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’ INTRODUCTION

Flavin binding photoreceptors have been extensively studied
during the past 10 years.1�4 The flavin cofactor differs from
classical photoreceptor chromophores with its lack of photoin-
duced structural transitions. Similar to their well-studied role as
redox and catalysis cofactors, flavin chromophores undergo light-
induced redox reactions (cryptochromes),5�7 covalent adduct
formation (LOV domains),8�12 and rearranging of hydrogen
bonds.13�15 BLUF (blue light sensors using FAD) domains
belong to the latter group with the least chemical and structural
changes and are therefore an extremely challenging field of study.
Because of the ubiquitous bioavailability of flavin, BLUF photo-
receptors have drawn a lot of attention as cell-type independent,
noninvasive, genetically encoded, so-called optogenetic tools.16�21

They are usually of modular design and contain various enzymatic
domains, which are involved in second messenger (e.g., cAMP)
synthesis or breakdown. The BLUF domain(s) of these proteins
modulate the activity of the enzyme domains depending on the
light conditions and regulate many photoprotective processes like
phototaxis22,23 or photosynthesis gene regulation24�26 as well as
biofilm formation.27,28 Even though several structures of BLUF
domains have been provided by X-ray crystallography and NMR
spectroscopy,13,29�35 key issues in the photoactivation pathway
could not be addressed sufficiently since assignment of the

structures to light or dark adapted states is still under debate.13,32,33

The interaction between receptor and effector domains of these
enzyme photoreceptors is also still rather unclear since only one
structure of a BLUF�enzyme complex is available so far.29

The primary photoactivation mechanism of BLUF domains
generally involves the flavin and at least two conserved amino
acids, a tyrosine and glutamine (Y9 and Q51 in Figure 1). The
tyrosine transfers an electron and most likely a proton after
excitation of the flavin to yield anionic and neutral semiquinonic
flavins, respectively.36 Subsequently, the tyrosine/flavin radical
pair recombines, and the signaling state is formedwithin less than
1 ns. The signaling state as observed by visible spectroscopy
contains an oxidized flavin with a 10�15 nm red-shifted absor-
bance. Upon its ultrafast formation in <1 ns, this red-shifted state
does not spectrally evolve on longer time scales.37 Spectrally
silent transitions that eventually affect the molecular surface
likely take place on micro- to millisecond time scales.38,39 From
FTIR and ultrafast mid-IR absorption studies the flavin is present
in a hydrogen bond switched coordination involving the gluta-
mine side chain.40,41 The amide group of the glutamine is
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ABSTRACT: The BlrB protein from Rhodobacter sphaeroides is a small 136 amino acid
photoreceptor belonging to the BLUF family of blue light receptors. It contains merely the
conserved BLUF fold responsible for binding the flavin pigment and a short C-terminal
extension of unknown function. We investigated the primary photoreactions of BlrB by
picosecond fluorescence and transient absorption spectroscopy. After excitation of the flavin
the fluorescence decays in an H/D isotope independent manner with time constants of 21
and 390 ps, indicating a BLUF characteristic heterogeneous excited state quenched by
electron transfer. By transient absorption spectroscopy, we observed a rapid relaxation of a
vibrationally hot excited state within 6 ps upon excitation at 400 nm. The relaxed excited state
evolves biexponentially with 18 ps (27%) and 216 ps (73%) into the signaling state spectrum
indicated by a growing absorptive feature at 492 nm. Additionally, a broad triplet feature is
observed as residual absorbance at a delay of 5 ns, which we attribute to derive from a significant fraction of free flavin in the sample.
The photochemistry of BlrB is similar to other small BLUF proteins in respect to the fast formation of the photoproduct but does not
resolve any further intermediates. We compare the photoreaction with other BLUF proteins on the basis of available spectroscopic
data and crystal structures. An arginine close to the C2dO carbonyl of the flavin is likely to be a key determinant for the fast electron
transfer in BlrB. Additionally, the orientation of the electron-donating tyrosine in respect to the flavin might play a role in the so far
unique kinetic separation of the semiquinonic intermediates in Slr1694.
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assumed to flip ∼180� to accommodate the experimental find-
ing. This interpretation remains under heavy debate, since recent
theoretical work suggested a transient enolization with or with-
out flipping of the amide group, alternatively.42�45 The signaling
state recovers to the dark-adapted form within seconds to
minutes.30,37,46,47

Many key aspects of the ultrafast hydrogen-bond switch
reaction of BLUF domains remain unresolved. So far only the
Slr1694 BLUF domain from Synechocystis sp. PCC6803 and the
BLUF domain of Rhodobacter sphaeroides AppA were studied by
ultrafast absorption and emission spectroscopy.36,37,48�51 Both
proteins show a highly multiexponential flavin excited-state
decay which most likely reflects conformational heterogeneity
of the flavin binding pocket.31,50 The excited-state decay is not
affected by a kinetic isotope effect when the reaction ismonitored
in D2O buffer, indicating electron transfer as the initial step after
excitation. Intriguingly, the primary electron transfer in Slr1694
is about 10�15 times faster than in AppA36,37,40,48,50,52 even
though the distance of the electron-donating tyrosine to the
flavin is about 0.5 Å larger.13,30,32,33 Therefore, it is of high
interest to study other BLUF proteins to address this obvious gap
in our understanding of BLUF photochemistry. Another differ-
ence is apparent by the fact that, unlike AppA, Slr1694 kinetically
resolves a number of key reactive intermediates during the
ultrafast reaction. In the AppA BLUF domain, the signaling state
is formed from the flavin singlet excited state without any
apparent intermediates.37 In Slr1694 we observe an anionic
semiquinone of the flavin as the primary product of the
excited-state reaction. Subsequently, formation of a neutral
semiquinone is observed in an isotope-dependent kinetic.36,40

Finally, another isotope-dependent reaction to the formation of
the red-shifted signaling state takes place, which is characteristic for
all BLUF domains and reflects the hydrogen bond switched state.

Here we study the small BLUF protein BlrB (Figure 1) from
R. sphaeroides by picosecond fluorescence and ultrafast visible
absorption spectroscopy. BlrB is a small protein containing the
BLUF domain and a short C-terminal extension similar to
Slr1694 and Tll0078.30 Its physiological function is unknown
so far, but it is likely that the signal transduction works via
protein�protein interactions similar to Slr1694.53 BlrB is an ideal
candidate for transient spectroscopic studies because its dark
recovery of 5 s is one of the fastest among the so far characterized
wild-type BLUF proteins.30 Additionally, it is of high interest to
study more BLUF photoreceptors in terms of electron/proton
transfer kinetics to address the above-mentioned differences
precisely on a molecular level.

’EXPERIMENTAL PROCEDURES

Expression and Purification of BlrB. Rhodobacter sphaeroides
blrB cDNA was cloned, expressed, and purified as previously
described.54 Because the BLUF photochemistry is independent of
the flavin identity as previously observed,55 the protein was used
in its heterogeneous chromophore composition after expression
and purification54 from E. coliwithout further pigment reconstitu-
tion with FAD. In contrast to the sample Zirak and co-workers54

used, we did not remove the His-Tag.
Streak Camera Experiments. Time-resolved fluorescence

measurements were carried out using the streak camera setup
described earlier.56,57 An integrated Ti-sapphire oscillator
(Coherent Vitesse) produced pulses of 800 nm with 100 fs
duration at 80MHz repetition rate. This beamwas directed into
a regenerative amplifier (Coherent RegA) operating rate at
50 kHz. For time-resolved fluorescence experiments, the sam-
ple was diluted to an optical density (OD) at 400 nm of 0.6 per
centimeter for a total volume of 8 mL. Both H2O and D2O
buffers were used of 10 mM TRIS, 50 mM NaCl at a pH/pD of
8.0. To avoid multiple laser excitations on the same volume, the
sample was loaded in a flow system and circulated by a
peristaltic pump. A 1 mm path length flow cuvette was used.
Excitation at 400 nm with a pulse energy of 10 nJ was provided
by frequency doubling the output of the amplified Ti:sapphire
laser system. The fluorescence was collected at 90� to the
excitation path using achromatic lenses and detected through a
sheet polarizer set at the magic angle (54.7�) with a Hamamatsu
C5680 synchroscan streak camera and a Chromex 250IS
spectrograph. The dispersed light was converted to electrons
at the photocathode and time-resolved by varying the voltage
applied to sweep electrodes. A microchannel-plate (MCP) was
used to amplify the photocathode signal and projected to a
phosphor screen where it was visualized by a CCD camera.
Pump�Probe Spectroscopy. Femtosecond transient ab-

sorption spectroscopy was carried out with a Ti:sapphire-based
regenerative amplification system as described.58 A 400 nm
pump beam was obtained by frequency-doubling the output
from the amplifier and attenuated to 300 nJ. Femtosecond time
delays up to 5 ns between pump and probe were controlled by a
delay line, and time-gated spectra at 109 delay times were
recorded. The polarizations of pump and probe beams were
set at the magic angle (54.7�). The instrument response function
was fit to aGaussian of 120 fs full width at half-maximum (fwhm).
The samples were loaded in a flow system of 4 mL volume,

Figure 1. Structural features of the BlrB flavin binding pocket with the
most important residues. The C-terminal helical extension is not
displayed.
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including a flow cuvette of 1 mm path length, and flowed by a
peristaltic pump. Additionally, the flow cell was moved perpen-
dicular to the probe beam by a shaking device.
Data Analysis. The femtosecond transient absorption data

were globally analyzed using a kinetic model consisting of
sequentially interconverting, evolution-associated difference
spectra (EADS), i.e., 1 f 2 f 3f ..., in which the arrows
indicate successive monoexponential decays of increasing time
constant, which can be regarded as the lifetime of each EADS.59

The first EADS corresponds to the time-zero difference spec-
trum. This procedure clearly visualizes the evolution of the
(excited and intermediate) states of the system. In time-resolved
fluorescence measurements, an independent exponential decay
scheme (sum of exponentials) is applied which produces the
decay-associated spectra (DAS). It is important to note that a
sequential analysis is mathematically equivalent to a parallel
(sum-of-exponentials) analysis. The analysis program calculates
both EADS and DADS and the time constants that follow from
the analysis apply to both. In general, the EADS may well reflect
mixtures of molecular states, such as may arise, for instance, from
heterogeneous ground states or branching at any point in the
molecular evolution.14,40,60�63 The advantage of showing EADS
over DADS is that the former are qualitatively and intuitively
more easily interpreted in terms of which molecular species is
present at what time.We stress that the sequential scheme should
not a priori be taken literally, and the combination of different
time-resolved spectroscopy information such as the transient
absorption and time-resolved fluorescence with close inspection
of EADS, DADS, and DAS is required to arrive at conclusions
regarding the parallel, branched, or sequential nature of the
spectral evolution.
To disentangle the contributions by the various molecular

species in the spectral evolution, we performed a target analysis
of time-resolved data. Target analysis involves the application of a
compartmental model (i.e., a specific kinetic scheme) containing
microscopic decay rates expressing intercompartmental transi-
tions and may be used to test detailed hypotheses regarding the
underlying kinetics. The spectrum associated with each compo-
nent in a target analysis applied to difference absorption data is
termed species-associated difference spectra (SADS). In contrast
to the EADS, the SADS will represent the spectral signature of
the pure molecular species and their kinetics after photon
absorption. In this way, the reaction mechanism can be assessed
in terms of discrete reaction intermediate states.
Comparison of BLUF Protein Structures.Molecular coordi-

nates were obtained from the RCSB database: AppA (PDB IDs
1YRX,31 2IYG,32 2BUN13), BlrB (PDB ID 2BYC30), Slr1694
(PDB ID 2HFO33), Tll0078 (PDB ID 1XOP34). If multimers
were present in the asymmetric cell, all monomers were aligned
to each other using the “ligalign” script in PyMOL.64,65 One
representative structure was selected and aligned then with the
other homologous proteins using the same procedure. All
roughly aligned proteins were manually superpositioned on the
isoalloxazine of the flavin cofactor of the BlrB structure.

’RESULTS

Time-Resolved Fluorescence Spectroscopy. The time-
resolved fluorescence of the BlrB BLUF domain in both H2O
and D2O buffer was recorded by means of a synchroscan streak
camera with excitation at 400 nm. Global analysis of the two data
sets gave decay associated spectra (DAS) with the same lifetimes

of 21 ps, 390 ps, and 4.4 ns (Figure 2B,C). The latter lifetime was
fixed since it corresponds to the fluorescence lifetime of free
flavin observed in previous experiments.37,40 Both H2O and D2O
data sets are highly similar. The black and red DAS in both data
sets show a maximum at around 505 nm. A shoulder around
520 nm as observed in AppA and Slr1694 cannot be identified
clearly here. Additionally, a shoulder at around 480 nm is
observed, which we attribute to a photodegradation product of
flavin, most likely lumichrome.54,66 This shoulder is more
pronounced in the DAS of the D2O sample. The two fast
components are attributed to the relaxation of the BlrB excited
state. In Slr1694 and in Tll0078 similarly short lifetimes were
observed. The fluorescence decay in Slr1694 shows lifetimes of 6,

Figure 2. Time-resolved fluorescence of BlrB. (A) Fluorescence life-
time extracted at 511 nm (solid) along with the fitted trace (dashed).
The time axis is linear until 100 ps and logarithmic after, indicated by the
skewed lines. The black trace corresponds to the H2O buffered sample
and red to the D2O buffered sample. The signal before time zero can
be entirely attributed to a 4.4 ns decay of FAD in combination with
the backsweep (after 6.5 ns) of the synchroscan streak camera system.
(B) and (C) depict the decay associated spectra (DAS) of H2O andD2O
sample, respectively. The time constants are 21 ps (black), 390 ps (red),
and 4.4 ns (blue) for both data sets. The contribution of the free flavin
was subtracted in the estimation of the relative contribution of the single
DAS to the total fluorescence.
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26, and 92 ps with almost equal contributions and a slower
component of 335 ps contributing with less than 10%.40 In
Tll0078 two mainly contributing lifetimes of 13.6 ps (71%) and
114 ps (27%) are observed.75 A much slower fluorescence decay is
observed for AppA with 620 ps as dominating species (56%) and
two faster fractions decaying with 150 ps (32%) and 25 ps
(10%).37,40 The slower component in the BlrB data set has an
emission maximum at around 520 nm, whereas the fast compo-
nent seems to peak around 505 nm. According to the long
lifetime and the strong fluorescence at 520 nm, a large fraction of
free flavin was found to be present. The amount of flavin
increased with repeated measurement (not shown) and is
attributed to light induced or thermal unfolding/denaturation
of the sample. The transient emission at 511 nm does not show
any significant kinetic isotope effect for the samples in H2O and
D2O (Figure 2A). The two traces differ only due to the fact that
in the D2O sample the free flavin content is higher, thus
increasing the amplitude of the slow component. The absence
of a KIE is in line with previous findings on AppA and
Slr1694.36,37,40 A striking difference is the low stability of the
flavin cofactor complex as indicated by the increasing release of
the flavin during the experiment (not shown). Most likely as a
consequence of the high free flavin content (∼50%) of the

sample the data is described best with less components compared
to previous experiments.
Time-Resolved Vis Absorption Spectroscopy. The transi-

ent data obtained by 400 nm pump�vis continuum probe
spectroscopy can be sequentially (1 f 2 f 3 f 4...) modeled
with four (H2O) and three (D2O) lifetimes and assigned to five/
four EADS (Figure 4). The signal-to-noise ratio in the D2O data
set was insufficient to estimate additional components. A fixed
lifetime of 4.4 ns was assumed since we observed a high amount
of free flavin in the fluorescence experiments. Time traces of
selected wavelengths corresponding to ground state (GS) bleach
at 472 nm, signaling state formation at 492 nm, stimulated emis-
sion (SE) at 549 nm, and excited state (ESA)/triplet absorption
at 710 nm are displayed in Figure 3. Signals around t = 0 ps are
attributed to coherent artifact contribution generally observed in
nonlinear optics.67 These artifacts are taken into account by the
data analysis program using a pulse follower of the instrument
response. Since no significant differences were observed between
H2O andD2O traces, only theH2O traces are depicted. The trace
at 492 nm clearly shows the formation of the signaling state
already below 50 ps. Additionally, we observe a nondecaying bleach
in the trace at 472 nm. The bleach however corresponds not only

Figure 3. Kinetic traces at selected wavelengths extracted from theH2O
data set (solid) along with the fit functions (dashed). The time scale is
linear up to 5 ps and logarithmic after, indicated by the skewed lines.

Figure 4. (A, B) Evolution associated difference spectra (EADS) of
BlrB in H2O and D2O obtained by sequential analysis. The evolution
proceeds from the black spectrum via red, green, and blue to the
nondecaying magenta spectrum. In (B) only four components are
necessary to describe the data sufficiently. The arrow marks an absorp-
tion feature indicative of the BLUF signaling state.
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to the formation of the signaling state but also to the formation of
a species absorbing at 710 nm, most likely a flavin triplet.
The black spectrum in Figure 4A represents the excited state of

the flavin with a ground state (GS) bleach from 425 to 480 nm
and excited-state absorption (ESA) at 510 nm and between 615
and 730 nm. Additionally, stimulated emission (SE) peaking at
551 nm is observed. Such spectral shape is typical for oxidized
flavin singlet excited states.68,69 Additionally, shoulders in the
bleach at 445 nm are visible, which are characteristic for BLUF
bound flavin absorption. The spectrum evolves into the red
EADS within 6 ps, resulting in a blue shift of the stimulated
emission to 546 nmwithout a significant loss of amplitude, which
can be explained as relaxation of a vibrationally hot excited state
of flavin.37,70 The red spectrum then evolves into the green by
another minor blue shift of the SE to 545 nm within 9 ps,
indicating further exicted-state relaxation. The green EADS then
evolves into the blue spectrum within 179 ps. This spectrum
shows the same GS bleach and similar ESA features as the
previous spectra but contains a red-shifted stimulated emission at
564 nm and a new positive feature at 492 nm, which is
characteristic for the red-shifted signaling state. A shoulder at
∼508 nm suggests mixing with ESA of the flavin. The SE band is
about 3-fold decreased compared to the previous spectra,
indicating formation of a new species. Therefore, we interpret
this EADS as a mixture of free flavin because of the SE red shift
and the signaling state because of the new absorptive feature at
492 nm. The spectrum evolves then with a fixed lifetime of 4.4 ns
to a nondecaying species. This final shows again the same GS
bleach and signaling state absorption at 492 nm. Additionally, we
observe a broad absorptive feature from 500 to 730 nm which
suggests the presence of a flavin triplet species. The formation of
a broad absorbing species is also reflected in the 549 nm trace
(Figure 3). The SE of the flavin excited state decays during the
complete observation time and becomes positive only at the end.
This suggests a long living excited state, most likely from free
flavin.
The EADS of the D2O buffered sample (Figure 4B) are highly

similar except for minor red shifts of the spectra. The hot excited
state spectrum (black) shows a stimulated emission at 555 nm
which evolves within 7 ps to the red spectrum with a red-shifted
SE feature at 549 nm. The red spectrum then evolves within 121
ps into the blue spectrum, resulting in a loss of the SE feature by
about 50%. Again, the SE is shifted to 564 nm, indicating the
presence of free flavin. Additionally, a new absorptive feature at
498 nm is observed. In contrast to the H2O sample we do not
observe a clear signaling state absorption, which would be
expected at 492 nm. The feature of the photoproduct is
occluded because the absorption is mixed with ESA of the free
flavin, which is present in higher amounts in this sample. The
blue spectrum evolves again with a fixed lifetime of 4.4 ns into
the nondecaying spectrum (magenta). This EADS shows also
the signaling state feature at∼488 nm as well as the broad triplet
absorption between 500 and 730 nm. In total, the sample
behaves highly similar in both D2O and H2O buffers.
The sequential analysis is highly similar to previous analyses of

the AppA BLUF domain in respect to spectral features which
only represent the excited state and the signaling state,37 however
with different lifetimes. Therefore, we performed a similar target
analysis taking into account the high amount of free flavin in the
sample. This component was considered with a fixed lifetime of
4.4 ns (blue spectrum), which decays in parallel (Figure 5A). For
convenience, we labeled this compartment FAD; in the sample

Figure 5. Target analysis of transient absorption data using the model
displayed in (A). The time constants for D2O are displayed in
parentheses. (B) and (C) show the species associated difference spectra
(SADS) of H2O and D2O buffered samples, respectively. In H2O we
observe a biexponential decay of the relaxed excited state (red). The
SADS of the BlrB (red) species (magenta) in both experiments shows
features of the signaling state as indicated by the absorption at 492 nm
(arrow) as well as triplet features indicated by the broad absorption in
the region between 500 and 730 nm.
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we have a mixture of flavins. Application of this compartmental
model to the transient data set gives the species associated
difference spectra (SADS) depicted in Figure 5B,C. Because of
the imposed constraints of this model, the time constants differ
from the ones obtained by sequential analysis.
The contribution of free flavin (50% in H2O) is again stronger

in the D2O sample (60%) judged by the amplitude of stimulated
emission (Figure 5B,C). The vibrationally hot excited state of
BlrB (black) relaxes in both samples in about the same time with
6 and 7 ps, respectively. In the H2O sample the relaxed excited
state (red) evolves biexponentially with 18 ps (27%) and 216 ps
(73%); in D2O we observe a monoexponential decay of the
relaxed excited state (red) with 121 ps into the long-lived
photoproduct (magenta). The difference between the two data
sets is most likely due to the higher flavin content in the D2O
sample. The photoproduct as indicated by the new absorption at
about 492 nm consists of the signaling state along with a broad
triplet absorption. The fast time constant observed here corre-
sponds nicely to the 21 ps fluorescence lifetimes obtained above.
The discrepancy to the rather long-lived 390 ps component in
the streak camera measurement arises most likely from the
presence of free flavin, which might not be perfectly separated
from the BlrB fluorescence.
FAD in aqueous solution shows heterogeneous excited-state

lifetimes between picoseconds and nanoseconds, which is due to
electron transfer between the isoalloxazine and adenine moieties
when in a stacked conformation.71,72 Here, the stimulated
emission that decays in picoseconds has a maximum near
540 nm, which is associated with BLUF-bound flavins;37,40

flavin in solution has a stimulated emission maximum near
560 nm.68,69 We conclude that the free FAD concentration in

our sample was undetectably low. Possibly, the released FAD
was hydrolyzed to FMN or photochemically degraded to
lumichrome and lumiflavin forms as previously observed.66

Because the adenine part of the flavin sticks out of the protein
core,30 it might also be possible that it is cleaved off even when
the flavin is still protein bound.
The quantum yield of BlrB photoactivation as estimated by the

relation between ground state bleaching in the first EADS and
signaling state absorption in the last EADS is less than in
Slr169436 and about the same as in AppA (24%).37 If we consider
the amount of free flavin (50�60%) in the sample, we can
assume a signaling state quantum yield of about 48%. A previous
study on a similarly produced BlrB sample showed a slightly
lower quantum efficiency of about 40%.54

’DISCUSSION

BlrB belongs to the group of small BLUF proteins like Slr1694
and Tll0078, which consist mainly of the BLUF domain with a
short C-terminal extension of unknown function.46 AppA in
contrast consists of several domains responsible for protein�
protein interaction and redox sensing in the physiological
context.24,73 The photochemistry of the AppA�BLUF domain
was, however, analyzed on both N- and C-terminally truncated
constructs, which contain only the highly conserved BLUF fold.
In BlrB such a functional reduction is not possible since the
C-terminal extension is crucial for structural integrity.74 A similar
instability was observed for C-terminally truncated constructs of
Slr1694 (unpublished). The primary photochemistry of BlrB is
nevertheless more similar to AppA than to Slr1694. All proteins
show a characteristic heterogeneity in the excited state but as in

Figure 6. (A) shows a close-up of the relative orientation of BlrB-Y9 to the flavin overlaid with the homologous structures of AppA (magenta) and
Slr1694 (cyan). The tyrosine of Slr1694 is rotated out of plane by about 35��40�. In (B) a close-up of the region around theC2dOcarbonyl of the flavin
is displayed. The conserved asparagine BlrB-N33 (green) is conformationally similar to the corresponding asparagines of AppA (magenta) and Slr1694
(cyan). For the neighboring residue BlrB-R32 and the corresponding different amino acids in AppA and Slr1694 distances between the charged or polar
side chain have been extracted from the structure. (C) shows an alignment of several BLUF domains that were considered in this work. Amino acid
residues of interest are framed.
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AppA we did not observe any radical features in our data or any
isotope dependent kinetics, which would hint to a proton transfer
reaction. The signaling state however forms significantly faster
than in AppA by a factor of 3. The analysis of the data was
complicated by the fact that the protein was rather unstable
under the experimental conditions, which lead to release of a high
amount of free flavin. In a previous study on BlrB also a
significant fraction of free flavin was determined, but to a much
lesser extent (about 8%).54 Using global and target analysis, we
managed to extract the key features of the photoinduced reac-
tions nevertheless. The inherent instability of the protein is hard
to understand, since Slr1694 and AppA, which are highly
homologous proteins, were perfectly stable under identical
conditions.

Generally, it is difficult to explain the differences in the
photodynamics between the various BLUF domains since we
only have limited information about the structural dynamics of
the protein during the ultrafast part of the photoreaction so far.
Therefore, we compared the orientation of the reactive tyrosine
side chain in respect to the flavin using various available crystal
and NMR structures (Figure 6A), which we consider represen-
tative for the dark state. In AppA (magenta) and BlrB (green) the
phenol rings of the tyrosines are coplanar but displaced by about
0.4 Å, bringing the AppA tyrosine slightly closer to the flavin. The
tyrosine of Slr1694 (cyan) is slightly displaced in respect to the
BlrB-Y but stays within the same range to the flavin of about
4.5 Å. The angle between the aromatic plane of the phenol ring
and the isoalloxazine plane is significantly changed, as indicated
by a tilt of about 35��40� of the phenol ring in Slr1694
compared to tyrosine phenol rings in AppA and BlrB in all
crystal structures. Although the phenol ring might move and
rotate more or less freely within the chromophore pocket to
accommodate similar orientations as observed in AppA and BlrB,
which is also suggested by the single structures of the NMR
structure ensemble of AppA,31 this preferential relative orienta-
tion of flavin and tyrosine in the crystal might give a clue to the
different dynamics/stabilities of the radical intermediates in the
different BLUF domains. Minor differences in the spatial overlap
of molecular orbitals (MO) of two reaction partners can have
strong effects on the kinetics of the electron transfer processes. If
we would further include the Tll0078 BLUF domain in Figure 6A
(not shown), we would see a similarly tilted phenol ring relative
to the flavin, but also a significant displacement of the side chain
bringing it about 0.4 Å closer to the flavin. The ultrafast
photodynamics of this protein, however, are not available for
comparison at the moment. A recent fluorescent study on
Tll0078 however shows a similar fast biexponential primary
reaction with time constants similar to Slr1694 of about 14 and
114 ps, suggesting a similarly efficient electron transfer.75

Another key factor for the different kinetics might be the
relative redox potential of the tyrosine�flavin electron transfer
pair. Redox potentials are highly susceptible to the environment
of the redox component and are modulated by electronic and
polar interaction. In all BLUF domains the isoalloxazine ring of
the flavin is surrounded mainly by well-conserved amino acid
residues, some of which have been addressed by redox titration of
AppA recently.76 However, there is a quite variable position close
to the C2dO carbonyl group, which is occupied by a moderately
polar asparagine in Slr1694 (Slr-N31), a positively charged
histidine according to NMR31 in AppA (AppA-H44), and a
positively charged arginine in BlrB (BlrB-R32) (Figure 6B). If we
consider the positive charges of these amino acids to withdraw

electron density from the flavin, we would expect the flavin to be
a more susceptible electron acceptor. In the structures of AppA
we observe the histidine in significantly closer range to the
C2dO oxygen with about 3.4 Å, in contrast to 4.1 Å for the
arginine in BlrB. Therefore, one would assume that electron
transfer is slower in BlrB than in AppA, which is as we have shown
here not the case. Interestingly, Zirak and co-workers investi-
gated both wild-type AppA and an AppA-H44R mutant by time-
resolved fluorescence spectroscopy. They observed a 3-fold
acceleration of fluorescence decay in the BlrB-like AppA-H44R
mutant, similar to our findings on BlrB here.77 Additionally, Zirak
and co-workers observe a higher amount of free flavin studying
the AppA-H44R mutant and attribute this instability to this
residue, since they observe a similar behavior in BlrB.54

The occurrence of the flavin triplet in BLUF domains at these
temperatures is another intriguing issue since the photoinduced
electron transfer is usually fast leaving little room for the
relatively slow intersystem crossing (ISC) process. Here, the
majority of the flavin triplets most likely arises from the free flavin
in the sample. We cannot exclude the formation of flavin triplets
from the protein completely though. In AppA we observe triplet
species, most likely because the electron transfer is the slowest of
the so far studied BLUF domains. Additionally, we even have
competing electron transfer from AppA-W104, which leads to a
futile photoinduced electron transfer reaction.50,52 This tryptophan is
a semiconserved residue and has been found in two different
conformations in crystal structures of the same protein.32,33 The
configurations are named W(in) and W(out) after their orienta-
tion in respect to the flavin binding pocket. A closeby conserved
methionine (AppA-M106) is more or less switching positions
with this tryptophane side chain creating a M(in) and M(out)
conformer, respectively. In the W(in) conformation the flavin
tryptophan distance is shorter, and we assume that this con-
formation is mainly contributing to the photoinduced electron
transfer. In BLUF domains like Slr1694 we do not observe such a
competing electron transfer, most likely because the Slr1694-
W91-FAD distance of the W(in) conformation is significantly
larger than in AppA.48 For the BlrB BLUF domain we only have
structural evidence for the W(out) conformation (BlrB-W92)
which means that the distance is much larger and photoinduced
electron transfer from this residue should be slow accordingly.
However, if we consider the W(out) conformer as the dominant
species in BlrB, we have the conserved methionine (BlrB-M94)
in the M(in) conformation. The thioether side chain might
influence the ISC rate by a heavy atom effect due to the highly
polarizable sulfur atom. Additionally, BlrB contains another
methinonine (M26) close to the isoalloxazine ring. This feature
is observed neither in Slr1694 nor in AppA, but a by one position
displaced methionine in the BLUF domain of YcgF has recently
been shown to influence the ISC rate in this protein.78 YcgF
crystal structures are not available so far but the distance between
YcgF-M23 and the flavin was estimated to about 4 Å by
homology models, which is similar to the distance between the
sulfur atom of the reactive cysteine and the flavin in LOV
domains. In the LOV2 of Avena sativa the heavy atom effect is
assumed to be responsible for speeding up the ISC by a factor of
about 2.4.68,79 Since the distance between BlrB-M26 and the
flavin is about 7 Å, the conserved BlrB-M94 with its shorter
distance of about 4.6 Å should be considered as the predominant
effector here. It should be noted that the effect needs to be
unusually strong to compete with the subnanosecond electron-
transfer reaction.
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’CONCLUSIONS

We managed to analyze the ultrafast dynamics of another
BLUF domain, BlrB, even though the protein was rather unstable
under the experimental conditions. The protein shows similar
features as other BLUF domains involving a heterogeneous
excited state and an ultrafast formation of the signaling state.
The differences in the photodynamics, especially the kinetic
separation of intermediates in different BLUF domains, remain
difficult to address by visible absorption spectroscopy and using
static structural models. A slight difference in the main relative
orientation of the tyrosine and the flavin and the resulting
differences in MO overlap might account for the unique features
of the Slr1694 BLUF domain. By comparison with studies on an
AppA mutant, we identified an arginine residue close to the
C2dO carbonyl as an effector for the faster electron transfer in
BlrB in respect to AppA.
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