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ABSTRACT: BlrB in Rhodobacter sphaeroides is a single domain, flavin-based blue light sensor protein in
the BLUF family of photoreceptors. Consistent with other members of this family, blue light excitation
induces a putative signaling state characterized by a 10 nm red shift in the UV-visible absorbance spectrum.
Structural and spectroscopic characterization of truncated BlrB constructs establishes that the C-terminal
50 amino acids of this protein are essential to its structural integrity despite not being part of the canonical
BLUF domain architecture. Mutagenesis studies support the critical roles of Tyr9, Asn33, and Gln51 for
flavin binding and the integrity of the BLUF domain fold. Comparison of solution NMR spectra of BlrB
acquired under dark and light conditions indicates very limited light-dependent conformational changes
except for a few interesting residues: Trp92, Met94, and Ile127. Notably, the Ile127 side chain experiences
significant chemical shift changes despite the fact that it is far (∼15 Å) from the flavin chromophore in
the C-terminal extension. These data suggest that the light-induced signal is propagated from the flavin
through the � sheet to the last two R helices in the C-terminal extension, potentially providing a mechanism
to transmit this change to initiate a cellular response to blue light.

Appropriately sensing and responding to changes in light
is critical for many organisms to adapt to their changing
environment. In many cases, photoreceptor proteins play the
critical role of detecting light of specific wavelengths and
controlling downstream signaling in response to this stimulus.
Such sensory proteins can be classified into six distinct
families: rhodopsins, phytochromes, xanthopsins, crypto-
chromes, LOV domains, and BLUF1 domains (1). The last
three families share the common use of flavin chromophores
(FAD or FMN) to detect blue light, although they do so with
fundamentally different photochemical and signaling mech-
anisms. BLUF (sensor for blue light using FAD) (2) domains
are the newest addition to this group, having been found in
bacteria and lower eukaryotes. Based on structures solved
by X-ray crystallography and NMR spectroscopy, BLUF
domains adopt a �R��R�� fold made up of approximately
95 amino acids that envelop the isoalloxazine ring and ribityl
chain of a noncovalently bound FAD chromophore (3-5).
Upon absorption of blue light, these domains exhibit a
characteristic 10 nm red shift in their UV-visible absorption
spectrum (6). This shift is believed to indicate the formation
of the BLUF signaling state, which spontaneously reverts
to the ground state with kinetics that vary from seconds to
minutes among different BLUF domains (7). Extensive
spectroscopic studies have been undertaken to elucidate the
photochemistry and signaling mechanism of BLUF domains,

leading to the hypothesis that light-induced intramolecular
electron/proton transfer and flavin/protein hydrogen-bonding
rearrangement are thought to initiate the signaling state
formation (6, 8, 9). However, the molecular details of this
intriguing process are still poorly understood.

BlrB (blue light receptor B, 140 amino acids), one of the
three BLUF-containing proteins from Rhodobacter sphaeroi-
des, belongs to a class of “short” single domain proteins that
contain a single BLUF domain as the only recognizable
domain within its sequence. BlrB has a canonical BLUF
domain at its N-terminus, followed by an additional 50
C-terminal amino acids of unknown function. Crystal-
lographic structure determination (4) and visible spectroscopy
(7) have shown that BlrB adopts a typical BLUF domain
fold and displays characteristic changes in the UV-visible
absorbance spectrum upon blue light excitation. However,
both the biological function and signal propagation process
of BlrB remain unknown, as the C-terminal extension shows
no evidence of catalytic activity and no binding partners have
been identified.

To gain further insight into the structural and signaling
roles of BlrB, we used a combination of biophysical and
biochemical methods to examine the importance of the
C-terminal extension and several key amino acids within this
protein. We characterized several different forms of BlrB
truncated at various C-terminal sites, finding that the
structural integrity and proper photoproduct formation of
the BLUF domain are dependent on the extension outside
the canonical BLUF domain. In addition, we constructed
point mutants of BlrB, targeting residues implicated in its
flavin binding and photochemistry, and found that these
changes alter the photocycle or preclude flavin binding
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entirely. Finally, we studied the conformational changes that
take place in BlrB upon blue light excitation using solution
NMR spectroscopy. Comparisons of NMR data acquired
under dark and light conditions suggest that BlrB undergoes
very limited structural changes upon blue light illumination,
although several residues exhibit relatively large light-
dependent chemical shift changes. While the majority of
these sites are within the flavin-binding pocket, a few are
located outside of the canonical BLUF fold at the two
C-terminal R helices, 15 Å or more away from the chro-
mophore. These observations provide evidence of remote
light-induced structural changes and lead us to discuss the
possible BLUF domain architecture and the signal transduc-
tion pathway.

MATERIALS AND METHODS

Sample Preparation. DNAs encoding the full-length BlrB,
BlrB(1-116), BlrB(1-122), BlrB(1-130), and BlrB(1-135)
sequences were subcloned into the pHis-G�1-parallel expres-
sion vector (10). Escherichia coli BL21(DE3) cells trans-
formed with these plasmids were grown in M9 media
containing 1 g/L 15NH4Cl for U-15N samples and supple-
mented with 3 g/L 13C6-glucose for U-15N/13C-labeled
samples. Cultures were grown at 37 °C to A600 ∼0.7 and
then induced overnight at 20 °C by the addition of 0.5 mM
isopropyl �-D-thiogalactoside. Cells were harvested and the
resulting pellets resuspended in 50 mM Tris (pH 8.0) and
100 mM NaCl buffer and lysed by extrusion. Lysates were
clarified by centrifugation at 10000g for 30 min. The
supernatant was loaded onto a Ni2+-NTA column, allowing
the rapid affinity purification of His-G�1-tagged BlrB by
eluting with 250 mM imidazole. After exchanging BlrB-
containing fractions into 50 mM Tris (pH 8.0) buffers, the
His-G�1 tag was cleaved by adding 1 mg of His6-TEV
protease (11) per 30 mg of protein. The His-G�1 tag and
His6-TEV protease were removed from BlrB (containing an
N-terminal GEF cloning artifact followed by the BlrB
sequence) by passing over Ni2+-NTA again. Purified BlrB
was then exchanged into the final buffer, 50 mM Tris (pH
8.0) and 30 mM NaCl, and concentrated to 50 µM for
UV-visible absorbance spectroscopy experiments, 100 µM
(for dark vs light NMR experiments), and 900 µM (for
chemical shift assignment experiments) for solution NMR
experiments.

Mutation. Point mutants of BlrB were generated from wild-
type DNA and primers including the desired mutations by
QuickChange (Stratagene) PCR amplification. The following
mutants were obtained: Y9F, Y9W, Y9L, A28I, A28T,
R32K, R32N, R32H, N33Q, N33D, N33V, Q51E, Q51N,
Q51L, L66W, and L66F. All amino acid changes were
verified by DNA sequencing. Transformation, protein induc-
tion, and purification were performed in the same fashion
for wild type as described above. Postillumination dark state
recovery rates at 25 °C were measured at 446 nm for all
mutants that bound flavin cofactors.

NMR Spectroscopy. All NMR experiments were performed
at 25 °C on Varian Inova 500, 600, and 800 MHz spec-
trometers, using nmrPipe for data processing (12) and
NMRview for analysis (13). Dark state backbone chemical
shift assignments were obtained using standard 3D 15N-edited
triple resonance experiments (14) including HNCACB,

CBCA(CO)NH, HNCO, 15N-edited NOESY (τm ) 120 ms),
and simultaneous 15N,13C-edited NOESY (τm ) 120 ms)
experiments. Aliphatic side chain resonances were assigned
from HCCH-TOCSY, HC(CO)NH-TOCSY, and C(CO)NH-
TOCSY spectra. Secondary structure was predicted by
TALOS analysis (15) of backbone 1H, 13C, and 15N chemical
shifts.

To obtain NMR spectra of the photoexcited state of BlrB,
we generated blue light from a Coherent Inova-90C argon
laser running in single wavelength mode at 457 nm and
directed this into a quartz fiber optic inserted into the NMR
sample (16). Power levels at the end of this fiber were 120
mW as measured before each experiment. 15N/1H and
constant time 13C/1H HSQC spectra of the light state of BlrB
were recorded by preceding each transient in the NMR
experiment with the application of a 200 ms laser pulse
during the recycle delay (a total of 1060 ms delay between
scans).

Due to its rapid dark state recovery rate (7) and significant
absorbance of light at 457 nm in both the dark and light
states, a substantial amount of light is needed to populate
the BlrB photoproduct state. We confirmed the reversibility
of the BlrB photochemistry by comparison of UV-visible
absorbance and NMR spectra recorded before and after
illumination. These studies indicated that significant irrevers-
ible bleaching occurred only after approximately 3 h using
the protocol described above, precluding full assignment of
light state chemical shifts by standard methods. Thus, all of
the light state chemical shift assignments of BlrB were done
by transferring the assignments of any newly observed peaks
in NMR spectra from the nearest disappearing peak, which
was possible for about 12 CH3 sites.

UV-Visible Absorbance Spectroscopy. All UV-visible
absorbance spectra were acquired using a Cary 50 (Varian)
spectrophotometer. Samples were photoactivated using a
photographic flash. Dark state recovery of the flavin cofactor
was monitored by the changes in the absorbance at 446 nm
after illumination, recording A446 every 1 s with an integration
time of 0.1 s. Rates were determined by averaging the fit of
four separate measurements to a single exponential decay.
A circulating water bath was used for temperature control
of the sample in a quartz cuvette. Experiments were
conducted at 5 °C increments from 5 to 30 °C. Solvent
isotope effect experiments were conducted in 50 mM Tris
(pH 8) and 30 mM NaCl in D2O, and data were recorded at
5 °C increments between 10 and 30 °C. Arrhenius analysis
of the temperature dependence of dark state recovery rates
(ln(k) vs 1/T) was carried out for direct comparisons of the
activation energies of this process.

RESULTS

BlrB Domain Architecture. Sequence alignments of BLUF
domains have suggested that the canonical BLUF domain
contains approximately 95 amino acid residues. This predic-
tion has been supported by structural studies of several BLUF
domains, all of which share a similar �R��R�� fold for this
conserved region (3-5, 17). To investigate the role of the
∼50 residues located to the C-terminal side of the BlrB
BLUF domain, we generated four C-terminal deletion
constructs named BlrB116, BlrB122, BlrB130, and BlrB135,
with the most C-terminal residue as indicated and the full-
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length protein being BlrB140 (Figure 1a,b). BlrB116 was
truncated in the loop connecting the R3 and R4 helices in the
C-terminal region, BlrB122 ended at the first residue of the
R4 helix, BlrB130 stopped in the middle of R4, and BlrB135
had two more residues following R4. Of the four C-terminal
deletion constructs, BlrB116 had relatively poor solubility

and stability during purification; BlrB122 and BlrB130
expressed well but exhibited little or no flavin binding (Figure
1c,d). BlrB135 bound to flavin as expected, but the protein
was less stable than the full-length BlrB shown by decreasing
peak intensities in 15N/1H HSQC experiments collected while
the protein was incubated at room temperature (not shown).

FIGURE 1: Sequence alignment of BLUF proteins and BlrB constructs. (a) Multiple sequence alignment of a selection of BLUF domains as
identified by a hidden Markov model search (33). Red shaded characters indicate identical residues, while red characters indicate conserved
residues. Beginning and end points of each sequence within the native sequences are listed. Key: BlrB, full length from R. sphaeroides
BlrB; BlrP1, residues 1-133 from K. pneumoniae BlrP1; YcgF, residues 1-132 from E. coli YcgF; Q6L887, residues 51-188 from C.
sideropus Q6L887; AppA, residues 10-142 from R. sphaeroides AppA; Tll0078, full length from T. elongates Tll0078; Slr1694, residues
1-138 from Synechocystis Slr1694. Secondary structure elements as observed in the BlrB X-ray structure (PDB: 2BYC (4)) and from our
NMR data are shown above the BlrB sequence, including a dashed line for residues without chemical shift assignments. (b) Two views of
the BlrB X-ray structure (4), showing the location of the C-terminal boundaries of each of the truncated BlrB constructs. Residue number
and type are as labeled. (c) SDS-PAGE gel of E. coli cell lysates showing the induction levels of full-length BlrB and four C-terminal
truncated constructs. “-” and “+” represent lanes with lysates of cells harvested before and after induction, respectively. We occasionally
observed doublets of overexpressed protein as documented here, with the top band corresponding to the proper length of the protein. (d)
UV-visible absorbance spectra for BlrB122, BlrB130, and BlrB140 (BlrB135 has similar absorbance spectrum as BlrB140, not shown).
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Thus, our data demonstrated that these extra residues outside
of the canonical BLUF domain are critical to the structural
integrity and flavin binding characteristics of BlrB. On the
basis of these results, we focused our further studies
exclusively on the full-length BlrB protein.

NMR Chemical Shift Assignment. Out of 140 residues, we
were able to assign 80% of backbone and 60% overall 15N,
13C, 1H chemical shifts in full-length BlrB. Secondary
structure elements were identified with TALOS analysis of
backbone chemical shifts (15) and verified by 1H-1H NOEs.
These predicted secondary structures agree very well with
published X-ray structures of BlrB and other BLUF domain
proteins (Figure 1a) (4). Notably, we were unable to assign
chemical shifts for several short regions (residues 50-57,
82-85, and 99-101), due to approximately 10 amide
1H-15N pairs missing from the 15N/1H HSQC spectrum or

accompanying triple resonance spectra used for chemical
shift assignments (Figure 2). The reason for these missing
peaks and chemical shift assignments is not entirely clear,
but we suggest two possible reasons here. First, we acquired
our NMR data under mildly basic conditions (pH 8). At this
pH, base-catalyzed amide proton exchange with solvent could
cause peak broadening, especially for solvent-accessible sites.
However, we also suggest that intermediate time scale
chemical exchange processes may contribute to the broaden-
ing given that some of the missing residues, e.g., residue
50-57, are predicted to be buried in stable secondary
structure (�3 strand) in the protein core. Intriguingly, residues
50-57 that form the �3 strand are located immediately
underneath the isoalloxazine ring of flavin. Similar peak
broadening for residues in the nearby �5 strand was also
reported in NMR studies of the AppA BLUF domain (18).

FIGURE 2: BlrB chemical shift assignments. (a) 15N-1H HSQC spectrum and peak assignments of dark state BlrB. Red peaks are aliased
in the indirect 15N dimension, some of which exhibit splitting in the 1H dimension due to insufficient 15N decoupling strength. Unassigned
peaks are indicated with an asterisk (*) or with NH2 to designate side chain amides. (b) Unassigned residues (green) are mapped on the
X-ray structure of BlrB (4). These are mainly confined to residues 50-57 (�3 strand), 82-85 (�4 strand), and 99-101 (R3 helix). Secondary
structure elements are as labeled.
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Dark State RecoVery of BlrB. Kinetic studies show that
all BLUF domains studied to date have a similar, rapid rate
of signal state formation on a 100 ps time scale (8). It is
then notable that different BLUF domain proteins have dark
state recovery rates that vary over several orders of magni-
tude, ranging from t1/2 ∼15 min for the multidomain BLUF
protein, AppA (19), to t1/2 ∼5 s for several isolated BLUF-
only proteins (7, 20). Our data indicated that BlrB undergoes
the signature 10 nm red shift upon illumination (4) and that

the photoexcited BlrB quickly returned to the dark-adapted
state (t1/2 ) 4.0 s at 10 °C) (Figure 3a). Similar dark state
recovery experiments conducted in D2O showed that the rate
in D2O was 2.5-fold slower than in H2O (t1/2 ) 10.3 s at 10
°C). This is comparable to the isotope effect reported for
another BLUF domain Slr1694 (20). Arrhenius plot analyses
showed that the activation energy of BlrB is not affected by
1H/2H exchange (Ea ) 9.6 kcal mol-1 in H2O and Ea ) 9.8
kcal mol-1 in D2O) (Figure 3b). These results indicate that

FIGURE 3: Dark state recovery kinetics of BlrB. (a) Dark state recovery of BlrB monitored at 446 nm in H2O and D2O at 10 and 30 °C
(H2O, 10 °C ) black; H2O, 30 °C ) gray; D2O, 10 °C ) dark blue; D2O, 30 °C ) light blue). Data were fit to single exponential decay
functions using the program xmgrace (34). (b) Arrhenius plot of BlrB in H2O and D2O. Activation energy is calculated by k ) Ae-Ea/RT. Our
observation of parallel plots in H2O and D2O indicates that the activation energy of BlrB is not affected by 1H/2H exchange.
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the slowing of dark state recovery in D2O is not due to the
conformational change of BlrB but rather that a critical step
of recovery involves proton transfer or hydrogen bond
rearrangement. These results are consistent with the results
from biophysical studies of other BLUF domains (6).

BlrB Mutants. Two possible photoactivation pathways
have been recently proposed for BLUF domains (3, 4). On
the basis of the BlrB X-ray structure and quantum chemical
calculations on lumiflavin, Jung et al. (4) proposed that
excitation initiates changes in the hydrogen-bonding network
around O2 of the ribityl chain. Further, they suggested that
light-induced changes in the flavin would be mediated
through Arg32 to the surface of the protein (4). Anderson et
al. suggested an alternative photoactivation mechanism of
the AppA BLUF domain involving reorientation of the
conserved Gln63 side chain (Gln51 in BlrB) to form an
altered protein-chromophore hydrogen-bonding network,
subsequently inducing a global structural change (3). Ex-
amination of the BlrB X-ray structure indicates that several
key residues conserved among BLUF domains (Tyr9, Asn33,
and Gln51) are in close proximity to the FAD chromophore
(Figure 4) (4). All three of these residues make hydrogen
bond interactions with the flavin isoalloxazine ring and are
highly conserved among BLUF domains, suggesting that they
have some importance for FAD binding and the BLUF
domain photocycle. On the basis of this observation, we
made point mutations of BlrB at sites Tyr9, Asn33, and
Gln51 and at residues within the R1 and R2 helices on the
protein surface (Ala28, Arg32, and Leu66) (Figure 4). We
speculated that any perturbation on the signaling pathway
would alter the structural and correspondingly spectral
consequences of photoactivation. Furthermore, the different
effects from these mutants would give us clues to validate
the two proposed signal transfer pathways (3).

A comparison of the FAD-binding ability and photochemi-
cal properties of BlrB variants containing point mutations
at these sites is provided in Table 1. Our data support
structural studies that show that two key residues, Asn33
and Gln51, play absolutely essential roles for flavin binding
and photochemistry of BlrB. Notably, these two residues

directly hydrogen bond with the flavin isoalloxazine ring (4)
and cannot tolerate any of the mutations we have made. All
mutations for these two residues completely abolish BlrB’s
flavin-binding capacity and photocycling ability, even for
very conservative changes that simply insert/remove a single
side chain methylene group (e.g., N33Q, Q51N). These data
indicate that the orientation and positions of the side chain
amides of these residues are absolutely essential to forming
protein/flavin interactions that involve hydrogen bonds to the
N3, O4, and N5 positions. Tyr9, whose hydroxyl group is
believed to orient Gln51 for proper hydrogen bonding with
flavin (3), also significantly contributes to the stability of
these interactions as demonstrated by the ability of the Y9F
and Y9L mutants to disrupt flavin binding as effectively as
the N33 and Q51 mutants. Notably, while Y9W still binds
to flavin, it does not photocycle after light excitation (or the
photocycle is accelerated beyond detection, t1/2 < 0.1 s). This
implies that, at that particular location, BlrB needs hydrogen-
bonding functionality which Y9W can provide but Y9L and
Y9F cannot. Notably, different BLUF domains show dif-
ferent dependencies on these important residues. For ex-
ample, Y21L, Y21F (6), and Q63L (21) of AppA bind flavin
normally but did not exhibit any change in visible absorbance
spectrum upon illumination. The same case was observed
for Q52A of Tll0078; however, its N31A and N32A point
mutants behaved essentially as wild type with different dark
state decay rates (17).

Arg32, a less conserved residue among BLUF domains
(His for AppA, Asn for Slr1694. and Asn for Tll0078) that
forms direct hydrogen bonds with the 3′-hydroxyl oxygen
of the flavin ribityl chain, shows a less critical role in terms
of structural integrity and photochemistry. Three mutants of
Arg32 (R32K, R32H, and R32Q) bind flavin properly and
undergo the characteristic 10 nm red shift upon illumination.
These data demonstrate that hydrogen bonding to Arg32 does
not affect flavin photochemistry.

In our studies, all mutants other than mentioned above
show relatively minor effects. All of the mutants of Ala28
(A28I and A28T) and Leu66 (L66W and L66F) bound flavin
and had similar photochemical properties as the wild-type

FIGURE 4: The flavin-binding pocket of BlrB. Mutated amino acid
sites of BlrB on the X-ray structure: Tyr9, Ala28, Arg32, Asn33,
Gln51, and Leu66. Hydrogen bonds are drawn with dashed lines.

Table 1: Summary of Flavin-Binding and Photochemical Properties of
BlrB Mutants

point mutant FAD bindinga photocyclinga t1/2 (s) at 25 °Cb

Y9F no no ndc

Y9W yes no nd
Y9L no no nd
A28I yes yes 2.39
A28T yes yes 2.39
R32K yes yes 2.38
R32N yes yes 2.16
R32H yes yes 1.30
N33Q no no nd
N33D no no nd
N33V no no nd
Q51E no no nd
Q51N no no nd
Q51L no no nd
L66W yes yes 1.52
L66F yes yes 0.72
WT yes yes 4.17

a FAD binding and photocycling of BlrB mutants were verified by
UV-visible absorbance spectra. b Dark state recovery rates of BlrB
mutants were monitored at 446 nm with 50 µM protein in a buffer of 50
mM Tris (pH 8.0) and 30 mM NaCl. c nd, not determined.
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protein. However, their dark state recovery rates increased
by 1.5-6-fold compared with wild type. R32K and R32Q
have similar dark state recovery rates, both of which roughly
2-fold faster than the wild-type BlrB. R32H, however, decays
to the dark state 4-fold faster than the wild type. Intriguingly,
this agrees with the report that significant concentrations of
imidazole (imidazole ) 2 M) accelerate the ground state
recovery of the photoexcited AppA BLUF domain (22).
L66F shows the fastest dark state recovery rate among all
of the mutants we have characterized. Notably, L66F is
located on the surface of BlrB, far from the flavin binding
pocket, suggesting this mutant indirectly changes BlrB
structure and dynamics near the chromophore pocket. Further
studies are needed in order to understand the accelerated dark
state recovery process by these various mutants, e.g., whether
it is any specific interference to the signaling process or the
mutations simply destabilize the protein, thus increasing its
solvent accessibility.

Solution NMR Studies of Dark and Light States of BlrB.
We used solution NMR spectroscopy to further investigate
the effect of photoexcitation on BlrB at the residue level.
Both dark and light NMR spectra of BlrB (Figure 5) were
monitored at backbone amide and side chain methyl groups
using 15N/1H and constant time 13C/1H HSQC spectra. Using
triple resonance NMR methods, we were able to assign 134
peaks in the 15N/1H HSQC spectrum (Figure 2), roughly
10-15 peaks short of those expected from the amino acid
sequence. Overall, our results establish that BlrB itself does
not undergo large conformational changes upon illumination,
compatible with reports from several other BLUF domains
(3, 20). For NH backbone resonances, the dark and light state
spectra were almost superimposable, with few substantial
chemical shift changes upon light excitation. However,
illumination reduced peak intensities throughout the spec-
trum. The magnitude of this effect varied widely, ranging
from 10% reduction to complete disappearance. These effects
were reversible by allowing the protein to recover in the dark
for 30 s or longer, ruling out precipitation as one source of
these decays. A comparison of 15N backbone amide T1 and
T2 relaxation rates in dark and light states revealed similar
values and correspondingly similar rotational correlation
times that were consistent with monomeric protein (dark state
τc ) 8.2 ( 0.5 ns, light state τc ) 8.5 ( 0.5 ns) (23). This
suggests that light excitation does not lead to significant
tertiary structural changes in the solution properties of BlrB.
As such, the decrease in peak intensity arises from reasons
other than dimerization, e.g., by inducing motions at different
dynamics regions after light excitation or increasing solvent
exchange.

In contrast, the methyl region of 13C/1H HSQC spectra
recorded under dark and light conditions displayed somewhat
larger effects on peak locations and intensities. In particular,
these spectra exhibited more slow-exchange type shifts in
peak location, rather than simple peak disappearance. While
we were able to assign the chemical shifts of 67 methyl
groups (out of 81 total) in the dark state using triple
resonance methods, this approach was not feasible in the
light state due to poor sample behavior. As a result, we can
assign sites that are affected by illumination by the disap-
pearance of their dark state peaks, but their corresponding
light state peak locations can only be tentatively assigned
by assuming that the new light state peaks correlate with

the nearest dark state partners. Those residues are mapped
on the BlrB structure as shown in Figure 6. As expected,
most residues are within the flavin binding pocket, surround-
ing the isoalloxazine ring of flavin, where illumination would
be expected to cause the large changes of the local chemical
environments. These sites include Met94, which is highly
conserved among BLUF domains and shows the most
significant change (∼0.5 ppm 1H, ∼2 ppm 13C) upon light
illumination. In the BlrB crystal structure, the methyl group
of Met94 is in the vicinity of isoalloxazine ring, adjacent to
the C4/O4 carbonyl group. Met94 also orients Trp92, a
residue that is the subject of significant debate for its

FIGURE 5: 15N/1H and 13C/1H HSQC spectra of BlrB under dark
and light conditions. (a) Dark (black) vs light (red) 15N/1H HSQC
spectra of BlrB. Peak intensities across the spectrum are differen-
tially decreased upon light illumination, ranging from ∼10% to
100% decrease. (b) Methyl region of dark (black) vs light (red)
constant time 13C/1H HSQC spectra of BlrB. Peaks with negative
intensity, corresponding to Met Cε methyl groups, are indicated
with an * (three Met total). Residues with relatively large chemical
shift change are labeled with the assignments where available.
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important role as the signaling switch in BlrB and other
BLUF domains (24, 25). Notably, several sites outside of
the flavin-binding pocket show significant changes. These
include Ile127 Cδ1 and Val97 Cγ1, both of which are located
under the � sheet at considerable distances from the flavin
(>10 Å for Val97, >15 Å for Ile127) (Figure 6). This
suggests that the C-terminal R-helical extension, which we
showed to be critical for BlrB structural integrity, is affected
upon illumination.

DISCUSSION

BlrB exists as a monomer under dark state conditions
as determined by NMR relaxation experiments and gel
filtration chromatography (data not shown). This contrasts
with several other BLUF containing proteins, particularly
AppA. The three different constructs of AppA were
reported as dimers in solution (3, 18, 26, 27). However,
the C termini of those three constructs do not include the
presumed BlrB-equivalent third R helix. The absence of
this R helix may prevent AppA from properly folding,
exposing the highly hydrophobic � sheet for dimerization.

This is supported by crystal structures of the AppA BLUF
domain, which show a detergent-mediated dimer via this
region (3). Secondary structure predictions carried out
using both Jpred (28) and PROF (29) indicate that AppA
may have two additional C-terminal R helices immediately
after its BLUF domain, consistent with our observation
for BlrB. For BlrB, the two well-folded R3 and R4 helices
dock under and tightly attach to the � sheet, protecting
the hydrophobic interface and proving essential for the
stability of this particular protein. Two similar R helices
were also found in crystallographic structures of full-
length Slr1694 and Tll0078 (5, 17) despite their highly
diverse amino acid sequences, suggesting that the C-
terminal R helices may have a common role in signal
transduction among BLUF domain proteins. In summary,
these data seem to support the model for transduction via
the � sheet surface (27) as opposed to the R-helical surface
or ribityl chain. A definitive understanding of this process
will require functional characterization of BlrB (and other
small BLUF-only proteins), which will hopefully identify
the binding surfaces used by their partner proteins and
potentially also provide some insight into the related
question of the role of the adenine moiety that is unique
to FAD (versus FMN).

Grinstead and colleagues (18) have shown that residues
clustered on the � sheet display significant chemical shift
changes in AppA upon light excitation and are likely to be
the interface propagating the light-induced structural signal.
Thus, it is important to get probes further away for a large
aromatic chromophore, allowing us to clearly identify bona
fide changes resulting from protein conformational changes
rather than simply configurational alterations of the isoal-
loxazine ring. Such data are provided here by our observa-
tions of widespread peak intensity reductions in the 15N/1H
HSQC spectrum and long-range chemical shift changes in
13C/1H spectra (Figures 5 and 6). An interesting comparison
is provided by another flavin-bound blue light photoreceptor,
the LOV domain. Previous studies in our laboratory identified
a new structural component outside the canonical LOV core
of the AVena satiVa phototropin1 LOV2 domain, termed as
the JR helix (10). This helix covers the otherwise solvent-
exposed face of the LOV2 �-sheet in the dark but is displaced
by photochemically initiated conformational changes within
the LOV2 domain. An analogous mechanism has been
described for the Neurospora crassa LOV-containing protein,
Vivid, despite significant differences in the sequence and
structure of elements outside the conserved LOV region (30).
Taken together, these data suggest that BLUF and LOV
domains may share interesting parallels in signal transduction
despite their differences in their sequences, overall topology,
and photochemistry.

Of particular interest in BLUF structure and signaling is
a tryptophan located near the isoalloxazine ring in BlrB and
its analogues (25, 27, 31). This tryptophan residue, Trp92
in BlrB, is highly conserved among BLUF domains and
adopts one of two different conformations in various
structures, being either buried inside the protein core (PDB
codes: 2HFN and 1YRX) or solvent-exposed (PDB: 2BYC,
2HFN, and 1XOP). This residue is located in the �5 strand,
which shows extensive dynamic behavior among BLUF
domains (18, 25). In the single-domain BLUF protein
Slr1694 (5), the analogous Trp91 residue is observed in a

FIGURE 6: Sites showing light-dependent changes in BlrB. Methyl
groups showing significantly changed peak location or intensities
in CT 13C/1H HSQC were mapped on the BlrB X-ray structure.
The sites shown are Ile25 ·Cγ2, Ile25 ·Cδ1, Ile67 ·Cγ2, Ile67 ·Cδ1,
Ile77 ·Cγ, Met94 ·Cε, 97 ·Cγ2, and Ile127 ·Cδ1. The Trp92 side
chain (gray) is shown to illustrate the relative positions of Trp92
and Met94.
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solvent-exposed orientation in nine of the ten copies in the
crystallographic asymmetric unit. For the tenth copy, Trp91
is present in the interior, adjacent to the FAD chromophore.
Measurement of Trp fluorescence quenching also indicates
that Trp91 (the only Trp in Slr1694) changes conformation
upon illumination (5). Similarly, for the AppA BLUF
domain, Jung et al. (27) observed a significant movement
of the Met side chain adjacent to the Trp residue after light
excitation, leading them to propose that the correlated
movement of Trp104 and Met106 constitutes the light switch
in AppA. For BlrB, 15N-edited NOESY spectra show that
Hε1/Nε1 of Trp92 appears to be solvent-exposed in the dark
with NOEs only to water (data not shown). This strongly
suggests that Trp92 of BlrB is exposed to solvent, consistent
with the X-ray crystallographic result (PDB: 2BYC). Trp92
is in close contact with Met94 in BlrB, which is completely
conserved among BLUF domains and shows a relatively big
change upon light excitation in BlrB. These two interesting
residues might be related to the signaling process by
reorientating upon illumination.

Integrating data from this study along with prior work,
it is clear that BLUF domains experience relatively small
conformational changes overall after light activation,
mainly electron, proton transfer, and hydrogen bond
rearrangement in the immediate vicinity of the FAD
(8, 19, 32). Several key residues, Tyr9, Asn33, and Gln51,
in BlrB play critical roles for the flavin hydrogen-bonding
network and nevertheless contribute significantly to the
photochemistry. Our observation that mutants of Ala28,
Arg32, and Leu66 do not significantly alter the structure
and photocycle of BlrB and the limited number of
perturbed sites detected upon light excitation suggest that
the light-activated signal of BlrB is more likely propagated
to its interaction partner from the flavin isoalloxazine ring
through its � sheet, not through the two R helices that
sandwich FAD. Indeed, our findings suggest that residues
on these helices influence the lifetime of the photoexcited
state to some degree (6). Interestingly, resonance peaks
from the entire �3 strand of BlrB could not be observed
in our 15N/1H HSQC and 15N-edited triple resonance
spectra, possibly due to line broadening by the dynamical
behavior between flavin and amino acids on
the �3 strand. Similar peak disappearance from the triple
resonance experiments on �5 strand of AppA were reported
by Grinstead et al. and were similarly suggested to
originate from chemical exchange line broadening (18).

Structural analysis shows that BLUF domains have strik-
ingly similar structures, go through same photochemistry (10
nm shift), yet can exhibit profound differences in dark state
recovery rates. What is the rate-limiting factor for dark state
recovery of BLUF domains? How do minimal conforma-
tional changes permit light signal propagation that ultimately
leads to biological function? Further structural information
of light state and light-regulated functional studies and efforts
of screening for potential downstream effectors should
elucidate the mechanism of the photoreaction and signal
transduction for BLUF domains.
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