due to its sensitivity
not just to the triplet state but also to adduct-state for-
mation. Its frequency shifts from 1710 cm™ in the dark state
to 1724 cm™ upon formation of the covalent bond to the
cysteine **3>3435 The 1533 cm™ vibrational mode is a direct
proxy to track the formation of the adduct state. This band
undergoes major changes during the transition of the C,,
carbon from a planar carbon (sp?) to a non-planar tetrahe-
dral carbon (sp3) in the C,.—Nj single bond upon adduct
formation 2% 3%, Unlike other LOV domains, DsLOV-M49S
does not show strong amide-I bands after covalent bond
formation *% 3> 3435 which may be related to the absence of
the Ja helix in the protein structure 3°3', which gives rise to
absorption changes in the amide I range after [LOV]A for-
mation in other LOV domains 7.



Given that steady-state experiments do not provide any
information on the time scale of the light-induced changes,
we performed time-resolved IR experiments using a flash
photolysis spectrometer employing the intense emission
from a tunable external cavity quantum cascade lasers (EC-
QCLs). The high photon flux of QCLs 3® facilitates the de-
tection of contributions of single amino acids such as the
weak S-H vibration of a cysteine residue (see inset of Fig.
1B). Detection of this vibrational band is hampered by the
low extinction coefficient, ranging from € = 10-200 M"'cm™
depending on the hydrogen-bonding properties of the sol-
vent 3 3, Our QCL experiments cover the spectral range
from 2600-2520 cm™ and from 1800-1510 cm™ resolving the
signature modes of the S-H stretching vibration as well as
the amide I (mainly C=0) mode of the peptide backbone,
and the C=0 and C=N stretching vibrations of FMN, re-
spectively. Time-resolved IR data were recorded over the
range of 50 ns - 500 ms. To correlate the vibrational
changes with the electronic alterations in the FMN chro-
mophore, we also recorded time-resolved UV/Vis absorp-
tion changes in the range from 380 - 720 nm over a time
range of 5o ns - 10 s.

Covalently linking C72 to the C,, of FMN requires prior
deprotonation of the terminal thiol moiety of the cysteine
side chain. The deprotonation appears in the light-induced
difference spectrum as a negative band at 2566 cm™, a typ-
ical frequency of the S-H stretching vibration of cysteines
(inset Figure 1B) 3°. Consequently, we assign this negative
band to the deprotonation of C72, the only cysteinyl resi-
due of DSLOV. The frequency of the S-H stretch of the C72
in DsLOV-M49S in the steady-state experiment is in the
same range as reported for other LOV domains 333 4°,

Using an EC-QCL, we track the minute absorbance
changes of the S-H vibration of DSLOV-M49S (Figure 2).
The observed minimum at 2566 cm™ exactly matches the
frequency of the S-H vibrational band as determined by
steady-state FTIR difference spectroscopy (Figure 1B). The
temporal evolution of the S-H vibration is overlapped by
broad IR absorption changes caused by heat transfer from
the photoexcited protein to the surrounding aqueous
medium (Figure 2A). To separate the kinetics of the band
at 2566 cm™ from the heat-induced changes, we integrated
the absorption changes across the range of 2550-2520 cm™
and subtracted this time trace from the kinetic at 2566 cm”
! (see Figure S3). The time trace (Figure 2B) exhibits the rise
of the bleach with a time constant of t =12 s, correspond-
ing to the time constant of deprotonation of the reactive
cysteine residue C7y2.

The question emerges from these results if proton transfer
from C72 to FMN is rate-limiting to the succeeding reac-
tions? Therefore, we conducted time-resolved UV/Vis
spectroscopy to track electronic changes of the FMN chro-
mophore. The triplet state formed in LOV domains has
characteristic absorption bands in the UV/Vis at 390, 660
and 720 nm &4, Figure 3A depicts an exemplary decay of
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Figure 2 (A) IR difference spectra of the temporal deple-
tion of the vibrational band of the S-H stretching vibration
of C72 of DSLOV-M49S due to deprotonation of C72. Data
have been recorded by time-resolved flash photolysis us-
ing a tunable EC-QCL. (B) The initial absorption at 2566
cm™ decays mono-exponentially into a plateau (black
trace) with a time constant of 12 ps (red trace).

the triplet state recorded at 660 nm. Traces have been fit-
ted by global analysis (Figure 3) and the derived time con-
stants are summarized in Table 1. The triplet state decays
with two time constants (t, = 13 ps and t, = 215 ps) in the
visible range. The triplet decay is corroborated by the ki-
netics of the vibrational changes recorded at 1654 cm™
which proceed with a similar time course (t, =18 ps and <,
= 101 us) supporting not only the assignment to the C,=O
vibration in the triplet state but also the biexponential de-
cay 5. As both the adduct and the triplet state, absorb at 390
nm, the kinetics (Figure 3B) shows two clearly separated
decay components with t, =13 ps and t; = 0.53 s. The former
reflects triplet decay and the latter of the adduct state. In



the adduct state [LOV]* (Figure 1, Table S1), the C,=O vi-
bration absorbs at 1726 cm™ 2%3»343% and the rises with the
same time constant as the triplet decay, indicating the ab-
sence of any other (observable) intermediate states in be-
tween.
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Figure 3 Selected kinetics of vibrational bands from
time-resolved IR (blue) and UV/Vis (red) absorption ex-
periments. The recorded kinetics were subjected to
global fitting (grey smooth lines) and the derived time
constants are displayed in Table 1. (A) The kinetics at
660 nm reflect the decay of the triplet state ((LOV]).
The vibrational mode at 1654 cm™ is due to the C,=O vi-
bration of the triplet state. (B) The early absorption
changes at 390 nm refer to the decay of the triplet state
and the formation of the adduct state, as both interme-
diate species exhibit electronic absorption at this wave-
length. The IR kinetics at 1726 cm™ tally formation of the
adduct state.

We analyzed the time-resolved IR and UV/Vis datasets
(Figure S4) by global fitting and applied a photocycle

model with branched triplet decay in the absence of a (ob-
servable) radical state (Figure 4). This reaction scheme was
selected based on lifetime density analysis and testing of
other models by global analysis (Figures S6 and S7). Gil et
al. > were able to fit time-resolved infrared data with a
branched triplet decay but excluded the model due to a
discrepancy between a short decay of the triplet back to the
ground state and a long-lived triplet upon mutation of the
cysteine to a valine 5. In our case, the triplet decay to the
ground state is in agreement for an unquenched triplet
state. Contrary, Kutta et al. favored the decay of the radical
anion intermediate back to the ground state with the same
41 ratio after a thorough analysis of their UV/Vis data °.
The concurrent decay of the triplet state back to the origi-
nal dark state without formation of the adduct state could
indicate the presence of a cysteine rotamer as observed in
crystal structures of LOV domains from Chlamydomonas
reinhardtii and Avena sativa ™ '*37. Although the crystal
structures of DsLOV and DsLOV-M49S did not reveal dif-
ferent rotamers, the cysteine side chain can adopt two dif-
ferent conformations in the WT and M49S 3°3'. It is noted
that the two rotamers can interconvert on the nanosecond
timescale as shown by MD simulations on the Avena sativa
phototropin 1 LOV2 (AsLOV2). Here, the reactive cysteine
residue was flipping rapidly from one conformer to the
other, presenting a dynamic equilibrium. # Consequently,
it seems unclear if the rotamers in DsLOV would be more
stable. However, our data indicate the presence of two ro-
tamers, given the asymmetric shape of the SH band. Fitting
two Gaussians to the asymmetric shape of the S-H stretch-
ing band provided two minima at 2566 cm™ and 2560 cm™
(Figure S2B) indicating that C72 adopts two different rota-
mer orientations in dark-state DsLOV-M49S under our
ambient conditions. The relative area of each vibrational
band is 67% and 33%, respectively, which is very similar to
LOV1 from Chlamydomonas reinhardtii .

Based on this model, we have derived species associated
spectra (SAS) from our photocycle model (Figure 5) that
refer to the IR difference spectra of the intermediate states.
The spectrum in black corresponds to the triplet state of
DsLOV-M49S 5™ 4 which is formed beyond our time res-
olution. The most prominent negative band at 1548 cm™
and the negative band at 1580 cm™ are due to coupled C=N
and C=C stretching vibrations of the isoalloxazine ring of
FMN in the dark state > 44, The former vibrational band ap-
pears downshifted by 4 cm™ in comparison with the LOV1
and LOV2 from Chlamydomonas reinhardtii and the LOV
domain of Bacillus subtilis *. The negative band at 1676 cm”
', assigned to the C,=O stretching vibration, exactly
matches the frequency in other LOV domains *. The shift
of the C,=0 stretching vibrations at 1676(-)/1624(+) to-
gether with the positive band at 1654 cm™ are assigned to
the carbonyl vibrations in the (deprotonated) triplet state
51,36 444 Global fitting shows that the triplet state decays
with 1, = 18 ps. With the rise of the adduct state, two new
positive bands appear at ~1684 cm™and at 1726 cm™, the
latter is due to the upshift of 1710(-) cm™ vibrational mode



(Figure 5 - red spectrum). The 1726(+) cm™ vibrational
mode was assigned to the C,=0 stretching vibration which
indirectly indicates formation of the adduct state ¢, 4>. The
1538 cm™ band would be the direct proxy to track the ad-
duct state formation, given that this mode arises upon the
disappearance of the C,,=N; double bond and formation of
the C,.—Nj single bond 5. Although the vibrational band
appears only as a shoulder at 1538 cm™ (Fig. 5), the kinetics
of adduct formation as evidenced by the rise of the bands
at1726 cm™ (blue trace in Fig. 3B) and at 1538 cm™ coincides
with the deprotonation of C72 as derived from the S-H vi-
brational band at 2566 cm™ (Fig. S8)..

Table 1 Time constants of the DsLOV-M49S photoreaction
derived from global analysis of time-resolved spectroscopy.
The model includes a branching of the triplet decay to ei-
ther direct restoration of the dark state or formation of the
cysteinyl adduct.

1 (s) of intermediate 1800 - 1510 cm™
.. 730-380 nm
state transitions
7, ([LOV]3 — [LOV]?) 18 s 13 Us
T ([LOVP — [LOV]) 83 s 196 s
173 ([LOV]?Y) 510 ps -
1, (([LOV]* — [LOV]Y) 198 056 s

According to the characteristic marker bands observed in

the spectra, formation of a protonated triplet state can be
excluded. The protonated [LOV]? typically shows three vi-
brational modes for the C=0 vibrations instead of the ob-
served two bands at 1654 cm™ and 1624 cm™ of the neutral
[LOV]3 ™4, Although no intermediate states were observed
between triplet decay and adduct state formation, transi-
ent formation of either the flavin neutral radical (FMN’) or
the flavin anion radical (FMN") cannot be strictly ex-
cluded. Both species have been characterized spectroscop-
ically in solution. The anion radical generated by the pho-
toreduction of FMN by ethylenediaminetetra-acetic acid
disodium salt dihydrate (EDTA) shows a prominent band
at 1633 cm™ 3, which slightly shifts to 1636 cm™ due to sol-
vent effects if FMN™ is generated using riboflavin tetraace-
tate (RBTA) in CD;CN “*. The spectrum of the neutral rad-
ical generated by RBTA in CD;CN has marker bands at 1660
cm™ and 1620 cm™ #* close to the band positions detected in
our data at 1654 cm™and 1624 cm™ and are, thus, possibly
concealed by triplet vibrations. However, it may well be
that these states are not sufficiently populated to be mon-
itored in our time-resolved experiments.
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Figure 4 Scheme of the suggested photocycle of
DsLOV-M49S initiated upon blue-light illumination.
Time constants are derived from global analysis of time-
resolved experimental data in the IR and UV/Vis region
(Table 1). After light excitation, the DsLOV-M49S re-
laxes to a triplet state [LOV]?> where a small fraction
(20%) is not forming the adduct state but decays back to
the dark state. The fraction that passes the triplet state
(80%) decays via a concerted mechanism or via for-
mation of a triplet radical state to form the adduct state
[LOVI]A. At last the adduct state decay back to the
ground state in a time range between 0.5 and 2 s.

We also observe the fast recovery of the bands at 1580 and
1548 cm™ in the third SAS (blue spectrum in Figure 5) while
the bands in the 1730-1600 cm™ range remain practically
constant, a phenomenon which was not observed in other
LOV domains*. The deviation in the 1730-1600 cm™ range
could be due to the unique structural characteristics and
function of DSLOV-M49S. MD simulations*> pointed out
the functional differences between LOV1i and LOVa.
Whereas the LOV1 activation is mostly caused by changes
in the hydrogen bonding between protein and ligand,
LOV2 activation could also result from a change in the flex-
ibility of a set of protein loops. The crystal structure of
wild-type DsLOV shows a unique structural feature as the
N-terminal A’ o helix is part of the dimer interface3°. An in-
creased flexibility of the N-cap region was inferred from
CD spectroscopy which could result in unfolding of the A'x
helix in solution 3. Similar structural changes have been
reported for AsLOV2 4%, including side-chain displace-
ments and changes in hydrogen-bonding patterns in the
chromophore binding pocket and the amino-terminus.
These rearrangements are interpreted as a starting point
for changes in the A'a helix, which would contribute to the
starting of the unfolding of the J-alpha helix *. Since
DsLOV does not have a J-alpha helix, changes in the range
from 1730 to 1600 cm™ would be smaller or non-existing in

comparison to other LOV domains that have a J-alpha helix
30-31



Swartz et. al.*® suggested that the bands at (-)1580/(-)1548
cm™ originate from the C,,=N; stretching vibration with a
contribution of C,.,=N, in the (-)1580 cm™ band. Thus, these
two bands are expected to be strongly affected by the for-
mation of the adduct state, due to the conversion of the
C,a=Ns double bond to a C,,-N5single bond upon formation
of the adduct state ». The exchange of a planar carbon (sp?
: C,2=N;) to a tetrahedral carbon (sp3: C,.-Ns) would justify
the strong changes observed in the (-)1580/(-)1548 cm™ vi-
brational modes (Figure 5).

As shown above, the time constants of the fast decay com-
ponent of the triplet state obtained by global analysis tuvvis
=13 ps (Table 1- 730-380 nm) and tir = 18 ps (Table 1- 1800-
1514 cm™) are in good agreement with the time constant of
the deprotonation of C72 (Figure 2A). Thus, we can infer
that the formation of the C,.-S bond and deprotonation of
the cysteine residue run in concert, which probably is the
rate-limiting step for the formation of the adduct state.
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Figure 5 Species associated spectra (SAS) showing the key
intermediate states of the DsLOV-M49S photoreaction
recorded by time-resolved IR spectroscopy. Correspond-
ing time constants are listed in table 1. The black spectrum
corresponds to the vibrational changes of the dark state to
the triplet state ([LOV]?) and the red spectrum to the ad-
duct state ([LOV]?). The blue spectrum refers to the sec-
ond adduct state ([LOV]*-1I), deviating from the first one
mainly in the spectral range of 1580 - 1520 cm™.

Based on these results and the comparison to literature, a
mechanistic model of the photocycle of DsLOV-M49S is
presented in Figure 4.

With the time resolution of 50 ns of our setups for IR and
UV/Vis spectroscopy, we were able to record the photore-
action of DsLOV-M4gS starting from the triplet state. Var-
ious models have been suggested for the molecular mech-
anisms of covalent adduct formation in LOV domains & ™

434748 The radical-pair mechanism is well supported by ex-
perimental and computational models 5 24 475" UV/Vis
absorption spectroscopy, mass spectrometry and X-ray
crystallography have been applied to investigate the neu-
tral radical species produced by the cysteine variant of
Chlamydomonas LOV1 5. The same flavin radical was di-
rectly identified by electron paramagnetic resonance (EPR)
and characterized with electron nuclear double resonance
(ENDOR) 3. Besides these, evidence was found for the rad-
ical intermediate by investigating wild-type LOV1, LOV2
and cysteine mutants from Chlamydomonas reinhardtii °.
The authors suggest the presence of a radical intermediate
with a short lifetime in the wild type. These conclusions
are in line with QM/MM simulations 3 which showed that
the electron density at the N5 atom increases during the
[LOV]? transition, leading to a decrease in the N;-C,, dou-
ble-bound character and to the formation of a neutral rad-
ical pair. The formation of a possible radical intermediate
state generates an unpaired spin localized on the atoms in-
volved in the adduct formation (Cys-S, FMN-C,, and FMN-
N,) 3. These conditions favor strong spin-orbit coupling
constant, leading to efficient triplet-singlet ISC by the sul-
fur atom, resulting into a rapid decay of the radical inter-
mediate state. Due to its short lifetime, the flavin radical
state may not sufficiently populate to be detected in time-
resolved experiments 3°. Another possibility is that a spec-
tral contribution is obscured by the triplet signal as it is the
case for the neutral radical with similar marker bands com-
pared to neutral triplet state [LOV]? at 1660 cm™ and 1620
cm™ 4. Although we do not clearly detect a radical species
in our time-resolved data, we favor a radical-pair mecha-
nism for DsLOV-M49S. In the ionic mechanism, a proton
transfer from the cysteine to FMN results in a protonated
triplet state . This is in contrast to the triplet state de-
tected in our experiment which was identified by two
marker bands at 1654 cm™ and 1624 cm™ as unprotonated
at N;. It is also possible that the protonated triplet state is
formed as a short lived intermediate not detectable in our
experiments. However, Kay et. al. 4° argued that this ionic
mechanism is rather unlikely, given that both the flavin
neutral radical (FMNH*) and the adduct would be formed
in a triplet state. Consequently, the adduct spin state
would have been detectable in NMR experiments, which
was not the case, at least not for the LOV2 domain of Avena
sativa phototropin **4°. The absence of other intermediate
states is corroborated by the concurrence of cysteine
deprotonation (t = 12 ps) and adduct-state formation (tir =
18 s, Tuvyvis = 13 ps). These findings exclude an ionic mech-
anism leaving a photoreaction via radical species as the
most plausible scenario, at least for DSLOV-M49S that was
studied here.

Materials and Methods
Sample preparation

DsLOV-M49S was heterologously produced and purified
as described 3°3.The DsLOV-M49S sample was washed



with 10 mM sodium phosphate buffer at pH 8 by repeated
ultrafiltration using Vivaspin 500 filtering devices with 10-
kDa cut-off. 1 pL of a 4 mg/mL solution of DsLOV-M49S
was placed on a BaF, window and dried for 1 h under a gen-
tle stream of nitrogen. The protein film was sealed with a
second BaF, window and a 1 mm thick spacer. Rehydration
was performed through the vapor phase by placing drop-
lets of total volume of 200 pL of a 20% glycerol/water mix-
ture around the protein film as described in >*.

Light-induced FTIR difference spectroscopy

Light-induced FTIR difference spectroscopy was per-
formed on a Vertex 80V spectrometer (Bruker, Rheinstet-
ten, Germany) essentially as described 3°. The hydrated
protein sample was kept in the dark for 4 s followed by 3 s
of illumination with an LED emitting at a center wave-
length of 450 nm (~10 mW/cm?). The temperature was
kept constant at 24 °C using a circulating water bath
(Julabo F30, Seelbach, Germany). 3,000 light-dark differ-
ence spectra were recorded at a spectral resolution of 2 cm™
'and averaged.

Flash photolysis in the UV/Vis range

DsLOV-M49S was diluted to a concentration of 60 pM in
10 mM phosphate buffer at pH 8. Absorption changes in-
duced by pulsed laser excitation at 460 nm were recorded
across the time range of 50 ns - 10 s on a LKS80 Laser Flash
Photolysis Spectrometer (Applied Photophysics). The sam-
ple was excited every 20 s and 10 kinetic traces were aver-
aged as described previously *°. Data were recorded over
the wavelength range of 380-730 nm. The 440-500 nm in-
terval was omitted due to scattered light of the exciting la-
ser pulse that hits the detector.

Flash photolysis in the mid-IR range

After pulsed laser excitation (see above), absorption kinet-
ics were recorded in the mid-IR region across the time
range of 500 ns - 500 ms with the help of four different tun-
able external cavity quantum cascade laser (EC-QCL)
heads. An EC-QCL with tunable emission across the range
of 2600 - 2500 cm™ was used for probing the S-H stretching
vibration. The range from 1800 - 1510 cm™ was covered by a
series of three tunable EC-QCLs. The sample was excited
every 3 s and 100 kinetic traces were recorded at each wave-
number and averaged adapting the procedure described in
38, A step size of 2 cm™ was chosen for the 1800-1510 cm™
vibrational range and 1 cm™ for the 2600 - 2500 cm™ range.
For clarity and to reduce the signal-to-noise ratio after the
analysis, spectra were smoothed to yield a spectral resolu-
tions of 4 cm™ (1800-1510 cm™) and 2 cm™ (2600 - 2500 cm”
1), respectively.
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