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1. Introduction

LOV domains are the light sensitive parts of many light-acti-

A search for radical intermediates in the
photocycle of LOV domains+

Roger Jan Kutta, Kathrin Magerl, Uwe Kensy and Bernhard Dick*

LOV domains are the light sensitive parts of phototropins and many other light-activated enzymes that
regulate the response to blue light in plants and algae as well as some fungi and bacteria. Unlike all other
biological photoreceptors known so far, the photocycle of LOV domains involves the excited triplet state
of the chromophore. This chromophore is flavin mononucleotide (FMN) which forms a covalent adduct
with a cysteine residue in the signaling state. Since the formation of this adduct from the triplet state
involves breaking and forming of two bonds as well as a change from the triplet to the singlet spin state,
various intermediates have been proposed, e.g. a protonated triplet state SEMNH?*, the radical anion
2FMN'~, or the neutral semiquinone radical 2FMNH". We performed an extensive search for these inter-
mediates by two-dimensional transient absorption (2D-TA) with a streak camera. However, no transient
with a rate constant between the decay of fluorescence and the decay of the triplet state could be
detected. Analysis of the decay associated difference spectra results in quantum yields for the formation
of the adduct from the triplet of @,(LOV1) ~ 0.75 and @,(LOV2) ~ 0.80. This is lower than the values
DA(LOVI) = 0.95 and @A(LOV2) ~ 0.99 calculated from the rate constants, giving indirect evidence of an
intermediate that reacts either to form the adduct or to decay back to the ground state. Since there is no
measurable delay between the decay of the triplet and the formation of the adduct, we conclude that this
intermediate reacts much faster than it is formed. The LOV1-C57S mutant shows a weak and slowly
decaying (zr > 100 ps) transient whose decay associated spectrum has bands at 375 and 500 nm, with a
shoulder at 400 nm. This transient is insensitive to the pH change in the range 6.5-10.0 but increases on
addition of B-mercaptoethanol as the reducing agent. We assign this intermediate to the radical anion
which is protected from protonation by the protein. We propose that the adduct is formed via the same
intermediate by combination of the radical ion pair.

state is rather slow, taking typically several minutes.’ In some
organisms, the back reaction can take hours'® or is completely
absent.”'® Fig. 1 shows the schematic of these studies, taking

vated enzymes involved in regulating the response of plants
and algae, as well as some fungi and bacteria, to blue light."
Among these responses are chloroplast relocation,>’ opening
of stomata in leaves,” phototropism,">® and the sexual life
cycle of algae.” Each LOV domain contains one flavin mononu-
cleotide (FMN) as the chromophore with a characteristic
absorption band in the visible spectral range of 420-470 nm.
Immediately following the discovery of LOV domains several
groups have studied their photocycles.® > Whereas in the dark
form FMN is bound by hydrogen bonds," a covalent bond is
formed between C,, of the flavin and the sulfur atom of a
cysteine residue.®>'*™*® The thermal reaction back to the dark
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the first LOV domain of the PHOT protein from the green alga
Chlamydomonas reinhardtii (C.r.) as an example. In this green
alga the PHOT protein controls gametogenesis.” Excitation of
the dark form, LOV447, with blue light promotes the FMN
chromophore to the excited singlet state '"FMN which decays
either by fluorescence (zy = 2.9 ns)'’ back to the ground state,
or by intersystem crossing to the triplet excited state *FMN.
The latter is denoted as LOV715 according to the characteristic
absorption band at 715 nm."*">" The next species in the photo-
cycle that is firmly established is the adduct state LOV390 with
a single broad absorption band peaking at 390 nm.">**

LOV domains are the only biological photoreceptors for
which a long lived triplet state has been identified as an inter-
mediate in the photocycle.’ In all other photoreceptors for
which the photocycle is known, e.g. rhodopsins,>> the
primary photoreaction is completed within a few ps. Since the
photoreaction in LOV domains is apparently a special case,
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Fig. 1 Schematic of the photocycle of LOV domains. The established
intermediates are the dark state LOV447, the excited singlet state FMN,
the triplet state LOV715, and the signaling state LOV390.

the elucidation of the reaction mechanism is of particular interest.
The formation of the adduct from the triplet state involves the
breaking of two bonds, the formation of two new bonds, and
the crossing from the triplet potential energy surface to that of
the singlet. Although in principle a concerted reaction can be
envisaged, a stepwise mechanism would appear more natural.
Swartz et al. proposed a nucleophilic attack involving a proto-
nated triplet state.” However, this mechanism is ruled out by
recent measurements of the transient IR spectra of triplet
LOV*® and of protonated triplet flavin.>” TD-DFT calculations
by Neiss and Saalfrank®® favored a mechanism involving the
neutral flavin semiquinone radical and a thiyl radical. EPR
data also led to the proposal of electron transfer as the
primary event.>® This proposal was supported by QM/MM cal-
culations on the triplet potential energy surface by Dittrich
et al®*® and subsequently by MCSCF calculations on singlet
and triplet states by Domratcheva et al®' Corchnoy et al*
observed a 5-fold decrease in the adduct formation when D,O
was used as the solvent. They concluded that proton transfer is
the rate limiting step, which implies an electron transfer pre-
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ceding it. However, hydrogen transfer or concerted electron/
proton transfer would also be in line with the experimental
observation.

Previous experiments with mutated LOV domains in which
the reactive cysteine is replaced by either serine or glycine have
shown that triplet excited FMN easily forms the reduced semi-
quinone form FMNH' by electron transfer from a reducing
agent (e.g. EDTA) followed by protonation.>'*7* Hence elec-
tron transfer from the reactive cysteine to the triplet excited
FMN is likely for the primary reaction step. When methyl mer-
captan is used as the reducing agent together with the mutant
in which the reactive cysteine had been replaced by glycine,
also the adduct species is formed,***> whereas with bulkier
mercaptans only the neutral radical FMNH" is observed. It
must be concluded that in the wild type protein electron trans-
fer from the reactive cysteine to FMN is possible. If this is fol-
lowed by proton transfer, a neutral radical pair will result. As
long as the distance between the two radicals is large enough,
the total triplet and singlet spin states of this radical pair will
be almost degenerate within the range of kT at room tempera-
ture, and intersystem crossing should occur easily. Recombina-
tion of these radicals in the overall singlet state will lead to the
adduct state. If this mechanism applies the radical intermedi-
ates FMN™™ and possibly also FMNH" should occur in the
photocycle.

Recently, Bauer et al. have presented experimental data that
support this mechanistic hypothesis.*® Snapshots of transient
absorption spectra taken ca. 80 ns and 1 ps after excitation of
the wild type domain differ by a small additional absorption
in the region 550-620 nm where the absorption of the neutral
radical is expected.*® The corresponding spectra recorded for
the C57S mutant at 2 ps and 20 ps do not show this difference.
It is concluded that the decay of the FMN triplet state yields
the neutral radical as the next intermediate when the reactive
cysteine is present. Since the radical pair combines faster to
form the adduct than it is formed, the transient concentration
of the radical is small. However, the same data could also be
explained with the assumption that a certain small fraction of
the LOV domains produces the radical in a side reaction, and
that the main fraction forms the adduct with no detectable
participation of the radical. In order to firmly establish a
radical as an intermediate in the photocycle the kinetics of
this species should be measured. However, the very long recov-
ery time of the LOV domains makes the measurement of both
the transient spectra and their kinetics rather difficult: laser
excitation with high repetition rates cannot be used, and large
quantities of the proteins for use in a flow cell are difficult to
obtain.

For this purpose we have developed a novel apparatus
based on a streak camera for obtaining transient absorption
spectra.’” With this apparatus we can obtain the transient
absorption spectra of a small sample amount (typically 300 pL
with OD 0.3 at the excitation wavelength and 1 cm path length)
with ca. 10-100 laser excitations. Here we report measure-
ments of the photocycle of both LOV domains LOV1 and LOV2
from the PHOT protein of the green alga Chlamydomonas
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reinhardtii. The wild type domains LOV1-wt and LOV2-wt are
compared with the mutants LOV1-C57S, LOV1-C57G, and
LOV2-C250S in which the reactive cysteine has been replaced
by either serine or glycine. In these mutants formation of the
adduct should not be possible, i.e. we expect that their transi-
ent spectra are only due to the triplet species.

We could not detect any contribution of radical species to
the photocycles of the wild type domains, i.e. no delay is
observed between the decay of the triplet and the formation of
the adduct. Analysis of our decay associated difference spectra
(DADS) results in quantum yields for the formation of the
adduct from the triplet of @,(LOV1) ~ 0.75 and @,(LOV2) =
0.80. These values are smaller than the values ®,(LOV1) = 0.95
and ®,(LOV2) ~ 0.99 estimated from the ratio of the triplet
decay rates of wild types and inactive mutants. This can be
explained by an intermediate that reacts faster than it is formed,
leading either to decay back to the ground state or to formation
of the adduct. The mutants show a long-lived transient which is
assigned to the radical anion. We propose that this is also an
intermediate in the photocycle of the wild-type domains.

2. Experiment and methods

All LOV constructs used in this study were expressed in E. coli
and purified according to the standard protocols described
previously.”’**> These were the two wild-type LOV domains
LOV1-wt and LOV2-wt from the PHOT protein of the green alga
Chlamydomonas reinhardtii as well as the mutants LOV1-C57S,
LOV1-C57G, and LOV2-C250S in which the reactive cysteine
had been replaced by either serine or glycine. All proteins were
made with a His tag on the N-terminus. In the case of LOV2-
C250S a sample fused with the maltose binding protein was
also produced. All proteins were dialyzed four times against
10 mM phosphate buffer, pH 8, with 10 mM NacCl (all com-
ponents purchased from Merck) in order to completely remove
all FMN that are not bound to the LOV domains.

For the production of LOV2 with the His tag, the LOV2-
encoding cDNA fragment (amino acids 199-336) was amplified
by PCR from the cDNA. Replacement of the cysteine 250 by
serine was done by site directed mutagenesis according to
standard protocols. The ¢cDNA fragments were digested with
Ndel and Sall and cloned into the vector pET-28a(+) (Novagen)
carrying a N-terminal His-tag. The LOV2 proteins were
expressed and purified by the same protocol as LOV1.

Transient absorption measurements in the microsecond
time range were performed with a streak camera. The setup
and performance of this apparatus are described in detail in
ref. 37. Briefly, the sample is placed in a fused silica flow
cuvette of 2 mm optical path length for excitation and of
10 mm path length for probe light. Including the storage
vessel and the peristaltic pump, the overall sample volume was
about 5 mL. The control of the peristaltic pump was synchro-
nized with the timing of the measuring process so that the
sample was exchanged stepwise between each individual laser
excitation.
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The sample is excited through a cylindrical lens (f =
150 mm) along the short (2 mm) path with a laser flash
(450 nm, 8 ns, 10 mJ) from an OPO pumped by a Nd:YAG laser
(Surelite II, Continuum). The laser operates at a repetition rate
of 10 Hz and a mechanical shutter selects every 20th pulse for
sample excitation. This allows a 2 second delay between sub-
sequent excitation cycles, enough time for the reference
measurement and complete exchange of the excited sample
volume by the peristaltic pump. White light from a 150 W
pulsed Xe flashlamp of ca. 1 ms duration (MSP-05, Miiller
Elektronik-Optik) is passed along the long (10 mm) path
through the sample cell and subsequently analyzed using
an imaging spectrograph (Bruker 200is, grating 100 grooves
per mm) coupled to a streak camera (C7700, Hamamatsu Photo-
nics). The data were registered using a CCD camera (ORCA-CR,
Hamamatsu Photonics) and stored in a computer. Global life-
time analysis was done with home-written software. The data
are fitted to the expression

N

AA(t,2) =) exp(—kit) @ g(H)D;(2) (1)

-1
J=0
where g(t) is the instrument response function and ® indi-
cates convolution. The instrument response function is rep-
resented by a Gaussian. The results of this analysis are rate
constants k; and decay associated difference spectra (DADS)
D;(4). We labelled the DADS according to increasing rate con-
stants. Dy(1) contains the contribution that is quasi infinitely
slow (ko ~ 0) on the timescale of the measurement, D,(4) is the
next faster component, and so on.

In addition to the transmitted probe light, the streak
camera also analyzes the fluorescence of flavin and some scat-
tered light from the excitation laser. These events are faster
than the time resolution of the streak camera in the fastest
mode used here (i.e. ca. 10 ns in the 2 ps streak window). The
fluorescence intensity is not small compared to that of the
probe light, hence the detector is partially saturated and the
time profile of the fluorescence is not well represented by the
instrument response function. We could deal with this situ-
ation by excluding the part of the 2D image containing the
fluorescence and the laser stray light from the fit using an
algorithm described in ref. 37. However, this data area might
also contain information on the radical intermediates. There-
fore, we included the fluorescence in the fit and used a sum of
up to four Gaussians for the time profile. The fitting can be
performed directly to the 2D data matrices. However, since the
noise at each individual pixel is rather large, the quality of the
fit is difficult to judge from the residuals in this represen-
tation. Therefore, the fittings were performed to the leading
components of singular value decomposition (SVD) of the data
matrix. This allows easy visual inspection of the residuals. Fits
and residuals can be found in the ESLf}

The result of the analysis of each dataset is a spectrum of
the temporally unresolved component F(1) which contains the
fluorescence and scattered laser light, and a set of DADS each
associated with a specific rate constant. These DADS are linear

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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combinations of the species associated spectra (SAS) S,(1) of
the various intermediates,

Di() =Y YuSi(4) (2)
1

where the matrix of coefficients Y depends on the mechanistic
model. The test of different mechanistic models is done in two
steps: first the unique DADS are determined by the global life-
time analysis described above, and then various kinetic
schemes are projected onto these DADS according to eqn (2).
In contrast to fitting with model-specific time functions this pro-
cedure has the advantage that all interpretation is done with the
same quality of the fit. This is due to the fact that the second
step does not change the y*-value found in the first step.

3. Results and analysis

Fig. 2 shows 2D datasets, each obtained with 100 excitation
cycles, for LOV1-wt and the LOV1-C57S mutant, respectively. In
the false color representation, green and blue indicate the
increasing negative absorption change, yellow and red corre-
spond to increasing positive transient absorption. The bleach-
ing of the ground state is clearly visible in both datasets as a
blue stripe in the spectral range 420-480 nm. Positive TA
appears in the ranges 350-410 nm and 500-740 nm. In the
case of the LOV1-C57S mutant these transient features decay
on a similar timescale and have almost vanished at the end of
the streak window of 100 ps. In the case of the wild type
domain the TA in the range 500-740 nm decays within the 5 ps
streak window whereas the TA in the range 350-410 nm as well
as the ground state bleach persists on this timescale. Appar-
ently at least three different species are involved in the photo-
cycles of these two domains. Before we proceed with the global
lifetime analysis we note a small white spot at 450 nm and a
white stripe in the spectral range 480-580 nm in a narrow time
range near ¢ = 0. These are strong negative signals outside the
range of the false color scale, and are due to scattered laser
light and fluorescence from the flavin. The dataset for the
LOV2-wt domain looks similar to that for LOV1-wt, and data-
sets for the photoinactive mutants LOV1-C57G and LOV2-
C250S look similar to that for LOV1-C57S.

We begin with the global lifetime analysis of the wild type
domains. The result is shown in Fig. 3 and 4. Each dataset can
be fitted with three spectral components: panel A shows the
spectrum of the temporally unresolved component, whose
temporal structure is fitted by a sum of four Gaussians cen-
tered at ¢t = 0 and widths below the time resolution of the
streak camera. For the slit width of 30 pm, this time resolution
is ca. 25 ns for the measurement of LOV1 (5 ps streak window)
and ca. 10 ns for the measurement of LOV2 (2 ps streak
window). The spectrum is easily recognized as the fluorescence
of flavin with maxima at ca. 495 and 510 nm, and laser stray
light at 450 nm. Since this light appears as an increase of the
probe light, analysis in terms of transient absorption shows
negative bands.

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 2 False color representation of the 2D-TA data from 100 accumu-
lated excitation cycles. Yellow and red indicate positive transient absorp-
tion, green and blue indicate negative transient absorption. Upper panel:
LOV1-wt recorded with a streak window of 5 ps. Lower panel: LOV1-
C57S recorded with a streak window of 100 ps.

In addition to the fluorescence, two DADS are found in
each case. One corresponds to a decay time within the streak
window (1.16 ps for LOV1 and 225 ns for LOV2), shown in
panel B. The second has a decay time much larger than the
streak window and is shown in panel C. This DADS corre-
sponds to the signaling state of LOV domains, ie. it is the
species associated difference spectrum (SADS) of the cysteine-
flavin adduct, S, — Sg. The adduct spectrum S, is obtained
from stationary measurements and shows only one broad
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Fig. 3 Analysis of the 2D-TA data for LOV1-wt. (A) Spectrum of the
temporally unresolved part, showing fluorescence and laser stray light.
(B) and (C) show the DADS with decay times of 1.16 ps and >5 ps,
respectively.

band with a maximum at 390 nm in the spectral range of our
experiment. Within the spectral range shown here, the extinc-
tion coefficient of the adduct spectrum is larger than that of
the ground state spectrum Sg only in the small range between
the isosbestic points at 373 and 404 nm. Note that both DADS
in Fig. 3C and 4C are flat and coincident with the baseline at
A> 500 nm. This indicates that no radical species contribute to
the photocycles of the wild-type domains on timescales greater
than 5 ps.

The DADS in Fig. 3B and 4B correspond to the decay of the
triplet state which occurs with time constants of 1.16 ps and
225 ns for LOV1 and LOV2, respectively. (In the first account of
this decay in 2003, a double exponential fit with time con-
stants of 0.8 ps and 4 ps was reported.”® As was shown
later,"®>' samples of this preparation contained small
amounts of free flavin. We measured a triplet decay time of
3.8 ps in the aerated buffer solution. In our present samples,
free flavin was removed by dialysis. We observe always a single
exponential decay in the wild-type domains.)

The datasets for the photoinactive mutants LOV1-C57S,
LOV1-C57G, and LOV2-C250S can also be fitted with three
components. The first is again the temporally unresolved fluo-
rescence and laser stray light, and is not shown in the follow-
ing figures. The second component is a DADS with a time
constant of 23.8 ps for LOV1, 26.8 ps for LOV1-C57G, and
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Fig. 4 Analysis of the 2D-TA data for LOV2-wt. (A) Spectrum of the
temporally unresolved part, showing fluorescence and laser stray light.
(B) and (C) show the DADS with decay times of 225 ns and >2 ps,
respectively.

185 ps for LOV2. This is in good agreement with previously
published triplet decay times for these species.>’ The third
component is weak and corresponds to a decay time beyond
the streak window of 100 ps or 500 ps used for the LOV1- and
LOV2-mutants, respectively.

Fig. 5 shows the two DADS for LOV1-C57S as the full lines,
and the corresponding DADS of LOV1-C57G are also shown as
dashed lines. The latter were scaled by a factor of 5.0 for better
comparison. The first DADS is very similar for both mutants
and corresponds to the decay of the triplet state of flavin. The
second DADS of the C57G mutant looks also very similar to
this triplet decay spectrum. Apparently, in this mutant the
triplet state displays a biphasic decay with a slow component
that has ca. 4% of the amplitude of the faster component. In
degassed solution®® but also in the LOV2-C250S mutant, the
flavin triplet decays with a time constant of ca. 200 ps, whereas
the lifetime in LOV1-C57S is shorter by almost one order of
magnitude. Apparently an additional quenching channel exists
in LOV1 domains compared to LOV2 domains which could not
be identified up to now. Calculations of the influence of the
protein on the spin-orbit coupling have been reported,*®™*?
but these could not explain such a drastic effect. Hence the
additional quenching channel has so far been unexplained. It
is possible that the C57G mutant of LOV1 exists in a minor
conformer in which this quenching channel is not active.

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 5 DADS from the analysis of the 2D-TA data for LOV1-C57S (full
lines) and LOV1-C57G (dashed lines).

Glycine requires less space than serine thus allowing for small
molecules to enter the binding pocket next to the flavin. This
has been shown for methylmercaptan® and might also be
true for one or two water molecules. Since the triplet decay is
much slower in pure water, this might also cause a lengthen-
ing of the triplet decay time in the C57G mutant. The DADS
with 7 > 100 ps of LOV1-C57S is, however, different from that
of the C57G mutant (see Fig. 5B). The bleaching of the ground
state is clearly visible, indicating that a small fraction of the
triplets did not decay back to the ground state but to some
other long-lived species. The DADS has no positive bands in
the region 550-650 nm, hence this long-lived species cannot
be the triplet or the neutral radical. The spectrum has some
similarity to the second DADS of the wild-type domain. This
could lead to the hypothesis that in the C57S mutant also an
adduct is formed, albeit with rather low quantum yield and a
lifetime in the range of a few ms only. The two spectra can
indeed be overlaid nicely, however only with a shift of the
DADS of the wild type by 8.5 nm to the blue. Since the DADS
should be the difference of the species spectra of the unknown
species minus that of the ground state, one should ask what
other flavin species exist that might live for several 100 ps and
have no absorption at A > 550 nm.

A further hint is found from the analysis of the data for
LOV2-C250S. The two DADS of this domain are shown in
Fig. 6. The first DADS corresponds to the well known triplet
decay. The existence of a second DADS of LOV1-C57S as well as
LOV2-C250S indicates that not all triplets decay to the ground
state with the same time constant, but that a small fraction
returns to the ground state on a longer timescale. In the
second DADS of LOV2-C250S, a small positive amplitude is
obvious in the range 1 > 500 nm, which is only faintly seen in
the case of LOV1-C57S. The corresponding species could be
triplet states with a longer decay time, neutral radicals, or

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 6 DADS from the analysis of the 2D-TA data for LOV2-C250S (full
lines). Dashed lines represent the corresponding spectra after addition
of 200 mM of BME as the reducing agent.

anion radicals. Formation of the radicals requires a reducing
agent, which could be a tryptophane or a tyrosine within the
protein. When the experiment is repeated with addition of
200 mM of p-mercaptoethanol (BME) to LOV2-C250S, the DADS
shown as the dashed lines in Fig. 6 are found. Comparison of
the two DADS in the lower panel shows that PME increased the
yield of species absorbing at 4 > 500 nm. The peak at 375 nm
and the shoulder at 400 nm are characteristic of the flavin
radical anion, in addition to a weaker band at 500 nm. The
spectrum of the anion radical has been reported for a flavin in
a cryptochrome under anaerobic conditions.** There it shows
a band at ca. 475 nm that extends to larger wavelengths than
the first band of fully oxidized flavin, hence the difference
spectrum shows a small positive maximum at 500 nm.

It is surprising that this radical should be stable in a LOV
domain under aerobic conditions on a timescale of 1 ms.
Measurements in acetonitrile-water mixtures (1:1) have
shown that the flavin radical anion is protonated with a time
constant of 5.5 ps.** In order to check protonation in a LOV
domain we performed a series of measurements with the
LOV1-C57S mutant at three pH values (6.5, 8.0, and 10.0) and
in the presence and absence of BME. The results are collected
in Fig. 7. In order to obtain more spectral information on the
radical anion the spectral window was shifted by 50 nm to the
blue. All datasets can be fitted well with two DADS, in addition
to the fluorescence component. The first DADS corresponds to
a lifetime of ca. 25 ps irrespective of the pH value and the pres-
ence or absence of PME. When scaled to the same value at
650 nm, all six spectra are identical within the noise level. The
second DADS corresponds to lifetimes z > 100 ps. Even with
the largest streak window of 500 ps no significant decay was
observed. The three spectra for the different pH values in the
absence of PME are rather similar (Fig. 7B), and the same is
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Fig. 7 Influence of pH and BME on the DADS of LOV1-C57S. (A) The

first DADS, corresponding to a lifetime of ca. 25 ps, for pH = 6.5, 8.0,
and 10.0. Full lines were measured in the absence of BME, dashed lines
in the presence of BME. All curves were scaled to the same value at
650 nm. (B) The second DADS corresponding to quasi infinite lifetime,
for pH = 6.5 (full line), 8.0 (dashed line), and 10.0 (dotted line) and in the
absence of BME. (C) show the same spectra as (B) but with addition of
BME (200 mM).

true for the three spectra in the presence of PME (Fig. 7C).
However, the peaks at 375 and 500 nm as well as the shoulder
at 400 nm increase significantly when BME is added. Appar-
ently, the transient species is insensitive to pH, and the yield
increases with addition of PME. We conclude that in both
domains, LOV1 and LOV2, electron transfer from a mercaptan
to flavin is possible, and that the majority of the resulting
radical anions is not protonated for about 1 ms. Hence, if this
electron transfer occurs from the cysteine as the electron
donor in the wild-type domains, formation of the adduct could
be the result of combination of the radical ion pair.

4. Discussion

Our experiments show evidence for four transient species,
namely the excited singlet state '"FMN, the triplet state *FMN,
the radical anion ’PMN"", and the adduct state between FMN
and the active cysteine. In the following we shall denote these
species as S, T, R, and A, respectively. The mechanism of the
photocycle involves the ground state G of FMN as the fifth
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Fig. 8 Kinetic model used for data analysis, consisting of the ground
state (G), the excited triplet state (T), the radical (R) and the adduct (A).

species. The decay of S occurs mostly to G by internal conver-
sion and fluorescence, and to T by intersystem crossing. The
rate constant of this decay, ks ~ 3.4 x 10° s7', is determined
from measurements of the fluorescence decay.'®*® The decay
of S is not resolved in our experiments. Hence we do not con-
sider S in the kinetic scheme but assume that the initial state
of our observation is the situation immediately after decay of
the singlet. The basis of our discussion is thus the reaction
scheme shown in Fig. 8. The rate constants kg, kg, and k, lead
from the triplet state to the ground state, the radical, and the
adduct, respectively. Two more rate constants kg and kgra
account for the decay of the radical species back to the ground
state or to the adduct. The reaction from the adduct back to
the ground state is at least four orders of magnitude slower
than all other reactions, ie. on the millisecond timescale
we can neglect the decay from A to G and set kxg = 0, whereas
all other reactions are complete within this timescale.
We assume that all these reactions are irreversible. This reac-
tion scheme corresponds to a hierarchical ordering of the
states T > R > A > G. As a consequence, the matrix of rate con-
stants is lower triangular, and the set of differential equations
has solutions for the concentrations cx(t) of each species X of
the form

2
ex(t) = 3 Cg exp(—ki) 3)
Jj=0
with
ki = kg + kr + ka (5)
kz = kB + kRA (6)

The transient absorption AE is given by
AE = CT(f)AST + CR(t)AsR + CA(t)ASA
= Dy + D; exp(—kit) + D, exp(—k;,t) (7)

In this expression, the ASy are the species associated differ-
ence spectra (SADS) Sx — Sg of the three species T, R, and A.
The D; are the decay associated difference spectra (DADS)
for the three rate constants k;. The latter are the result of the
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global lifetime analysis. The species associated difference
spectra are related to the DADS by

AST :D() +D1 +D2
ASg = fiDo +vD; (8)
ASA = aDO

and the inverse relationship is
1
D() = —ASA
a
1 1
Dl = AST — —ASR + - <é — 1) ASA (9)
v a\y

1
DZ = —ASR —EASA
4 ay

with
kiks
. 10
T Toka 1 kkea (10)
kykpa
= 11
Koka + knkna (11)
kl - k2
= 12
Y T (12)

This model includes the photocycle of the mutant with a
possible production of the radical in a side reaction (ks = kra = 0).
The hypothesis of R as an intermediate in the photocycle of
the wild type is represented by k, = 0. If the radical in the wild
type photocycle is not an intermediate but the result of a side
reaction, this is accounted for by setting ks = 0. According to
eqn (8), the SADS of the triplet state is always given by the sum
of all DADS, the SADS of the adduct state is always pro-
portional to the DADS D, with an infinite lifetime (i.e. much
larger than the time window Ty of the experiment), and the
DADS D, contributes only to the SADS of the triplet state. The
models then only differ in the weights that are assigned to
D, and D, in forming the SADS of the radical.

However, in all our experiments only two decay components
(ka, k1) could be resolved. One corresponds to the decay of the
triplet state (k, = k1), and the other is quasi constant (1/Tyw >
ky ~ 0), where Tw is the streak window. In the wild type
domain the latter is obviously the SADS of the adduct. This
means that k, is either so small that it cannot be distinguished
from £k, or so large that this component decays faster than the
time resolution of our experiment (ca. 10 ns). Let us consider
these two cases separately.

The observation made for the mutant is in favor of the first
alternative: here we see a long-lived component with the signa-
ture of the radical, i.e. kg < 10? s™'. The DADS in this case are
given by

Dy =0 (13)
Dy = AS K AS (14)
PO ket ke —ks N
kg
Dy=—"——AS 15
2 kG + kR — kB R ( )
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Richter et al.®® have reported the formation of the radical
anion in the C450A mutant of LOV2 from Avena sativa and
assigned a tryptophan as the electron donor. LOV1 of C.r. has
a tryptophan Trp98 at a distance of ca. 8.8 A from the flavin
that could act as the electron donor. Kay et al.*® also observed
the anion radical in At-LOV2-C450A indirectly as a transient in
nuclear polarization experiments, and the neutral radical in
stationary UV/Vis spectra and EPR. Massey and Palmer?” have
shown that the protein environment strongly influences the
pK, of the neutral flavin radical. Hence, for a given pH, either
the neutral radical or the anion radical can be the stationary
stable form, whereas the other form is a transient. In Cr-LOV1
the neutral radical is in the stable form near pH = 8.2"3373%38
Slow protonation of the radical anion has also been found for
a photolyase,’® and even for a flavin outside a protein in an
acetonitrile-water mixture.** We observed that adding B-mer-
captoethanol as an electron donor to the solution leads to a
significant increase in the signature of the radical in the DADS
of the long lived component. From measurements on ribo-
flavin in solution we estimate®® that the radical anion has
about twice the extinction coefficient at 500 nm as the triplet.
Miura®® presents, apparently as a private communication,
UV/Vis spectra of the neutral oxidized form as well as the neutral
and anion radicals of d-amino acid oxidase that show a
common isosbestic point at 500 nm with an extinction coeffi-
cient of ¢ = 4 mM ' cm™'. Unfortunately, no experimental
details are given. With these data we estimate the yield of the
radical anion in LOV1-C57S of ca. 2% if no other species is pro-
duced that absorbs at 500 nm. If neutral tryptophan radicals
are produced as the counter-radicals, this estimate reduces to
ca. 1%.°" After addition of 200 mM of BME the yield increases
to ca. 4%.

If the radical is not an intermediate in the photocycle of the
wild type protein, then it will only be observed as a long-lived
byproduct like in the mutants. In this case, k, is much smaller
than the inverse of the streak window, hence the observed
DADS for k =~ 0 is the sum of the model DADS D, + D,. The
latter is a superposition of the spectra of the adduct and
radical,

Dy + D, = ®pAS, + PrASR (16)
where @, and @y are the quantum yields of formation of the
adduct and long-lived radical from the excited triplet state.
However, the corresponding DADS of LOV1-wt and LOV2-wt,
shown in panel C of Fig. 3 and 4, respectively, show no trace of
any radical species, neither the neutral radical nor the anion.
We conclude that the reaction leading to the adduct in the
wild type domains is much faster than the reaction leading to
long-lived radicals in the case of the mutants.

Let us now consider the second case, i.e. the radical is an
essential intermediate in the formation of the adduct. Then
kra cannot be smaller than the inverse rise time of the adduct.
Since we do not observe a second fast component in this life-
time range, we must conclude that k, = kga is too large to be
resolved by our experiment. The latter is limited by the
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duration of the excitation laser and the fluorescence decay. In
this limit, the sum of all observed DADS is given by
]CR

D() +D1 == AST +—ASR

o (17)

i.e., the signature of the radical should appear in the sum of
the two observed DADS. In the case of the mutants, however,
formation and further reactions of the radicals are slow and
resolved in the observed DADS. Hence for the mutants the
sum of all DADS corresponds to the transient spectrum
extrapolated to ¢ = 0, i.e. to ASy. In Fig. 9 these sums of all
DADS are compared for the wild type and the mutants, where
all spectra were scaled to the same intensity in the range
650-710 nm where the triplet is the only absorbing species. In
the spectral range above 500 nm these curves are in agreement
within the noise level, i.e. no significant contribution of the
radical spectrum can be detected. The SADS of the neutral
radical should have a band in the region 500-620 nm with a
similar intensity to the triplet spectrum. The differences of the
spectra in Fig. 9 are so small in this spectral region that we
can estimate kr/kgra < 0.05 if the radical intermediate is the
neutral radical. The SADS of the radical anion should show
bands at 375 and 500 nm. This region overlaps already with
the rising edge of the ground state absorption. The spectra in
Fig. 9 differ slightly in the region of the ground state bleach
(410-480 nm). Apparently, not only the peak positions but also
the oscillator strength of the ground state absorption (relative
to that of the triplet bands) differs slightly for the various
mutants. However, the intensity of the wild type spectra in
Fig. 9 is below that of the mutant spectra in the region around

A mOD

A mOD

—200 k&

| | |
400 500 600
A/ nm

Fig. 9 Full lines represent the sum of all DADS for LOV1-wt (upper
panel) and LOV2-wt (lower panel). The corresponding sum of DADS for
the mutants LOV1-C57S (upper panel) and LOV2-C250S (lower panel) is
shown as dashed lines, the sum of DADS for the LOV1-C57G mutants is
shown with the dotted line. The spectra of the mutants are scaled to the
same intensity as the wild types in the range 650-710 nm. For discussion
see text.
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500 nm, whereas the spectrum ASg should be positive. Hence
we conclude that also for the radical anion a contribution to
the sum of all DADS is rather unlikely, and estimate kp/kga <
0.05. Thus the transient spectra give no evidence for partici-
pation of the radical in the mechanism of the adduct for-
mation. This would lead to the conclusion that the adduct is
either formed by a concerted reaction, or the adduct formation
from the radical is ca. 20 times faster than the formation of
the radical via decay of the triplet by electron transfer, so that
no measurable transient concentration of the radical can
accumulate.

There is, however, indirect evidence for the participation of
an intermediate in adduct formation. This originates from a
discussion of the quantum yield @, of the adduct formed from
the triplet. If no intermediate is involved in that reaction, this
quantum yield is given by the rate constants as

k A kG

b ke e
_kA+kG_ kA+kG_

1- (18)

D,
A 7(mutant)

In the last step we have assumed that kg is the same for a
wild type domain and the corresponding mutant. With the
observed triplet decay times we obtain @, = 0.95 for LOV1 and
@, > 0.99 for LOV2. The quantum yield of the adduct can also
be obtained from the DADS. If we assume that the adduct is
formed via an intermediate (ks = 0) and that this intermediate
reacts much faster than it is formed (kg >> kg) we obtain

1 kr kra
Z= X =@ 19
a ks+ke kstkea (19)

1
-=0 20
. (20)
with the consequence

Dy = (DA(SA — SG) (21)
Dy = St — ®,Sp — DGSg (22)

In these expressions, Sy is the species associated spectrum
of species X, and @ is the quantum yield of species X from
the triplet state. We now form a linear combination of these
DADS

Dy =Dy — Do = St — PaSa(1 + 1) — Sa(Ps —nPa)  (23)

with n = @5/P, the contribution of Sg vanishes from this linear
combination. Considering that @, + @ = 1 we find in this case

Dopt = St — Sa (24)

Fig. 10 shows a series of D, for both LOV domains with @&,
varied in the range 0.7 < @, < 1.0. We expect only a very small
contribution of the adduct spectrum in the range 1 > 420 nm.
According to published spectra of flavin triplets,®* the extinc-
tion coefficient of the triplet spectrum at 450 nm should be
equal to or higher than that at the minimum at 550 nm.
However, if we assume @, = 1.0 (lowest curves in Fig. 10), the
triplet spectrum goes to zero at 450 nm. In order to fulfil the
condition given above, we have to assume @, ~ 0.75 for LOV1,

This journal is © The Royal Society of Chemistry and Owner Societies 2015
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Fig. 10 Difference of the DADS, D; — nDq for LOV1-wt (upper panel)
and LOV2-wt (lower panel). In each panel, the scaling factor 5 corre-
sponds to @, = 1.0 for the lowest curve, @, = 0.9 for the next curve, and
@, = 0.7 for the highest curve. Best agreement with the published triplet
spectrum of flavin is obtained with @, = 0.75 for LOV1 and &, = 0.80 for
LOV2 (thicker curves).

and @, ~ 0.80 for LOV2 (thick lines in Fig. 10). These quantum
yields are smaller than those calculated from the ratio of the
triplet decay rates of wild types and mutants. The discrepancy
can be explained if the ratio of the triplet decay rates is
assigned to the yield of the intermediate. This means that the
radical anion is formed with a quantum yield of 0.95 (LOV1)
and 0.99 (LOV2), respectively. The radical anion subsequently
reacts to form the adduct or decay back to the ground state
with a branching ratio of ca. 4: 1.

5. Summary

The transient absorption data for all wild-type domains and
mutants studied show, in addition to the unresolved fluo-
rescence decay, one resolved exponentially decaying com-
ponent and one component that is non-decaying within the
time window of the streak camera measurement. The tem-
porally resolved component always contains the signature of
the flavin triplet state, decaying in 0.225, 1.16, 23.8, 26.8, and
185 ps for LOV2-wt, LOV1-wt, LOV1-C57S, LOV1-C57G, and
LOV2-C2508, respectively.

The second DADS of the photoinactive mutants have rather
small amplitude, but the bleaching of the ground state is
clearly visible. This indicates that ca. 2-4% of the excited mole-
cules did not return to the dark state within the time window
of the experiment. A weak positive absorption near 500 nm
hints to the formation of the flavin radical; in LOV1-C57G and
LOV2-C2508S a long-lived triplet component seems also to con-
tribute. The second DADS of LOV1-C57S contains the signature
of the flavin radical anion FMN"". The yield of this species
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increases when reducing agents are added to the solution, but
is insensitive to pH in the range 6.5-10. The fact that the
radical anion is observed on timescales of several 100 ps is sur-
prising. Apparently, no acidic protons are available inside the
binding pocket of the mutants, and the protein environment
effectively shields the radical from the external water. Since the
LOV mutants recover completely before the next laser exci-
tation, all radical species are apparently oxidized back to the
fully oxidized flavin by molecular oxygen on the ms timescale.
We do not find any evidence of radical species in the photo-
cycles of the wild-type domains. Instead, there is no measur-
able delay between the decay of the triplet and the formation
of the adduct. If electron transfer from cysteine to FMN
initiates the reaction, it must be the rate limiting step, i.e. the
following steps of protonation and/or radical combination
must be much faster. Thus the mechanism appears to be con-
certed. However, whereas the ratio of the triplet decay rates for
wild types and mutants indicates an efficiency of @, > 0.95 for
the formation of an intermediate from the triplet in the wild-
type domains, the transient spectra are more in agreement
with a quantum yield of @, < 0.80 of the adduct. This can be
explained with the assumption that the triplet decay leads to a
radical species with a rate constant kz which subsequently
reacts to form the adduct with a rate constant kg, > 20kg.
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