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ABSTRACT The recently discovered photoreceptor proteins containing BLUF (sensor of blue light using FAD) domains mediate
physiological responses to blue light in bacteria and euglena. In BLUF domains, blue light activates the flavin chromophore yielding
a signaling state characterized by a ~10 nm red-shifted absorption. We developed molecular models for the dark and light states of
the BLUF domain of the Rhodobacter sphaeroides AppA protein, which are based on the crystal structures and quantum-
mechanical simulations. According to these models, photon absorption by the flavin results in a tautomerization and 180° rotation of
the GiIn side chain that interacts with the flavin cofactor. This chemical modification of the GIn residue induces alterations in the
hydrogen bond network in the core of the photoreceptor domain, which were observed in numerous spectroscopic experiments.
The calculated electronic transition energies and vibrational frequencies of the proposed dark and light states are consistent
with the optical and IR spectral changes observed during the photocycle. Light-induced isomerization of an amino acid residue

instead of a chromophore represents a feature that has not been described previously in photoreceptors.

INTRODUCTION

Light is an essential environmental factor, and many orga-
nisms have evolved the capability to respond to light inten-
sity and spectrum. There are three distinct flavin-containing
photoreceptor families that respond to blue light: crypto-
chromes, light oxygen voltage (LOV), and sensor of blue
light using FAD (BLUF) domains containing proteins (1-3).
There is no significant relationship in sequence, structure, or
photoactivation mechanism between the families. BLUF
domains (4) are present in proteins from various Bacteria and
lower Eukarya, where they control a range of physiological
responses, including photosynthesis gene expression and
negative phototaxis (3,5,6). BLUF domains consist of ~100
amino acids and contain a noncovalently bound FAD chromo-
phore. Typically, the BLUF domain serves as an N-terminal
sensor that communicates a blue light signal to various
C-terminally attached effector domains or to downstream
proteins. In AppA, an anti-repressor involved in photosyn-
thesis gene expression in Rhodobacter sphaeroides (5,7-10),
the BLUF domain controls light-dependent protein-protein
interactions (10). In the Escherichia coli YcgF/BIrP protein
(9,11), an N-terminal BLUF domain is linked to an EAL
domain that exhibits cyclic-di-GMP-specific phosphodies-
terase activity (4,12). The BLUF domain controls adenylyl
cyclase activity of the photoactivated adenylyl cyclase, PAC,
involved in photophobic response in unicellular flagellate
Euglena gracilis (13). In Synechocystis PCC6803, the BLUF
domain of the SIr1694 protein controls activity of the
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downstream partner involved in phototactic avoidance (6). It
is noteworthy that BLUF domains function modularly, as it
has been shown that the BLUF domain of AppA can be re-
placed by the BLUF domain of PAC without abolishing the
light-dependent antirepressor activity of AppA (14).
Light-absorption by a chromophore yields a signaling
state of the photosensory domain, which transmits the light
changes to the effector domain or protein, thereby activating
it. In BLUF domains, absorption of a blue light photon by the
isoalloxazine ring of flavin results in the transient formation
of anionic and neutral flavin radical species (15) that produce
the light state on a 100 ps time-scale (16—19). The long-lived
light state is characterized by a ~10 nm red-shift of the flavin
absorption spectrum that has been attributed to alterations in
the hydrogen bonds that the isoalloxazine ring forms with the
protein (20-27). The light state decays in the dark to the
initial resting state on the timescale ranging from seconds for
BIrB, T110078, and SIr1694 proteins (18,22,28) to almost
30 min for the BLUF domain of AppA (16,17,19).
Recently, structures of several BLUF domains have been
determined (29-34). They show a ferredoxin-like fold, con-
sisting of a five-stranded B-sheet that serves as a platform for
two a-helices located atop as shown in Fig. 1. The isoal-
loxazine ring of the FAD chromophore is sandwiched be-
tween the helices with the ribityl chain pointing toward the
solvent. Most residues interacting with the isoalloxazine ring
are highly conserved in the BLUF domains, and it has been
shown by site-mutagenesis studies that Tyr*' and GIn®®
(AppA numbering) are essential for the photoreaction (17,27,
35-37). Two incompatible models of the BLUF active site
have been suggested. In the AppA BLUF structure deter-
mined by Anderson et al. (30), the side chain amide group of
GIn®® donates hydrogen bonds to the flavin N5 and Tyr*'
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Schematic representation of the crystal structures of the AppA BLUF domain. (A) In the structure determined by Anderson et al. (pdb 1YRX,

(30)), the side chain of Trp'® is located in the flavin binding pocket (conformation Trp;,), forming a hydrogen bond with the GIn® side chain. (B) In the

structure determined by Jung et al. (pdb 2IYG, (32)), Met'% is located in the flavin binding pocket instead of Trp

hydroxyl whereas the OE1 oxygen atom of GIn®® accepts a
hydrogen bond from the indolyl nitrogen of the conserved
Trp'® (Fig. 1 A). Anderson et al. (30) proposed that light
induces a 180° rotation of the Gln side chain that results in
a change of the hydrogen bonds such that GIn®® becomes a
hydrogen bond acceptor for the Tyr?*' hydroxyl rather than a
donor and a new hydrogen bond by GIn®? is formed with the
flavin O4 atom instead of with flavin N5 atom. This new
interaction was proposed to underlie the observed spectral
changes of the light state. However, the majority of the
available dark state crystal structures of BLUF domains
(29,31-33) show interactions of the GIn®® side chain pro-
posed by Anderson et al. (30) for the light state (Fig. 1 B).
Moreover, in these structures, the position of the Trp next to
the Gln side chain is taken up by the fully conserved Met
residue whereas the Trp side chain points toward the solvent
(Trpou conformation, Fig. 1 B) in lieu of being located in the
flavin binding pocket (Trp;, conformation, Fig. 1 A).
Identification of the dark-adapted and light-induced states
is of crucial importance to any photoreaction mechanism.
Currently, there is considerable debate on the assignment of
the Trp;, and Trp,,, conformations to the functional states of
the BLUF photocycle. Jung et al. (32) assigned the Trp,,, and
Trp;, conformations to the dark and light states of the BLUF
domain, respectively, and proposed a structural pathway for
the transition between the two states, which is initiated by a
light-induced rotation of GIn®. On the other hand, in several
recent studies (25,27,34,38), the dark state of the BLUF
domain was proposed not to have a hydrogen bond between
GIn®® and the flavin C404 carbonyl group and, therefore,
was suggested to correspond to the Trp;, conformation (30).
However, this assignment is inconsistent with the short
(2.7 A) distance between the flavin oxygen atom O4 and the
side chain carbonyl oxygen in GIn®>. Such short distance

104 (conformation Trpow)-

indicates a hydrogen bond between these oxygen atoms.
Moreover, it is difficult to rationalize why the Trp;, confor-
mation would represent the energetically preferred dark state,
given that the structures of the BLUF domains of AppA,
BIrB, T110078, and Slr1694 (9 of 10 monomers in the asym-
metric unit) display the Trp,,, conformation (29,31-33).

To assign the dark and light states of the AppA BLUF
domain we applied modern molecular modeling tools that
allowed us to analyze hydrogen bonding interactions of the
isoalloxazine ring with the protein. To this end, we con-
structed all-atom molecular models of the photoreceptor by
combined quantum mechanical/molecular mechanical (QM/
MM) (39) calculations using the coordinates of the two
available crystal structures of the BLUF domain of AppA.
Our results support the assignment of the T7p,,; conformation
to the dark state of the photoreceptor. Further, the Trp;,
structure can only be realized if one assumes a tautomerized
GIn® side chain. The calculated molecular properties of the
complex of the isoalloxazine and the imidic acid GIn®® side
chain agree with the experimental characterization of the
light state of the photoreceptor. We propose that the side
chain of GIn® interacting with the isoalloxazine switches
from the amide form in the dark state to the imidic acid form
in the light state. Therefore, the mechanism of BLUF domain
photoreception involves a chemical reaction occurring be-
tween the photoexcited chromophore and amino acid side
chains resulting in isomerization of the Gln side chain but not
of the chromophore itself.

METHODS

For calculations of the all-atom models (Fig. 2) we used a QM/MM method
based on the theory of effective fragment potentials (39—41). This approach
allows calculations close to an ab initio treatment of the entire molecular
system. Molecular groups assigned to the MM part are represented by ef-
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fective fragments that contribute their electrostatic potentials expanded up to
octupoles to the quantum Hamiltonian. These one-electron electrostatic po-
tentials, as well as contributions from interactions of effective fragments with
the QM region, are obtained in preliminary quantum chemical calculations
by using ab initio electron densities. The exchange-repulsion potentials to be
combined with the electrostatic terms are also created in preliminary ab initio
calculations. The computer program used in the simulations was based on the
GAMESS(US) quantum chemistry package (42) (more specifically on its
Intel-specific version, PC GAMESS (43)).

The initial positions of heavy atoms were obtained from the crystallo-
graphic coordinates of the A molecules in the asymmetric units of the struc-
tures Protein Data Bank (pdb) 1YRX (30) and 2IYG (32), comprising
residue Val'” to residue Cys''®. When hydrogen atoms were introduced, all
Lys and Arg residues were assumed positively charged (protonated), whereas
Asp and Glu residues were considered negatively charged (deprotonated). A
total of 115 solvent water molecules were added to the system. The quantum
subsystem included the isoalloxazine part of the chromophore and the side
chains of Tyr?! and GIn®®. The remaining atoms of the model systems as-
signed to the MM part were represented by 368 small effective fragments
interacting with the QM part and among themselves. The Hartree-Fock ap-
proach and the 6-31G basis sets were used in the QM part. The side chains of
His44, Asn® s Trp104, and Met'%° along with other residues in the vicinity of
the reaction center were represented by effective fragment and did contribute
to the QM/MM energies and forces in our model. The QM/MM optimiza-
tions of all internal coordinates in the QM part and positions of effective
fragments in the MM part were carried out to locate the stationary points. The
coordinates of outer molecular groups, farthest from the chromophore unit,
were kept frozen as in the crystal structures.

Geometry configurations of the model molecular clusters (Fig. 3) were
optimized using the density functional theory B3LYP/6-31G(d) approxi-
mation. The harmonic vibrational analysis was carried out for the computed
equilibrium structures. The estimated harmonic frequencies were scaled by
0.96 (44) to correct for the systematic errors of the computational method.
The excited electronic states of the model clusters were treated using con-
ventional multiconfigurational quantum chemistry approaches, including the
configuration interaction method with single and double excitations (CI-SD),
the complete active space self-consistent field (CASSCF) method and the
second order multiconfigurational quasidegenerate perturbation theory
(MCQDPT2) (45). Energies and the wave functions of the five lowest singlet
states were calculated by the CI-SD method by considering electronic ex-
citations within a window of the 32 highest occupied and 32 lowest virtual
Hartree-Fock orbitals. The vertical electron transition energies were obtained
in the CASSCF approximation with the energy functional averaged over the
five lowest roots with the choice of the active space based on the obtained CI-
SD solutions. The active space consisted of three bonding 7, one nonbonding
np, and one antibonding 77* MOs localized on the lumiflavin and phenol
molecules. The obtained CASSCF energies were corrected for dynamic
correlation using the MCQDPT2 method. The CASSCF wave functions were
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FIGURE 2 Flavin binding pocket in
the optimized QM/MM models in the
Trpout (A) and Trp;, (B) conformation of
the AppA BLUF domain. The quantum
part is shown in ball and stick represen-
tation. Optimized distances between
heavy atoms are given in angstroms;
the values in parentheses correspond to
the distances in the crystal structures. The
short OEl(Gln63)—O4 bond distance re-
ported for the Trp;, conformation pdb
1YRX (30) could be reproduced only by
assuming an imidic tautomer of the glu-
tamine, denoted as GIn*%,
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used to calculate molecular properties in the ground and excited electronic
states, including dipole moment and Loewdin atomic charges. All calcula-
tions were carried out with the PC GAMESS quantum-chemistry package
(43).

RESULTS

All-atom molecular models of the two
conformations of the BLUF domain

All-atom models of the AppA BLUF domain were con-
structed by the combined quantum mechanical- molecular
mechanical (QM/MM) method in the flexible effective frag-
ment version (41,46), which has proven its efficiency in
simulations of properties and reactivity of biomolecules
(47,48). QM/MM geometry optimization of the Trp,,, con-
formation of AppA BLUF converged to a structure very
similar to the starting crystal structure reported by Jung et al.
(32). In contrast, when starting from the heavy atom coor-
dinates of the Trp;, conformation reported by Anderson et al.
(30), the QM/MM geometry optimization resulted in signif-
icant structural relaxation caused by the energetically unfa-
vorable short distance of 2.7 A between the 04 atom of flavin
and the OE1 carbonyl oxygen atom of GIn®?. To explain such
a short OE1(GIn®?)-O4 distance, a hydrogen-bonding inter-
action is required between the two oxygen atoms, which can
only be achieved in a tautomerized Gln side chain (imidic
acid form, HN=CR-OH). Fig. 2 illustrates the flavin binding
pockets in the computed all-atom models. The QM/MM
optimized OE1(GIn®*)-O4 distance between the imidic acid
(denoted as GIn** in Fig. 2 B) and C404 as well as other
geometry parameters are in good agreement with the crystal
structure, prompting us to suggest that the Trp;, conformation
of the BLUF domain contains the tautomeric imidic acid
form of the GIn®? side chain.

The light state of BLUF exhibits a ~10 nm red-shifted
absorption maximum compared to the dark state. To char-
acterize the flavin absorption, the first two 7r7* transitions of
the flavin were estimated for both optimized structures shown
in Fig. 2. The excitation energies of the chromophore were
calculated using the multiconfigurational complete active
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space self-consistent field (CASSCF) approximation in the
quantum part with the conventional state-averaging tech-
nique. Absorption of the flavin interacting with the tautomer
GIn*® in the Trp;, model (Fig. 2 B) was found to be 10 nm
red-shifted compared to the flavin interacting with the amide
side chain of GIn®® in the Trp, model (Fig. 2 A). Although
quantitative conclusions cannot be formulated using the re-
sults of these CASSCF simulations, the qualitative agreement
with the observations is remarkable. Thus, the higher energy
form containing the imidic acid side chain GIn*“? is predicted
to have an absorption that is similar to the absorption of the
light-induced state of BLUF.

In the nonphotocycling GIn®*Leu mutant of AppA BLUF,
a 10 nm blue shift was observed compared to the wild-type
dark state (27). To verify the structure of the dark state we
qualitatively simulate the effect of the GIn®*Leu mutation by
replacing the GIn® side chain with Ala in the Trpow QM/MM
model. The calculated wavelength of the first optical transi-
tion in flavin for the mutant model was 20 nm blue shifted
compared to the initial model containing GIn®. Apparently,
the blue shift of the GIn®®* mutant absorption spectrum is
caused by the loss of the hydrogen bond in which the amide
group of GIn®? is a hydrogen donor whereas C404 and N5 of
flavin serve as a bifurcated acceptor. The reproduced blue
shift of the mutant absorption suggests that the bifurcated
hydrogen bond between the GIn®® side chain and flavin is
present in the dark state of the BLUF domain, supporting the
assignment of the Trp,,, conformation to the dark state.

Accurate characterization of hydrogen bonding
of flavin in model clusters

To refine conclusions drawn from the QM/MM simulations,
we re-computed the energetic and electronic properties of
two forms of the BLUF domain using more accurate quantum
approaches for a series of molecular clusters. The model
clusters mimicking the interactions of the isoalloxazine in the
Trp;, and Trpy,, conformations are shown in Fig. 3. The
chromophore is represented by a lumiflavin molecule and the
Tyr, Gln, and Met side chains are modeled by phenol, acet-
amide, and dimethylthioether molecules, respectively. To
account for the hydrogen bond between the side chains of
GIn® and Trp'™, we included a pyrrole molecule in the Trp;,
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cluster model (Fig. 3 B). According to the QM/MM simu-
lations, the Trp;, cluster must contain the imidic acid tauto-
mer of acetamide. We used the same designations of the
molecular fragments as those used in the QM/MM models.
The atomic coordinates of the model clusters were fully op-
timized (starting from the reference positions in the QM/MM
models) by the B3LYP/6-31G(d) method. The optimized
structures were confirmed as true minima on the potential
energy surfaces by harmonic vibrational analysis.

The optimized internuclear distances specifying the posi-
tions of the molecular fragments relative to each other in the
cluster models (Fig. 3) agreed with the distances in the crystal
structures and the QM/MM models (Fig. 2), although they
tended to be somewhat longer in the clusters in the absence of
the protein molecule. On GIn® tautomerization, the entire
hydrogen-bonding network changes. There is a slightly
shorter hydrogen bond if the imidic acid GIn*®? interacts with
the C404 group of lumiflavin instead of the amide GIn®?
form. The hydrogen bonds between the Asn*® analog and
lumiflavin are also affected by the presence of the imidic acid.
This rearrangement of hydrogen bonds is likely to cause
the spectral shifts of the light state observed experimentally
(24-27).

FTIR and Raman studies on BLUF domains showed char-
acteristic light-induced changes in the C=O vibrations of the
chromophore and the protein (20,21,23,24,28). In Table 1,
we compare the calculated harmonic frequencies of the C=0
groups in the two clusters models. The C404 frequency of
the flavin appears at 1705 cm™' in the complex with the
amide GIn®’, whereas it downshifts to 1662 cm™! in the
complex with the imidic acid GIn**, Upshifts are predicted
for the C=0 vibration of Asn* in the presence of Gln*®?
(1685 cm™ ') instead of GIn® (1700 cm™") and for the C=N
vibration (1685 cmfl) of GIn*%? compared to the C=0 vi-
bration of GIn®® (1655 cm™'). Both the downshift of the
flavin C404 frequency and the upshift of the protein C=0
frequency were observed in the vibration spectra of the light
state of the AppA BLUF domain (24,26).

In the light-induced difference FTIR spectrum of AppA
BLUF, a negative band at 1709 cm ™' and a positive shoulder
at 1679 cm™' have been assigned to the C404 stretching
vibration of the chromophore in the dark and light states,
respectively (26). Raman spectra show a ~20 cm ™' down-

FIGURE 3 Optimized geometry configura-
tions of the model clusters representing the
flavin interactions in the conformations T7pgy,
(A) and Trp;, (B) of the BLUF photoreceptor.
The internuclear distances are given in ang-
stroms.
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TABLE 1 Frequencies (cm™") and tentative assignment of the
CO stretching vibrations according to B3LYP/6-31G(d)
calculations in harmonic approximation with scaling factor 0.96

Domratcheva et al.

TABLE 2 Energies of the excited singlet electronic
states (eV) in cluster models calculated in the
MCQDPT2-CASSCF//B3LYP/6-31G(d) approximation

Model Model
Tentative assignment Trph, Trp} Excited electronic state Trpyy, Trpl
C2=02 in flavin 1742 1748 npm* (Flavin) 2.65 2.59
C4=04 in flavin 1705 1662 arar (Flavin) 2.80 (447 nm) 2.73 (454 nm)
C=0 in Asn*’ 1685 1700  7a* (Flavin) 3.43 3.48
C=0 in GIn® or C=N in GIn**} 1655 1685 arar (Tyr*'-flavin) 4.09 3.78

*Shown in Fig. 3 A.
tShown in Fig. 3 B.

shift of the C404 vibration on formation of the photoproduct,
which has been attributed to a new hydrogen bond between
C404 and GIn®® when adapting the orientation observed in
the Trpoy crystal structure (24,27). In both QM/MM and
cluster models representing the Trpg,, structure, the NE2-
H(GIn®)...04 angle in the bifurcated hydrogen bond is
rather small (131° in the Trpy,, cluster model), indicating that
this is not a strong interaction. In computational models
previously published (models 1 and 3A in Unno et al. (27)),
the interaction of the GIn®' amide with the flavin produced
only a 5 cm™' downshift of the C404 frequency. This effect
is in agreement with the small downshift of the C404
stretching frequency in the wild-type dark state compared to
the GIn®*Leu mutant (27), but not with the 20 cm™! down-
shifted C404 vibration in the photoproduct compared to the
dark state (24). Therefore, the bifurcated hydrogen bond,
implicating a rather weak interaction of the amide GIn®® with
C404 in the Trp,,, structure, can be attributed to the dark
state of the BLUF photosensor. According to the data pre-
sented in Table 1, replacement of the weak interaction between
the GIn®® and C404 in the Trp, model by a strong hydrogen
bond that the imidic acid GIn*®* forms with C404 in model
Trp;, results in a significant downshift of the C404 frequency.

In a recent time-resolved IR study of wild-type AppA
BLUF and the GIn®’Leu mutant, a transient absorption at
1666 cm™", typical for the photoactive state of the protein,
has been attributed to the carbonyl vibration of GIn® (49).
This transient absorption disappeared in the spectrum of the
light state of the BLUF domain concomitant with the ap-
pearance of another band at 1690 cm ™. Our results, shown in
Table 1, indicate that these spectral changes can be accounted
for by the light-induced tautomerization of GIn®. Indeed, a
keto-enol tautomerism of the GIn®® amide group was pro-
posed by these authors (49).

The calculated energies of the low-lying singlet states are
listed in Table 2. In both model clusters, the calculated four
lowest excited singlet states correspond to single-electron
excitations to the lowest unoccupied molecular orbital of the
cluster, which belongs to flavin. The first singlet excited state
represents the np7r* transition in the flavin followed by two
optically active flavin 7r7r* transitions and a 7* type elec-
tron transfer from the phenol molecule (representing Tyr*")
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*Shown in Fig. 3 A.
tShown in Fig. 3 B.

to the flavin. In the cluster containing amide Gln63, the cal-
culated energies of the two 7r7r* transitions in the flavin, 2.80
and 3.43 eV, are in good agreement with the experimental
absorption bands of the dark state AppA BLUF, 2.78 eV at
446 nm and 3.26 eV at 380 nm (16). In the cluster containing
the tautomerized form GIn*%, the energy of the first 77
(flavin) state is predicted to be lower that corresponds to a
slightly red-shifted absorption of this complex compared to
that of the cluster model containing the amide GIn®. We
attribute the characteristic red shift of the BLUF photo-
product to the enhanced interactions of the tautomerized side
chain GIn*®* with the N5 and O4 atoms of flavin. Thus, the
cluster model Trp;, reproduces both optical and IR spectral
shifts observed for the light state of the BLUF domain. It is
therefore suggestive to assign the Trp;, conformation to the
light state of BLUF.

Reaction mechanism

Ultra-fast spectroscopy experiments have established that the
BLUF photoreaction starts from the singlet excited state of
the flavin chromophore and proceeds via an electron transfer
from Tyr21 to flavin (15,17). We identified a charge transfer
mar* excited state corresponding to an electron transfer from
Tyr?' to the flavin with energies of 4.09 and 3.78 eV for the
clusters Trpo, and Trpy,, respectively. Vertical excitation to
this state yields the anionic semiquinone and cationic phenyl
radicals with calculated net charges of —0.96e and +0.93e in
the Trp;, and —0.99e and +0.92e in the Trp,,, clusters. This
biradical state is characterized by a large dipole moment that
is likely to be compensated by proton transfer from the phe-
nyl cation radical to the semiquinone anion radical via the
GIn® amide group. A possible pathway resulting in the
tautomerization of the GIn® side chain is presented in Fig. 4.
The formed imidic acid tautomer rotates by 180° to adopt a
position allowing radical recombination and favorable in-
teractions with the flavin.

DISCUSSION

Our analysis of the Trpy, and Trp;, structures of the AppA
BLUF domain by quantum-chemical calculations suggests a
tautomeric imidic acid form of GIn®® when it is located next



Dark and Light States of BLUF Domains

Dark state
FAD, FAD g
N.__N_O N__N_O
PR e Be:
- N “H
::_.-0 hv E e} §
O-H-.py NH O""H\O
& OF
Tyr21 Tyr21 1807
GInB3 GIn*63

—>

3877

Light state
FAD R FAD g
N.__N_O )
z \]7 = N /NYO
S 0
ooy

o'....H\ S
NoH -H-
ST g
Tyr21 j/

Tyr21

GIn*63 GIn*63

FIGURE 4 Proposed scheme of the photoreaction of the BLUF photoreceptor.

to Trp'® in the flavin binding pocket (Trp;, conformation).
This finding allowed us to re-assign the hydrogen bonds
around the isoalloxazine ring compared to those reported
by Anderson et al. (30). Remarkably, our assignment was
consistent with all crystallographically deduced hydrogen-
bonded distances between the isoalloxazine and the con-
served residues forming the binding pocket. The conserved
Gln residue in the form of imidic acid is incorporated into an
intricate hydrogen bonding network interacting with the iso-
alloxazine ring and the Tyr21 and Trpm4 side chains (Fig. 2 B).
We showed by quantum mechanical calculations that in-
teractions of the flavin with the tautomeric Gln side chain
account for the red shift of the flavin absorption and the
downshift of the C=O0 vibration observed experimentally in
the light state (24,26). The good agreement between the
predicted and experimental properties suggests that the glu-
tamine tautomer is a chemical product of the primary pho-
toreaction in BLUF.

Ultra-fast spectroscopy on BLUF domains has shown that
the light-driven reaction proceeds within the flavin-glutamine—
tyrosine reactive core via a radical pair mechanism involving
electron and proton transfers (15). The phenyl group of the
conserved tyrosine was suggested to serve as an electron and
proton donor to the flavin in the primary photoreaction
(15,17,50). Based on the assignment of hydrogen bonds
proposed by Anderson et al. (30) and the NMR spectra of the
dark and light state of AppA BLUF (25,34,50), the Tyr*'
hydroxyl group was proposed to be a proton acceptor in the
dark state and a proton donor in the light state. Our hydro-
gen bond assignment contradicts this model and suggests a
proton donor role for the phenyl ring incorporated in the
hydrogen bond network of the flavin chromophore in both
functional states (Fig. 4). Recent FTIR studies have con-
firmed the tyrosine side chain to be a proton donor in both
dark and light states of the T110078 BLUF (51).

In the Trp;, conformation of AppA BLUF (30), the region
from residue Trp'® to residue Ser'® takes up a regular
B-strand structure, B5-strand, which requires positioning
of the Trp'® side chain inside the flavin binding pocket
(Fig. 1 A). Analysis of the all-atom QM/MM models showed
that the orientation of GIn® proposed by Anderson et al. (30)
involves an energetically unfavorable contact between the two
carbonyl groups causing significant structural relaxation and

an optimized geometry different from the geometry observed
in the crystal structure. On the other hand, the GIn*® tau-
tomer is compatible with the structure of the 85-strand in the
Trp;, conformation. The Trp,,, conformation of AppA BLUF
contains the GIn®® side chain in the amide form that ‘pushes”’
the Trp'® side chain outside the flavin binding pocket re-
sulting in the shortened B5-strand (Fig. 1 B). Thus, there is a
direct connection between the chemical structure of the
conserved Gln side chain and the secondary structure of the
BLUF domain. We propose the following model of photo-
activation in AppA BLUF. The dark state corresponds to the
crystal structure Trp,,, and contains the GIn® side chain in
the amide form resulting in the shortened 35-strand. The light
state corresponds to the crystal structure Trp;, and contains
the tautomerized GIn®’ side chain interacting with the Trp'**
side chain inside the flavin binding pocket allowing an elon-
gated B5-strand (32). Thus, light activation of BLUF results
in a change in secondary structure that has also been reported
by FTIR measurements (52).

The important role of the Trp'® residue in the AppA
protein has been realized and analyzed by mutagenesis ex-
periments (38,50,52,53). The Trp1°4A1a mutant exhibits a
normal photocycle with accelerated dark relaxation (52,53)
but functionally acts as the light state even without light ac-
tivation (38). A similar functional behavior was reported for
the nonphotocycling GIn®Leu mutant (27,38). This finding
was interpreted as evidence for a hydrogen bond between the
GIn® and Trp104 side chains in the dark state, which was
therefore assigned to the Trp;, crystal structure (38). Our
model offers a different interpretation for these observations:
on mutation of either GIn® or Trp'*, the B5-strand adapts
the elongated conformation without light-activation. This
may also be the case for the Tyr*' mutants, for which light-
induced transient reduction of the flavin by Trp'® has been
reported, indicating that the Trp'® side chain is located in-
side of the flavin binding pocket (50). However, it remains to
be seen whether the Tyr’' mutants structurally and func-
tionally represent the dark state.

Based on the data reported here, we propose that tauto-
merization of the highly conserved GIn® represents the light
switch in AppA BLUF. The structural and functional simi-
larities of different BLUF domains suggest that this mecha-
nism of photoactivation is shared by all members of the
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photoreceptor family. Isomerization reactions are often used
in light receptors, although, only isomerization of the chro-
mophore has been identified to date (3). In contrast to the
chromophores with linear structure in the rhodopsin, phyto-
chrome, and PYP light-receptors, the condensed ring system
of the FAD chromophore is not prone to isomerization. In-
stead, the flavin containing photoreceptors rely on photore-
actions of the excited chromophore with neighboring amino
acids using flavin redox properties. In LOV domains, photo-
induced electron and proton transfers from the active site Cys
to the flavin takes place, yielding a covalent Cys-flavin ad-
duct (54). In cryptochromes, a flavin semiquinone radical
results from electron transfer assisted by Trp residues (55,
56). We propose that in BLUF domains, electron and proton
transfers from the phenyl group of the conserved Tyr to flavin
result in the isomerization of the active site Gln residue.
Formation of specific hydrogen-bonding network in the
presence of the tautomerized Gln allows fast recombination
of the radical products yielding the light-induced state of
BLUF, containing the imidic acid form of Gln. Thus, the two
chemical strategies used by the photoreceptors, photoreduc-
tion and isomerization, are combined in light sensing by the
BLUF domains.
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