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BLUF (blue light sensing using FAD) domains constitute a recently
discovered class of photoreceptor proteins found in bacteria and
eukaryotic algae, where they control a range of physiological
responses including photosynthesis gene expression, photopho-
bia, and negative phototaxis. Other than in well known photore-
ceptors such as the rhodopsins and phytochromes, BLUF domains
are sensitive to light through an oxidized flavin rather than an
isomerizable cofactor. To understand the physicochemical basis of
BLUF domain photoactivation, we have applied femtosecond tran-
sient absorption spectroscopy to the SIr1694 BLUF domain of
Synechocystis PCC6803. We show that photoactivation of BLUF
domains proceeds by means of a radical-pair mechanism, driven by
electron and proton transfer from the protein to the flavin, result-
ing in the transient formation of anionic and neutral flavin radical
species that finally result in the long-lived signaling state on a
100-ps timescale. A pronounced deuteration effect is observed on
the lifetimes of the intermediate radical species, indicating that
proton movements underlie their molecular transformations. We
propose a photoactivation mechanism that involves a successive
rupture of hydrogen bonds between a conserved tyrosine and
glutamine by light-induced electron transfer from tyrosine to flavin
and between the glutamine and flavin by subsequent protonation
at flavin N5. These events allow a reorientation of the conserved
glutamine, resulting in a switching of the hydrogen-bond network
connecting the chromophore to the protein, followed by radical-
pair recombination, which locks the glutamine in place. It is
suggested that the redox potential of flavin generally defines the
light sensitivity of flavin-binding photoreceptors.

flavoprotein | light sensing | photochemistry | reaction mechanism
spectroscopy

O rganisms have evolved extensive sensory mechanisms to per-
ceive information carried by light. Their responses are medi-
ated by photoreceptor proteins, which are sensitive to light through
prosthetic chromophore molecules. The past decade has witnessed
the discovery of a large number of novel flavin-binding photore-
ceptors, notably the phototropins, the cryptochromes, and BLUF
(blue-light sensing using FAD) domains (1). Phototropins are
primarily found in plants and control several physiological re-
sponses such as phototropism, chloroplast movement, and stomatal
opening (2), whereas cryptochromes are known to regulate growth
and development in plants and circadian rhythms in plants and
insects (3, 4). BLUF domains are a distinct family of flavin-binding
photoreceptors that show no significant relationship to other sensor
proteins in sequence or structure. The BLUF domain was first
discovered as the N-terminal part of the flavoprotein AppA from
the purple photosynthetic bacterium Rhodobacter sphaeroides and
was shown to control photosynthesis gene expression in response to
high-intensity blue-light irradiation and variation of the oxygen
tension (5, 6). In later work, the BLUF-containing photoactivated
adenylyl cyclase (PAC) photoreceptor was demonstrated to medi-
ate photophobic responses in the green alga Euglena gracilis (7).
The generation of a light signal by photoreceptor proteins relies
on the formation of a long-lived signaling state, where initial local
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structural changes resulting from light absorption by the chro-
mophore are relayed to the protein surface, which undergoes
specific alterations that may be sensed by signaling partner proteins.
In “traditional” photoreceptors such as the rhodopsins, phyto-
chromes and the xanthopsins, the initial local change is achieved by
rapid E/Z isomerization photochemistry of their chromophore,
which in turn initiates larger conformational changes by creating
steric conflicts, or by charge movements among chromophore and
apoprotein (1). In the absence of isomerizable groups, flavin-
binding photoreceptors rely on different modes of light activation
and thus provide an alternative window on how photon absorption
may be coupled to biological sensory function. In the phototropins,
for instance, signaling occurs through the light-induced formation
of a covalent adduct between the flavin chromophore and a
conserved cysteine in light, oxygen, or voltage (LOV) domains,
which eventually leads to autophosphorylation of a C-terminal
Ser/Thr kinase (8, 9). In analogy with the related photolyases,
cryptochromes are thought to function by means of light-induced
electron transfer (ET) reactions (10), but at present their mode of
action remains largely obscure.

Recently, crystal and solution structures of several BLUF
domains were obtained (11-14). The BLUF domain shows a
ferredoxin-like fold consisting of a five-stranded B-sheet with
two a-helices packed on one side of the sheet, with the nonco-
valently bound isoalloxazine ring of flavin adenine dinucleotide
(FAD) positioned between the two a-helices. Fig. 1 shows a
close-up of the FAD-binding pocket of the AppA BLUF domain
(11). FAD is involved in an extensive hydrogen-bond network
with residues lining the FAD binding pocket, including a highly
conserved tyrosine (Tyr) and glutamine (Gln). Upon illumina-
tion with blue light, BLUF domains show a characteristic
spectral red-shift of their absorption spectrum by ~10 nm, which
is a unique feature of this photoreceptor family and is thought
to correspond to the signaling state (5).

The photochemical mechanism by which BLUF domains are
activated by blue light is under considerable debate. Early studies
suggested that an increased m—m stacking between Tyr and FAD,
or deprotonation of FAD, would induce signaling-state formation
(15, 16). Jung et al. (13) proposed that in the BlrB BLUF domain,
proton transfer (PT) takes place from an arginine (Arg) residue to
the O2 atom of the isoalloxazine ring upon blue-light absorption,
triggered by the increased basicity of O2 upon promotion of FAD
to the singlet excited state. Masuda et al. (17) interpreted their
results from Fourier transform infrared (FTIR) spectroscopy by a
hydrogen-bond rearrangement around the FAD chromophore
upon signaling-state formation. Anderson et al. (11) have proposed
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Fig. 1.  X-ray structure of the R. sphaeroides AppA BLUF domain. (A and B)
Close-ups of the vicinity of the FAD chromophore in two proposed orienta-
tions of the conserved GIn in dark state (A) and light state (B). The coordinates
were taken from Protein Data Bank ID code 1YRX (11).

a photoactivation model that involves such a hydrogen-bond rear-
rangement accompanying a 180° rotation of the conserved Gln, as
shown in Fig. 1. In this view, photon absorption leads to the
breaking of hydrogen bonds from the Gln amino group to the N5
of flavin and to the Tyr and formation of a hydrogen bond to the
O4 of the flavin. Ultrafast spectroscopy on the AppA BLUF
domain showed that the red-shifted product state is formed in <1
ns, directly from the FAD singlet excited state and without any
apparent reaction intermediate (18), yielding no clues on the
validity of any of these scenarios.

Here, we use femtosecond transient absorption spectroscopy to
investigate the photochemistry in the Slr1694 BLUF domain of the
cyanobacterium Synechocystis PCC6803. We show that formation of
the red-shifted signaling state proceeds by means of a radical-pair
mechanism, driven by ET and PT processes to FAD from its protein
environment and resulting in the transient formation of anionic and
neutral FAD radical species. We propose a photoactivation mech-
anism that involves a successive rupture of hydrogen bonds between
the conserved Tyr and Gln by ET and between the Gln and FAD
by light-induced protonation at N5, which allows a reorientation of
the conserved Gln and subsequent switch of hydrogen-bond net-
work connecting the chromophore to the protein.

Results

Transient Absorption Spectroscopy of SIr1694. The Slr1694 protein
was excited at 400 nm, and the time-resolved absorbance changes
were monitored over a wavelength range from 420 to 720 nm. The
data were globally analyzed in terms of a kinetic scheme with
sequentially interconverting species, where each species is charac-
terized by an evolution-associated difference spectrum (EADS).
Five components were required for an adequate description of the
time-resolved data, with lifetimes of 0.9, 7, 22, and 123 ps and a
long-lived component. The resulting EADS are presented in Fig.
24, and selected kinetic traces at 483, 550, 610, and 710 nm are
shown in Fig. 3 as the open circles. The first EADS (black curve)
in Fig. 24 can be assigned to the initially created “hot” S; singlet
excited state of the FAD chromophore, which shows a ground state
bleach at wavelengths 425-475 nm, a stimulated emission band near
550 nm, and excited-state absorption at wavelengths >600 nm. This
EADS evolves in 0.9 ps to the next EADS (red line), which has a
lifetime of 7 ps. The 0.9-ps evolution is attributed to a vibrational
cooling process of the FAD excited state (18) and involves a small
blue-shift of the stimulated emission band and an increase of
excited-state absorption of ~510 nm, whereas the ground-state
bleach remains the same. The EADS with a 7-ps lifetime thus
corresponds to the vibrationally relaxed singlet excited state of FAD
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Fig.2. EADS and their corresponding lifetimes resulting from global analysis of

ultrafast transient absorption experiments on the Synechocystis Slr1694 BLUF
domain upon excitation at 400 nm in H,O buffer (A) and in D,0 buffer (B).

(hereafter denoted FAD*) and evolves to the next EADS (green
line), which has a lifetime of 22 ps. This component shows a
decrease of the stimulated emission band at 550 nm and the
absorption at wavelengths >600 nm, indicating decay of FAD*.
Additionally, an increase of absorption of ~510 nm and the
appearance of a distinct absorption near 600 nm is observed,
whereas the ground state bleach remains the same. Thus, the 22-ps
EADS can be assigned to a remaining fraction of FAD* but with
a contribution of another molecular species to be determined
below. The evolution in 22 ps to the next EADS (blue line), which
has a lifetime of 123 ps, corresponds to a further loss of the
stimulated emission band and partial loss of the ground-state
bleach. The induced absorption bands at 510 and 600 nm are still
present, and, additionally, a shoulder near 490 nm is formed.

In the fifth, nondecaying EADS (cyan line), the ground-state
bleach has largely disappeared, and a narrow absorption feature
near 483 nm has appeared. The nondecaying EADS strongly
resembles the absorption of the long-lived signaling state in Slr1694
(17). We conclude that in Slr1694, the red-shifted signaling state is
formed in 123 ps, consistent with previous results on the AppA
BLUF domain where the long-lived product is formed on the
sub-nanosecond timescale (18). Similar to AppA, FAD* in Slr1694
decays multiexponentially, albeit with substantially shorter lifetimes
as judged by the decay of the stimulated emission band and the
kinetic trace taken at 550 nm. Most significantly, the appearance of
photocycle intermediates is observed in Slr1694, which contrasts
with the situation in the AppA BLUF domain (18).

Effects of H/D Exchange. To investigate whether the observed
reaction intermediates are kinetically coupled by means of PT,
ultrafast experiments were performed with deuterated Slr1694. The
EADS that resulted from the sequential analysis were similar to
those obtained with SIr1694 in H,O and are presented in Fig. 2B.
Kinetic traces are shown in Fig. 3 as the filled circles. The lifetimes
of 2.5, 11, 52, and 210 ps were consistently longer than for Slr1694
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Fig.3. Kinetictraces of the Synechocystis SIr1694 BLUF domain in H,0 (open
circles) and D0 (filled circles) upon excitation at 400 nm, with detection at 483
nm (A), 550 nm (B), 610 nm (C), and 710 nm (D). The solid lines denote the result
of the target analysis. Note that the time axis is linear from —10 to 20 ps and
logarithmic thereafter.

in H,0O, indicating a pronounced kinetic isotope effect (KIE) upon
H/D exchange of Slr1694. The 210-ps EADS (blue line) is some-
what different from the corresponding 123-ps EADS of SIr1694 in
H,O because the contribution by FAD* seems to be smaller in the
former. Interestingly, the shape of the 210-ps EADS in the spectral
region from 500 to 700 nm strongly resembles that of a neutral
flavin semiquinone FADH" radical (19), indicating the involvement
of flavin radical species in the Slr1694 photoreaction, a point that
will be substantiated below. The yields of signaling-state formation
for SIr1694 in H,O and in D,O are identical, as evident from the
amplitude of the 483-nm absorption (cyan line) relative to that of
the initial ground-state bleach signal of the first EADS (black line)
in each preparation. The relative amplitude of the long-lived
product absorption is ~1.6 times higher in SIr1694 as compared
with AppA (18). For AppA, an absolute quantum yield of 24% was
determined, implying that the quantum yield of signaling-state
formation in SIr1694 amounts to ~40%.

Fig. 3 represents selected kinetic traces together with the fitting
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result of the target analysis described below (solid line), taken at
483, 550, 610, and 710 nm, respectively. At 550 nm, where stimu-
lated emission from FAD* has a main contribution, the initial decay
phases of SIr1694 in H,O and D,O are almost overlaid, suggesting
that no or little KIE applies to the FAD* lifetime (Fig. 3B). This
phenomenon is demonstrated even more clearly in the trace at 710
nm, where FAD* has a pronounced absorption but where most
other flavin species like semiquinone radicals do not absorb: the
traces measured in H>O and D,0 are completely overlaid (Fig. 3D).
These observations are consistent with previous results on AppA,
which showed no H/D exchange effect on the excited-state lifetimes
(20). FAD* has an isosbestic point at 610 nm, giving a clean view
on the kinetic behavior of the intermediate species. The trace shows
aslower rise and slower decay in D,0, revealing the existence of two
pronounced KIEs (Fig. 3C). In particular, in Slr1694 in DO, the
intermediate decay takes approximately twice as long as in H>O and
occurs in ~200 ps. The KIE can also be observed in the 483-nm
trace where the rise in D,O is slower than in H,O (Fig. 34). Thus,
the decay of the intermediate state is kinetically coupled to the rise
of the long-lived product, demonstrating that the intermediate is on
the reaction pathway of product formation.

Target Analysis: Identification of Intermediate Reaction Dynamics.
The femtosecond transient absorption data on Slr1694 show that
essentially at all delay times, a mixture of FAD*, reaction interme-
diate(s), or long-lived product states make up the transient spectra.
To disentangle the contributions by the various molecular species,
we performed a target analysis of time-resolved data of hydrated
and deuterated SIr1694 samples, wherein the data are described in
terms of a kinetic scheme, thereby identifying their spectral signa-
tures and estimating their lifetimes and their connectivity. A similar
approach was taken recently to dissect the PT dynamics in GFP
(21). The kinetic scheme used for the target analysis, the transient
concentrations of the molecular species involved, and the residuals
of the fitting procedure are provided in Figs. 6 and 7 and Supporting
Text, which are published as supporting information on the PNAS
web site, along with a detailed description of the applied assump-
tions and premises. In short, four lifetimes are assumed for the
decay of FAD*, which stem from inhomogeneity in the ground-
state population as shown for the AppA BLUF domain (14, 18).
FAD* evolves to a first intermediate Qy, which in turn evolves to
a second intermediate Q. From Q; the long-lived photoproduct
Slrrep is formed. To account for the quantum yield for Slrrep
formation of ~40%, a loss process must be included in the kinetic
scheme. Because the ground-state bleach in the sequential analysis
does not diminish after the first decay phase of FAD* (see Fig. 2),
the loss process is introduced on the transition from Q; to Q. The
rate constants, fractions, and quantum yields are summarized in
Table 1, which is published as supporting information on the PNAS
web site.

Fig. 4 shows the species-associated difference spectra (SADS) of
FAD*, Qy, Qy, and Slrrgp. As expected, the SADS of FAD* has
the typical shape of the singlet-excited state as determined for FAD
in solution (22) and in AppA (18) and as they follow from the
sequential analysis in Fig. 2. The SADS of Slrrgp is virtually
identical to the red-shifted intermediate observed in steady state,
with a main absorption peak at 483 nm (17). The SADS of Q; has
a broad absorption in the 480- to 650-nm region with peaks at 510,
566, and 610 nm. This SADS strongly resembles the spectrum of a
neutral semiquinone flavin radical, FADH" (19). It is this species
that is mainly responsible for the pronounced absorption around
~510 and ~600 nm in the 123-ps (H,O) and 210-ps (D,O) EADS
in the sequential analysis, shown in Fig. 2.

The SADS of Q; shows an absorption at ~510 nm and a broad
symmetric band at ~590 nm. The symmetric structure of the latter
suggests that it corresponds to a flavin charge-transfer (CT) band
rather than of a neutral semiquinone (23). The shape and amplitude
of the Q; SADS is generally similar to that of anionic semiquinone
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Fig. 4. Target analysis and photocycle scheme of the Synechocystis Slr1694
BLUF domain. (Upper) SADS of the various molecular species in the kinetic
scheme that result from the application of a target analysis to the ultrafast
time-resolved data of the Synechocystis Slr1694 BLUF domain in H,O (solid
lines) and D0 (dotted lines), with FAD* (blue), Q1 (black), Q, (magenta), and
the long-lived signaling state Slrgep (orange). (Lower) The photocycle scheme
of SIr1694, with time constants as they follow from the target analysis and
assignments of the intermediate states as described in the text.

FAD"~ in a CT interaction as observed in D-amino acid oxidase.
The latter has a narrow absorption peak with a maximum at ~500
nm and a broad CT band with a maximum at ~700 nm (23, 24).
Given that the absorption maximum of flavin CT bands may vary
widely from one flavoprotein to another and depend on specific
interactions between flavin and protein, we identify the interme-
diate species Q; as a CT/anionic semiquinone FAD*~ species.
Fig. 4 Lower shows a photocycle scheme for the photoactivation
of SIr1694, based on the results from the target analysis. The initial
light-driven reaction from FAD* involves ET from the protein
environment to result in FAD®~. This event takes place multiex-
ponentially and is insensitive to H/D exchange, with a dominant
time constant of 7 ps. The resulting anionic flavin radical FAD*~
is rapidly protonated in 6 ps to result in the neutral semiquinone
radical FADH". This reaction slows down 3-fold in D,O, which is
consistent with a putative PT event from the protein environment
to FAD. Note that as a result of rate-limiting formation times, the
FAD"~ radical only accumulates transiently between 5 and 15 ps.
This effect can be seen from the transient concentration profiles of
FAD*, Qy, Q,, and Slrrep, shown in Fig. 6. Finally, the signaling
state Slrrgp is formed in 65 ps from the FADH"® neutral radical.
This reaction is 2.4 times slower in D,O, which is reasonable
because Slrrgp corresponds to an oxidized FAD. The deuteration
effect on the anionic and neutral radical lifetimes, and on the rise
time of Slrrgp, proves that the radicals are in fact intermediates on
the pathway to signaling-state formation. Formation of FAD*~
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occurs stoichiometrically from FAD*, but ~50% recombines to the
ground state before its protonation results in formation of FADH".

Discussion

Photoactivation Mechanism in BLUF Domains. The observation of
anionic and neutral semiquinones in the Slr1694 photocycle implies
that light-driven ET is followed by PT between FAD and aromatic
residues in the protein. The picosecond time scale of these events
indicates that the residue(s) involved in the transfer must be in close
proximity to the isoalloxazine ring of the flavin. Previous studies on
flavo-enzymes have revealed that rapid light-driven ET may occur
from aromatic residues to flavin (25, 26). Tyr-8 (Tyr-21 in AppA)
is a good candidate because it is the closest aromatic residue to the
flavin and has been shown to be critical for photocycling activity in
BLUF domains (12, 15, 16). The redox properties of flavin and Tyr
gives a favorable driving force for the ET reaction: the midpoint
potential for flavin/flavin®~ is approximately —0.8 V and for
Tyr/Tyr** is =~0.93 V (25, 27), providing a driving force for ET of
AG = —0.62 eV given that the energy of the 0-0 transition of S
— S§pis ~235eV (1eV = 1602 X 10719 17J) (27).

In the various BLUF crystal structures, the dark-state orientation
of the conserved Gln remained ambiguous: according to Anderson
et al. (11) the amino group of the conserved Gln would donate
hydrogen bonds to N5 and the conserved Tyr, whereas Jung et al.
(13) and Kita et al. (12) favored an orientation where the Gln’s
amino group donates a hydrogen bond to O4 and receives a
hydrogen bond from the conserved Tyr. Fourier transform infrared
results by Masuda et al. (17) indicated formation of hydrogen bonds
to O4 and loss of a hydrogen bond to N5 of FAD upon illumination.
Recent work by Unno et al. (28) showed that mutation of the
conserved Gln in the AppA BLUF domain did not alter hydrogen
bonding of O4. The latter observations are consistent with a dark
orientation as shown in Fig. 14. Thus, the accumulated evidence
points favorably in the direction of a hydrogen-bond switching by
means of a Gln flip, as proposed by Anderson et al. (11). This
mechanism also can explain why the photoactivated state is so
stable and lives from seconds in SIr1694 to a half-hour in AppA. In
support of this hypothesis, mutation of the conserved Tyr or the
conserved Gln results in a complete loss of photocycling activity
(12, 15, 16, 28, 29). With the R. sphaeroides BlrB structure at hand,
Jung et al. (13) presented an alternative that would imply a
light-induced PT from Arg-32 to the O2 of the flavin from FAD*.
This mechanism does not involve radical flavin intermediates and
is clearly at odds with the present results.

We now are in a position to propose a photochemical reaction
mechanism for the photoactivation of BLUF domains, which is
schematically indicated in Fig. 5. In the dark state, the mutual
orientation of Gln and FAD is arranged as indicated in Fig. 54, with
hydrogen bonds from the amino group of GIn-50 to Tyr-8 and the
N5 atom of FAD. Blue-light excitation induces a change in the
redox potential of FAD, which causes it to accept an electron,
resulting in formation of the FAD anionic semiquinone FAD"~, as
indicated in Fig. 5B. In view of the close proximity between FAD
and the conserved Tyr, we propose that Tyr-8 acts as the electron
donor as suggested for AppA (30, 31). This event breaks the
hydrogen bond between Tyr-8 and GIn-50 as a result of increased
electrostatic repulsion by Tyr-8. The spectroscopic properties of
FAD"~ asdetermined from the target analysis indicate that it forms
a CT complex, possibly with the oxidized Tyr-8 radical or perhaps
with another positively charged residue in the vicinity of FAD.

Upon its reduction, the flavin becomes a strong base that attracts
a proton. The closest proton source is the amino group of GIn-50,
from which most likely a proton is abstracted. In turn, GIn-50
abstracts a proton from Tyr-8, which at the time is oxidized and
highly reactive, resulting in the radical pair FADH -Tyr" (Fig. 5C).
The PT event takes 6 ps and slows down 3-fold upon deuteration.
It is well established that protonation of the neutral flavin semiqui-
none radical FADH" takes place at N5 (32), which inevitably breaks

Gauden et al.



Lo L

P

1\

BN AS DN AS P

a FAD* R b FAD-*
N_ _N2_0
4
2L
N 4 7 ps f“l
H /I:-I © ?gopgs h
o——‘:}o H\N
Q50
hv
e Sir 4 R
FAD-Ground State °see n j;f
H;:E\’ H
Fig. 5.

the hydrogen bond between N5 and GIn-50, leaving GIn-50 un-
hinged and free to rotate. The hydrogen-bond rupture constitutes
the triggering event that allows an ~180° flip of GIn-50, which
results in a new hydrogen bond from the amino group of GIn-50 to
the O4 of the flavin (Fig. 5D). Possibly, the carbonyl of Gln-50
transiently accepts a hydrogen bond from the newly protonated N5
(configuration not shown). After 65 ps, radical-pair recombination
takes place between FADH" and Tyr-8°, whereby the hydrogen
atom located on N5 of the flavin returns to Tyr-8, possibly using the
carbonyl of GIn-50 as a stepping stone (Fig. 5E). The reprotonated
Tyr then donates a hydrogen bond to the carbonyl group of GIn-50,
locking it in place. This final step is subject to a KIE of 2.4 upon
H/D exchange and is attributed to formation of the long-lived
signaling state. In this conformation, the amino moiety of GIn-50
donates a hydrogen bond to O4 of the flavin, and the carbonyl
moiety of GIn-50 accepts a hydrogen bond from Tyr-8. Possibly, the
amino moiety of GIn-50 hydrogen bonds to N5 as well (configu-
ration not shown). The protein remains in this conformation for a
long time because of high energetic barriers.

The potential involvement of the conserved Trp (Trp-91 in
SIr1694, Trp-104 in AppA) is not taken into account because earlier
work has shown that Trp-104 is not required for photocycling in
AppA (20). The driving force is larger for Tyr than for Trp (net
AG = —0.62 eV for Tyr and —0.4 eV for Trp), and (from the AppA
crystal structure) the distances from Tyr-21 and Trp-104 to N5 of
FAD are 4.5 and 5.7 A, respectively (11), indicating that Tyr has a
better spatial overlap with the flavin than Trp. The crystal struc-
tures of the R. sphaeroides BIrB and Thermosynechococcus TI0078
BLUF domains indicated a different orientation for the conserved
Trp, with a significantly increased distance to FAD (12, 13).

With the present reaction model, predictions can be made with
regard to the photochemistry of the nonphotocycling GIn-50 and
Tyr-8 mutants. With GIn-50 deleted, ET and possibly PT may still
occur from Tyr-8 upon excitation of the flavin. In the absence of the
switchable GIn-50 residue, the resulting radical pair will very likely
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The proposed reaction mechanism for photoinduced hydrogen-bond switching in the Synechocystis SIr1694 BLUF domain. See text for details.

recombine to the original ground state without the production of
long-lived photoproducts. Upon deletion of Tyr-8, the light-driven
ET process that underlies the photoactivation reaction is shut off,
which readily explains the inability of mutants to photocycle.
However, the conserved Trp (Trp-91 in SIr1694, Trp-104 in AppA)
may complement the ET process to FAD without initiating the
photocycle. Indeed, recent experiments on the Tyr-21 mutant of
AppA showed light-driven ET from Trp-104 on a picosecond
timescale, followed by radical-pair recombination on the (sub)
nanosecond timescale to the original ground state (ref. 31 and
M.G., W. Laan, LH.M.v.S,, Rv.G., K. J. Hellingwerf, and J.T.M.K.,
unpublished data).

Comparison with Other BLUF Domains. Given the similarities in
structure and sequence between all BLUF domains studied so far,
a similar reaction mechanism very likely holds. In AppA, the FAD*
lifetime is >1 order of magnitude longer than in Slr1694, with time
constants of 90 and 590 ps. The red-shifted signaling state is
apparently formed directly from FAD* (18). The reason that no
transient reaction intermediates are observed probably stems from
a rate-limiting initial ET rate from FAD*. Such differences in ET
rates likely arise from different redox potentials of FAD, because
these are sensitive to its hydrogen-bonding pattern and the vicinity
of charged residues. It is interesting to note that in AppA, a
positively charged His-44 hydrogen bonds to the O2 in lieu of a
neutral Asn-31 in SIr1694. In the context of the present results, the
formation of the FAD" ™ anionic radical in AppA would occur with
time constants of 90 and 590 ps, which rapidly evolves into the
FADH" intermediate and long-lived product AppAgrep on much
faster timescales. In this way, the FAD*~ and FADH" intermedi-
ates do not transiently accumulate during the reaction and therefore
escape detection. A rate-limiting light-driven ET rather than a
hydrogen transfer in the AppA BLUF domain is consistent with the
absence of a KIE on the FAD excited-state lifetime upon H/D
exchange (20).

PNAS | July 18,2006 | vol. 103 | no.29 | 10899

BIOPHYSICS



Lo L

P

2N

Light-Induced ET: A General Theme in Flavin-Binding Photoreceptors?
Three families of flavin-binding photoreceptors have thus far been
identified: the phototropins [with light, oxygen, or voltage (LOV)
domains as flavin-binding domains], the cryptochromes, and the
BLUF domains. Although their modes of action appear very
distinct, there are interesting parallels. The present results show that
the hydrogen-bond switch in BLUF domains is driven by initial ET
from aromatic residues to the oxidized flavin. In the cryptochromes,
similar ET processes appear to underlie their activity, with Trps as
likely electron donors (10, 33). The question remains whether in
LOV domains, ET or PT from a conserved Cys to the FMN
chromophore constitutes the primary photochemical event (9,
34-36). If the former situation applies, we may indeed conclude that
it is the redox potential of the flavin chromophore that defines the
light sensitivity of flavin-binding photoreceptors, very much so as it
defines the catalytic activity in most flavoenzymes (37).

Materials and Methods

Sample Preparation. Slr1694-DNA encoding the full-length SLR
protein (amino acids 1-160; GenBank accession no. D90913,
NP_441709), was amplified by PCR from Synechocystis sp. PCC6803
DNA (kindly provided by I. Maldener, University of Regensburg,
Regensburg, Germany) and cloned between EcoRI and HindIII
sites of the pet28a(+) vector (Invitrogen). Protein was expressed in
Escherichia coli strain BL21(DE3) at 18°C in 0.7 mM IPTG
overnight. SIr1964 was purified on Ni-nitrilotriacetic acid resin
(Qiagen, Hilden, Germany) according to the supplier’s instruction.
The eluate was dialyzed 2X again 200 volumes of 10 mM NaPi/10
mM NaCl (pH 8.0) and concentrated by ultrafiltration (PM30;
Millipore). For isotopic replacement, the protein was concentrated
and subsequently diluted with buffered D,O at least three times.
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