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Light is an essential environmental factor, and many species have
evolved the capability to respond to it. Blue light is perceived
through three flavin-containing photoreceptor families: crypto-
chromes, light-oxygen-voltage, and BLUF (sensor of blue light
using flavin adenine dinucleotide, FAD) domain proteins. BLUF
domains are present in various proteins from Bacteria and lower
Eukarya. They are fully modular and can relay signals to structur-
ally and functionally diverse output units, most of which are
implicated in nucleotide metabolism. We present the high resolu-
tion crystal structure of the dark resting state of BIrB, a short BLUF
domain-containing protein from Rhodobacter sphaeroides. The
structure reveals a previously uncharacterized FAD-binding fold.
Along with other lines of evidence, it suggests mechanistic aspects
for the photocycle that is characterized by a red-shifted absorbance
of the flavin. The isoalloxazine ring of FAD binds in a cleft between
two helices, whereas the adenine ring points into the solvent. We
propose that the adenine ring serves as a hook mediating the
interaction with its effector/output domain. The structure sug-
gests a unique photochemical signaling switch in which the ab-
sorption of light induces a structural change in the rim surrounding
the hook, thereby changing the protein interface between BLUF
and the output domain.

blue light sensing | photochemistry | protein function | flavin |
reaction mechanism

he ability to perceive light is crucial for the survival of most

organisms, enabling them to adapt to changing environmen-
tal conditions. Consequently, the capacity to sense and respond
to light is widespread among prokaryotes and eukaryotes. To
date, six photoreceptor families have been identified: the rho-
dopsins, phytochromes, xanthopsins (photoactive yellow protein
family), cryptochromes, light-oxygen-voltage (LOV) domain-
containing proteins, and the sensors of blue light using flavine
adenine dinucleotide (BLUF) domain-containing proteins (1).
The latter three families are blue light receptors that use flavin
chromophores. The primary photochemistry produces confor-
mational changes in the cofactor, which induces the formation of
a signaling state that communicates photon absorption to a
downstream domain or protein partner. BLUF domain proteins
represent the third class of flavin-containing blue-light receptors
(2). Their identification in the protein AppA marks the latest
piece of the puzzle in understanding how organisms respond to
blue light. AppA is involved in the regulation of photosynthesis
gene expression in the anoxygenic phototrophic a-proteobacte-
rium Rhodobacter sphaeroides (3—6). AppA not only responds to
blue light but also senses redox signals and has been shown to
integrate these two stimuli (7, 8). The BLUF domain has
thereupon been found in proteins from several branches of the
phylogenetic tree of Bacteria and in photosynthetic lower Eu-
karya (Pfam protein domain database; www.sanger.ac.uk/
Software/Pfam). In the photoactivated adenylyl cyclase (PAC)
of the unicellular flagellate Euglena gracilis (9), BLUF mediates
a photophobic response. Very recently, Klug and coworkers (10)
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showed that BLUF domains function modularly: the AppA blue
light sensing module was replaced by the BLUF domain of PAC
without disturbing light-dependent gene expression.

Great efforts have been undertaken to study the photochem-
istry and primary signaling processes of the BLUF domain. Blue
light illumination of the AppA BLUF domain and the Synecho-
cystis BLUF protein Slr1694 induces small but distinct and
reversible red shifts of the flavine adenine dinucleotide (FAD)
absorption spectrum (11, 12). Although intramolecular proton
transfer processes and/or alterations in hydrogen bonding have
been suggested to underlie this red shift (13, 14), the molecular
mechanism of the photocycle is largely unknown.

The predicted secondary structure of BLUF domains resem-
bles neither that of LOV domains nor that of the flavin-binding
domains in cryptochromes (2). In fact, the BLUF domain has
been predicted to establish a new FAD-binding fold because it
could not be assigned to any of the existing FAD-binding protein
families (15). Based on an analysis of domain architecture,
Gomelsky and Klug divided the BLUF protein family into short
and complex BLUF proteins (2). Short proteins contain, besides
BLUF, an additional stretch of ~50 amino acid residues at their
C terminus but no additional identifiable protein domains. They
were proposed to communicate the light signal to effector/
output modules through protein—protein interactions. In com-
plex BLUF proteins, sensor and effector modules reside on the
same polypeptide chain. So far, the three-dimensional structure
of BLUF domains, the photochemistry that underlies the acti-
vation of intra- or intermolecular receptor domains, and, thus,
the signal transduction process are unknown.

Here, we present the crystal structure of a full-length BLUF
protein, BIrB from R. sphaeroides, at 1.9 A resolution in its
dark-adapted state. The structure reveals a FAD-binding fold
and provides insights into the photochemical reaction. More-
over, the structure suggests a mechanism for how the BLUF
domain communicates the blue light signal to either an effector
domain within the same polypeptide chain or to an independent
effector protein. This model is consistent with the idea of
modularity.

Experimental Procedures

Protein Preparation and Quality Assurance. DNA encoding the
full-length BIrA and BIrB proteins was PCR amplified from R.
sphaeroides genomic DNA by using gene-specific primers and
cloned into the expression vectors pET23a and pHis-Gf1-
Parallell, where pHis-Gp1-Parallell is a derivative of the pHis-
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Parallell vector (16). BlrB was purified from Escherichia coli
cells grown in LB medium or M9 media containing 3 g/liter 3Cg
glucose (for NMR samples), as described in supporting infor-
mation, which is published on the PNAS web site. The protein
was analyzed for cofactor content by reverse phase chromatog-
raphy and subsequently reconstituted with its physiological
cofactor, FAD, to nearly 100% (see supporting information).
The protein was stored in 25 mM TrissHCI, pH 8.0/40 mM
NaCl/10 mM KCl/2 mM EDTA/5 mM DTT/5% glycerol at
—80°C.

Spectroscopy. U V-visible absorption spectra were recorded on
0.05 mM protein samples in a buffer containing 50 mM Tris (pH
8.0) and 30 mM NaCl, using a Hewlett Packard 8452 A Diode
Array Spectrophotometer at 4°C. Spectra on the putative sig-
naling active state were acquired after exciting samples with a
photographic flash. NMR spectra were obtained as described in
supporting information.

Crystallization. Crystals of BIrB were grown by the hanging drop
vapor diffusion method at 4°C in the dark by mixing 1 ul of
protein (9 mg/ml) and reservoir (0.1 M acetate buffer pH 4.5/0.2
M Ca?" acetate/0.05 M DTT/28% polyethylene glycol 400)
solutions. Crystallization setups were inspected with a 2-mm-
thick RG 630 filter (ITOS, Mainz, Germany) shielding the
microscope bulb. Crystals were rinsed in cryoprotection solution
(0.1 M acetate buffer, pH 4.5/0.2 M Ca?" acetate/0.05 M
DTT/35% polyethylene glycol 400) before flash-cooling in
liquid nitrogen. Heavy-atom derivatives were prepared by soak-
ing crystals in reservoir solutions containing the heavy atom
compounds (EMP, KAu(CN),, and uranylacetate, respectively,
see Table 2, which is published as supporting information on the
PNAS web site). Before flash-cooling in liquid nitrogen, the
crystals soaked with EMP and KAu(CN), were rinsed briefly in
the final cryoprotection solution.

Data Collection, Structure Determination, and Refinement. Diffrac-
tion data were collected under standard cryogenic conditions
(100 K) at the European Synchrotron Radiation Facility or Swiss
Light Source (see supporting information for details), and
processed with the XDS suite of programs (17). The crystals
(space group P2;2,2;) contain two molecules per asymmetric
unit that are related by a 2-fold rotation and a self-Patterson
vector at 0.5, 0.5, and 0.007. This finding, together with notice-
able nonisomorphism, complicated the structure determination
by multiple isomorphous replacement with anomalous scatter-
ing. Heavy atom positions could only be identified by SHARP (18).
After density modification (DM in SHARP), clearly interpretable
electron density maps were obtained (supporting information).
An initial partial model was built automatically by ARP/WARP
(19) and extended manually in 0 (20). During several cyclic
rounds of refinement with CNs (21) and manual rebuilding, FMN
and solvent molecules were included in the model. The final
refinement step was done with REFMAC and included TLS re-
finement (22) (for statistics, see supporting information). Fig-
ures were made with PYMOL (23).

Results and Discussion

Recombinant BIrB Contains a Functionally Active BLUF Domain. The R.
sphaeroides genome (http://genome.ornl.gov/microbial/rsph)
encodes three BLUF-domain containing proteins: AppA and
two short BLUF proteins, RSP4060 (134 aa) and RSP1261 (140
aa). The latter two proteins were designated BIrA and BIrB,
respectively, for putative blue-light receptors. The functions of
these proteins are unknown. Upon induction of expression, BlrB,
but not BlrA, made the E. coli host yellow. When purified, BlrB
was found to contain noncovalently bound flavins. BIrB was
therefore used for subsequent characterization. Full-length BIrB
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Fig. 1.  Spectroscopic characterization of BIrB dark and signaling active
states. (A) UV-visible absorption spectra of dark state (black line) and signaling
state (red line) of BIrB recorded at 4°C. (B) '"H NMR spectra for the methyl
regions of BIrB recorded under dark, signaling (lit), and postillumination dark
states.

was expressed in E. coli and purified by affinity and size exclusion
chromatography. Because cofactor analysis by HPLC showed ~
42% FAD, 26% FMN, and 32% riboflavin, the protein was
reconstituted with FAD in vitro to its physiologically active form
(see supporting information).

We used a combination of visible absorbance and NMR
spectroscopy to characterize the effects of blue light illumination
on BIrB. Visible absorbance spectra of dark state BlrB samples
show a characteristic pattern of flavin-binding proteins, includ-
ing two major absorbance bands centered near 365 and 450 nm
(Fig. 14). As observed with other BLUF domains (6, 12, 14),
illumination leads to a red shift of these bands by ~10 nm. These
changes are reversible, reverting back to the original dark state
spectra with an apparent first-order exponential time constant of
~5 s at room temperature, pH 8.0. The kinetics for this
regeneration process are similar to those observed for the short
BLUF domain protein Synechocystis Slr1694 protein (¢, =~ 5 s)
(12) but are notably much faster than that observed for the
isolated BLUF domain of AppA (t12 ~ 15 min) (6).

Although visible absorbance spectroscopy provides insights
into the electronic environment of the FAD cofactor in BlrB, we
sought to complement this finding by using NMR spectroscopy
to obtain information about the surrounding protein environ-
ment. One-dimensional '"H NMR spectra acquired on BlrB in the
dark show excellent chemical shift dispersion, including a num-
ber of upfield-shifted peaks (6 < 0.5 ppm) typically associated
with methyl groups involved in stable tertiary interactions near
aromatic rings (Fig. 1B). Illumination with blue light at 457 nm
leads to the disappearance of several signals and the concomi-
tant appearance of several new peaks, consistent with light-
induced changes in the electronic environments near these
protons and also with prior observations from AppA (14). After
ceasing illumination and allowing ~1 min for recovery, the
original dark state spectrum is regenerated, critically establishing
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Fig. 2. Structure and active site of BIrB. (A) The asymmetric unit of BIrB
crystals contains two BIrB molecules with ferredoxin-like topology (apopro-
teins in gray and flavin cofactors in green). Secondary structure elements are
assigned in molecule A (Left). (B) The flavin-binding pocket, shown in stereo-
view, is made up by the highest conserved residues of the BLUF domain. They
position the cofactor by mostly hydrophobic interactions around the dimeth-
ylbenzene moiety and by hydrogen bonds to heteroatoms of the light ab-
sorbing ring system and the ribityl chain. Compared to most residues building
up the cofactor pocket, the side chain of Arg-32 is less well defined. There is
only a clear interaction with the 04’ and O2 atoms of the flavin in molecule A.
Hydrogen bonds are indicated by dotted lines, and distances are given in
angstroms.

the reversibility of these changes at the levels of both the
chromophore and protein.

A comparison of 2D BC-'H HSQC spectra recorded on BIrB
revealed a series of changes in peak locations and intensities that
are reversible in the dark (supporting information). Notably, a
much lower fraction of peaks are perturbed by illumination of
BIrB than previously observed for the Avena sativa phototropin
LOV2 domain (24), suggesting that light induces much smaller
conformational changes within BLUF domains compared to
LOV domains.

BLUF Domains Represent a Previously Uncharacterized FAD Binding
Fold. The crystal structure of BIrB was determined through
multiple isomorphous replacement (supporting information).
The structure determination was complicated by the symmetry
of the arrangement of the two molecules in the asymmetric unit
of the orthorombic crystals of BlrB. The electron density indi-
cates that the two BIrB molecules differ slightly in length.
Molecule A encompasses residues 1 to 136, whereas molecule B
ranges from residue 1 to 131. We determined the structure of
BIrB in its dark state to a resolution of 1.9 A (see Experimental
Procedures and supporting information). The overall fold reveals
a very compact protein that consists of a five-stranded mixed
B-sheet with two a-helices running parallel to the B-strands on
one side and a helix-turn-helix unit on the other side of the
sheet. The dimer interface is made up by B-strands of each
molecule (residues Phe-76 to Pro-83, respectively), running
antiparallel to each other (Fig. 24). The first 75 amino acid
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residues of the protein form an «f sandwich with a typical
ferredoxin-like B1 o B2 B3 a2 B4 topology. This structural motif
is very similar to the fold adopted by acylphosphatase (PDB ID
code 2ACY), a member of the ACT (aspartate kinase, chrois-
mate mutase, TyrA) domain family (25) and one of the smallest
enzymes known. However, the primary structure of BIrB does
not reveal any significant similarity with the ACT consensus
sequence and therefore represents a previously uncharacterized
domain family.

While this manuscript was under revision, structures of two
other BLUF domains were reported. These include a short
BLUF domain protein (TI10087; ref. 26) and a BLUF domain
from the AppA protein (residues 17-133; ref. 27). All three of
these structures adopt similar «/ folds immediately around the
FAD isoalloxazine ring, emphasizing the structural conservation
of the BLUF sequence homology region identified by Gomelsky
and Klug (2). The key difference among these structures seems
to be the presence of two C-terminal helices to the core BLUF
domain, as observed in the short BLUF proteins (BlrB and
T110078). AppA has a single short a-helix after the BLUF
domain, but it is solvent exposed and appears to be stabilized by
the presence of detergent in the crystallization mixture.

The FAD Binding Site. Chromatographic analysis indicated that the
majority of protein molecules within the BIrB crystals bind FAD,
which is consistent with our expectations (see supporting infor-
mation for details). However, there is clear electron density for
only the FMN moiety of FAD, but not for the adenosine
monophosphate, AMP. The isoalloxazine moiety of the FAD
cofactor is bound tightly between the helixes al and «2, above
the B-sheet plane in a pocket that is built up by side chains
originating from almost all secondary structure elements of the
BLUF core, a1, o2, B1, B2, B3, and two loop regions (a2-B4 and
B4-a3) (Fig. 2B). Because the ribityl side chain and phosphate
moiety point toward the domain surface, the adenine moiety
must be entirely solvent exposed and is probably highly flexible.
This observation explains numerous biochemical findings, such
as the instability of FAD bound to BLUF domains and the
module’s tolerance in binding diverse flavin derivatives (28). In
particular, it explains the fact that the nature of the flavin
chromophore hardly affects the capacity of the AppA-BLUF
domain to photocycle (28, 29). As assumed in ref. 2, the
FAD-binding mode described here establishes a previously
uncharacterized FAD-fold family. The flavin-binding pocket of
BIrB is similar to the FMN-binding pocket of phototropin LOV
domains (30, 31) in being mainly polar on the pyrimidine side of
the isoalloxazine ring and nonpolar around the dimethylbenzene
moiety. The latter is surrounded predominantly by hydrophobic
side chains (Ile-67, Phe-49, Ile-25, and Leu-42) and His-73,
whose side chain forms hydrogen bonds with the backbone
carbonyl oxygen atom of Ile-67 and the hydroxyl group of Ser-11.

The heteroatoms of the isoalloxazine ring form hydrogen
bonds with residues GIn-51, Asn-33, Arg-32, and with the
4'-hydroxyl group of the cofactor’s ribityl side chain (Fig. 2B).
The terminal amine of Asn-33 forms two hydrogen bonds with
the O4/N3 atoms of the isoalloxazine ring. Asn-33 and Gln-51
are oriented by interactions with the side chains of Ser-93 and
Tyr-9, respectively. The hydroxyl groups of the ribityl side chain
interact with side chains of residues Arg-32 and Asp-70. The side
chain of Asp-70 is kept in position by forming two hydrogen
bonds with Arg-72. In Fig. 2B, distances are given for BIrB
MolA. Within the coordinate error, these distances are the same
for both molecules in the asymmetric units of two data sets
collected (data not shown). Although the conformations of the
majority of residues within the flavin-binding pocket are well
defined, the side chain of Arg-32 is somewhat more flexible.
Consequently, distances between Arg-32 hydrogen bond donors
and the FMN O2 and O4' positions vary by up to 0.7 A, as
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observed in the two molecules in the asymmetric unit and in
different data sets. In contrast to the flavin-binding pocket of
LOV domains, there are no interactions between the flavin
phosphate group and the protein moiety of the BLUF domain,
rendering the surface exposed phosphate comparatively flexible
(Fig. 2B).

Structural Changes upon Light Excitation. As shown above, blue light
illumination of BlrB generates a slightly red-shifted intermediate
state as previously identified in the BLUF domains from AppA and
SIr1694. This species is thought to be the signaling state responsible
for signal propagation to downstream partners (2). Proton transfer
processes and/or alterations of hydrogen—bond interactions of the
flavin cofactor with the surrounding protein have been suggested to
underlie the observed red shift (12, 14). These proposals are
consistent with the fact that small conformational changes are likely
to cause minor spectroscopic effects, including the visible absor-
bance and NMR spectroscopy data for BlrB. In contrast to pho-
totropin LOV2 domains (24, 32), we observe no significant light-
induced changes in the C-terminal helix—turn—helix span of BlrB; all
of the sites clearly demonstrating light-induced NMR chemical shift
changes in Fig. 1B and related 2D spectra map to the immediate
vicinity of the FAD binding site.

Mechanistic Aspects/Photochemistry. BLUF proteins represent a
previously undescribed class of blue light photoreceptors. Upon
photon absorption, they perform a photocycle, which involves
formation of a transient red-shifted intermediate believed to
represent the signaling active state. It is thought to communicate
the blue light information further downstream before it relaxes
back to the receptor state on the timescale of seconds (BlIrB and
SIr1694) or minutes (AppA BLUF). What are the light-induced
processes that lead to the reversible formation of this signaling
state, and what is the mechanism of the BLUF photocycle? To
address these questions, a great number of mainly spectroscopic
experiments have been carried out, and several suggestions have
been put forward based on the results. In light of the BIrB crystal
structure presented here, we can eliminate some of these pro-
posals and suggest mechanistic alternatives.

Based on mutagenesis data and spectroscopic considerations, the
highly conserved tyrosine (Tyr-21 in AppA corresponding to Tyr-9
in BlrB) was assigned a prominent role in the photocycle (14).
However, geometrically, Tyr-9 cannot interact with the isoallox-
azine ring through hydrogen bonding or 7 stacking (Fig. 2B) and
its location in the central B-sheet makes a light-induced approach
to the isoalloxazine ring highly unlikely. Therefore, we exclude a
hydrogen bond between the tyrosine hydroxyl group and N5 of the
flavin (14), and a role of this tyrosine as transient acceptor of a
proton donated by N5 (13). We can also exclude m— stacking
interactions between this tyrosine and the isoalloxazine ring (14)
and between the isoalloxazine and the adenine moieties of the
cofactor as proposed by Masuda ez al. (12). Even though potentially
indirectly involved in the receptor’s primary photochemistry
through an electron transfer-induced fluorescence quenching (29),
the BIrB crystal structure suggests an important structural role for
Tyr-9. It is part of the hydrophobic cavity surrounding the dimeth-
ylbenzene portion of the cofactor and its hydroxyl group orients
GIn-51, which is 100% conserved in the BLUF domains, such that
it forms a hydrogen bond with N5 of the isoalloxazine ring. The
absence of this interaction in the AppA Y21I and Y21F mutants
(13, 14) may be the reason for the mutants’ deficiency in photo-
cycling and decreased cofactor affinity.

Recent publications propose that the BLUF photocycle is
rooted in alterations in hydrogen bonding between heteroatoms
of the isoalloxazine ring and the protein (12, 33, 34). The
underlying Fourier transform infrared studies show that illumi-
nation strengthens the N1C10a and/or C4aN5 bonding and
weakens the C4=0 and C2=0O bonding in the isoalloxazine
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ring. The latter was interpreted as a light-dependent strength-
ening of hydrogen bonding of C4=0 and C2=0. Based on
comparisons with FTIR experiments carried out at —35°C and
under dehydrating or deuterating conditions, Hasegawa and
colleagues (12, 33, 34) proposed that the light-induced changes
in hydrogen bonding of C4=0 trigger further rearrangements of
the hydrogen bonding network, leading to alterations of the
interactions between FAD and the protein matrix, which are
suppressed by low temperature or dehydration. The BIrB crystal
structure, together with high-level, nonempirical, quantum
chemical calculations, allow extension of this model to fill in
missing (structural) details and to propose a new model of the
photocycle that links light-induced changes in the flavin ring to
structural changes in the protein, resulting in signaling state
formation.

Our ab initio quantum chemical calculations on lumiflavin (un-
published data; see supporting information) show that a red shift of
the spectrum of the excited flavin can be caused by (i) a protonation
of N5, which, however, leads to very strong red shifts of 1.64 eV for
both adsorption bands and is not structurally possible in BlrB (Fig.
2B), (i) a protonation of O2 (calculated red shifts are 0.22 and 0.76
eV), and (iii) a protonation of N1 (calculated red shifts are 0.10 and
1.01 eV). Both (i) and (iii) are structurally possible through Arg-32
and are consistent with the experimental findings (12, 33). In the
ground state, the N1H and O2H cations have comparable energies,
which are >10 kcal/mol lower than the energy of N5H cation. Thus,
most likely N1 and O2 are proton acceptors in a flavin in the ground
electronic state.

To test whether light excitation stimulates protonation, we
compared the energies of the neutral lumiflavin and the cations
in both the ground and excited states, respectively. The O2H and
N5H cations were found to have higher deprotonation energies
in the excited state than in the ground state, indicating a
light-stimulated increase of the O2 and especially N5 basicity
(31), whereas the deprotonation energy of the N1H cation does
not change upon excitation. In the first excited state, the energies
of N5H and O2H cations are significantly lower compared to the
N1H cation (21 and 19 kcal/mol, respectively).

The negative charge developing on the N5 atom in the exited
state would influence the hydrogen bond between N5 and the
NE2 atom of GIn-51 (Fig. 2B). Because NE2 also forms a
hydrogen bond with C4=0 of the flavin, the changes from N5
could be transferred to C4=0, which would explain the exper-
imentally observed change in the corresponding stretch vibra-
tion (12, 33). Although the results of the calculations clearly
suggest that chemical reactivity of a flavin associated with the N5
atom is significantly stimulated by light, structural analysis shows
that in a BLUF domain, it would be rather difficult to transfer
this chemical alteration into changes in the protein structure.
The residues interacting with the portion of the cofactor con-
taining N5 and C4=0 are part of a structurally rigid protein
core. For example, light-induced flipping of GIn-51 is highly
unlikely because of its interaction with the backbone carbonyl
oxygen atom of Ser-93. Moreover, there is no prominent proton
donor or acceptor that can be activated by flavin excitation. On
the other hand, protonation of O2, which is light stimulated
according to the calculations, may explain how excitation of the
flavin ring is translated into a structural signal.

We propose that excitation stimulates changes in the hydrogen
bonding network around O2 possibly involving a proton transfer
from Arg-32 to O2, resulting in a conformational change. This
proposal is consistent with the fact that the C2=O stretch
vibration is deuteration sensitive and suppressed at low temper-
ature (33). The proposal of a light-induced reversible rate-
limiting proton transfer from Arg-32 to the flavin O2 would also
explain the observation that the rate of the back reaction from
the light-induced signaling state to the ground state varies
considerably in AppA [~15 min; (14), SIr1694 (=5 s; ref. 12)],
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and BIrB (=5 s). These kinetic differences must reflect structural
differences in close proximity to the light-absorbing isoalloxazine
ring. In fact, all residues interacting directly with the flavin
cofactor are identical in AppA, SIr1694, and BlrB, with one key
exception, Arg-32 in BIrB (His in AppA and Asn in Slr1694).
Proton transfer from this residue (or a bound water molecule in
the case of Asn) could therefore be the rate-determining factor
for the back reaction.

The question remains: How is the absorption of blue light by
the FAD chromophore translated into a protein structural
change that can be used in signal transduction? We propose that
excitation stimulates changes in the hydrogen bonding network
involving O2 and Arg-32. The light-induced changes in the flavin
would be mediated through Arg-32 to the surface of the protein,
which would form part of the interaction interface with an
effector/output protein (module). In addition, the light-induced
changes in charge at N1 could modify the interaction with the
04’ hydroxyl group of the ribityl side chain (Fig. 2B). This
interaction could represent a fulcrum for the ribityl chain that
acts as a lever arm resulting in a different location of the AMP
moiety of FAD. We believe the latter to be essential for the
interaction between the FAD-containing sensor domain and its
regulated effector, as detailed in the next paragraph.

Model for BLUF Signal Transduction. For translation of the light
signal into biologically useful information, any BLUF domain
has to interact specifically with one or more output modules on
the same polypeptide chain or with (an) independent effector
unit(s). How does this communication take place? To identify
potential interaction sites on the BLUF domain surface, we
performed a sequence space analysis (35). This analysis allows
us to define domain subfamilies and, moreover, to identify
single functional residues that are specific for these subfami-
lies. It has been applied successfully to Ras-like proteins that
constitute molecular switches, analogously to BLUF domains
(35). With a multiple sequence alignment of >50 prokaryotic
and eukaryotic BLUF domains as input (see supporting in-
formation), we identified three BLUF subfamilies I, II, and III
(Fig. 34), the latter of which can be subdivided into two
classes, IIT A and III B (see supporting information), and
residues specific for these subfamilies (Fig. 3B). The BLUF
domain of BIrB is a representative of subfamily III, class A.
Most residues that are conserved throughout all members of
the BLUF family (Tyr-9, Ser-11, Asn-33, GIn-51, Leu-63,
Phe-64, Ile-67, Asp-70, Arg-72, and His-73) serve in cofactor
binding and probably stabilization of the signaling state (Fig.
2B). Strikingly, the majority of residues that are generally less
conserved, but are highly conserved within subfamily III or
even within class A of this subfamily, cluster around the
entrance of the flavin pocket on the domain surface. For BIrB
(subfamily III, class A), this group of residues encompasses
Arg-27, Pro-71, Glu-24, and Arg-32. By analogy to the family
of Ras-like proteins, this observation indicates that the inter-
action with effector modules takes place at the mouth of the
flavin pocket where the entirely solvent-exposed adenine
moiety of the FAD cofactor could serve as a recognition site
or hook. In fact, the majority of complex BLUF proteins are
light-driven enzymes involved in nucleotide metabolism. Their
effector domains, C-terminally attached to the BLUF domain
through flexible linkers, are represented by adenylyl cyclases
or EAL (DUF2) domains encoding diguanylate-specific phos-
phodiesterases (36). These output units exhibit at least one
nucleotide binding site. By interacting with one of these sites,
the AMP moiety of the FAD cofactor could therefore function
as a sort of competitive inhibitor that is released upon light
absorption. A similar model can be developed for the com-
munication of short BLUF proteins, like BlrB, with down-
stream effector proteins. Consistent with this proposal, in

12354 | www.pnas.org/cgi/doi/10.1073/pnas.0500722102

Fig. 3. A cofactor-mediated interaction/communication between BLUF
domains and output modules is suggested by the analogy with the PCMH
(p-cresol-methylhydroxylase) FAD-fold family and by sequence analysis of >50
BLUF domains. (A) Sequence space representation of >50 BLUF domains
allows identification of three BLUF subfamilies, I, II, and IIl. BIrB belongs to
subfamily . (B) Sequence space representation of the entirety of residues
covered by the 50 BLUF domains analyzed. Amino acid residues specific for
these families are arranged along the edges of the space, respectively. The
length of a residue vector in sequence space is proportional to its degree of
conservation throughout the domain family. (C) In p-cresol-methylhydroxy-
lase (PDB ID code 1DIl), FAD is bound to two distinct subdomains of the
protein, shown in gray and red, that interact predominantly with the isoallox-
azine or the adenine moiety of the cofactor, respectively. (D) The surface
exposed adenine unit of the BLUF-FAD could function as recognition site for
effector/output domains. Residues that are unique in BIrB or specific for all
members of the BLUF subfamily Ill and that are potentially involved in the
signaling process as predicted by sequence space analysis (supporting infor-
mation) cluster around the entrance of the flavin pocket (red). These residues
(Glu-24, Arg-27, Arg-32, and Pro-71) are predestined to serve light-dependent
modulation of the BLUF domain-output domain interaction.

several instances, the genes located next to the BLUF-domain
encoding genes encode EAL domains (2). The phenomenon of
FAD holding together two subunits of a protein, one that
mostly interacts with its isoalloxazine ring and another that
binds the AMP moiety, is not unusual. It is observed in all
members of a specific FAD-binding fold family, exemplified
by p-cresol methylhydroxylase (PCMH, PDB ID code 1DII)
(Fig. 30).

The suggested mode of interaction explains the fact that FAD
is the physiological cofactor of BLUF domains, although FMN
is obviously sufficient to perform the photoreceptor’s photo-
cycle. However, binding of FMN to BLUF domains in a cellular
environment might exert a regulatory function by rendering the
domain inactive in signal propagation, similarly to the GDP-
bound form of G proteins. The proposed mode of interaction is
also consistent with the findings that the BLUF domain can
function in trans with the C-terminal domains of AppA (10). Han
et al. (10) also showed that a heterologous BLUF domain is able
to communicate with the C-terminal domains of AppA in cis.
The coincidence of highly conserved and less conserved, specific
residues in the surface area near the cofactor cavity could also
reflect an overlap of functions in this region. The surface residue
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Arg-32, for example, is involved in cofactor binding, but it is not
highly conserved, suggesting a potential role in the photocycle
(see above). In addition, this residue is specific for the class of
BLUF domains exemplified by BlrB, which indicates an involve-
ment in signal propagation and/or interaction with effectors. In
conclusion, we propose the blue light signal to be propagated
from the place of photon absorption in the flavin binding pocket
along the neck of the pocket up to the domain’s surface, where
exposed amino acid side chains trigger the interaction with
effector modules (Fig. 3D).
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