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Abstract First described about 15 years ago, BLUF (Blue
Light Using Flavin) domains are light-triggered switches that
control enzyme activity or gene expression in response to blue
light, remaining activated for seconds or even minutes after
stimulation. The conserved, ferredoxin-like fold holds a flavin
chromophore that captures the light and somehow triggers
downstream events. BLUF proteins are found in both prokary-
otes and eukaryotes and have a variety of architectures and olig-
omeric forms, but the BLUF domain itself seems to have a well-
preserved structure and mechanism that have been the focus of
intense study for a number of years. Crystallographic and NMR
structures of BLUF domains have been solved, but the conflict-
ing models have led to considerable debate about the atomic
details of photo-activation. Advanced spectroscopic and compu-
tational methods have been used to analyse the early events after
photon absorption, but these too have led to widely differing
conclusions. New structural models are improving our under-
standing of the details of the mechanism and may lead to novel
tailor-made tools for optogenetics.

Keywords Photo-activation - Optogenetics - Allostery -
Flavin
Introduction

All living organisms need to be able to sense their environment
in order to respond appropriately to the prevailing conditions
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around them, and the ability to adapt to different levels of
sunlight is particularly important, even for many non-
photosynthetic organisms. Higher plants have at least five
types of sensory photoreceptors to optimise the energy yield
from photosynthesis while minimising UV-mediated damage
(Heijde and Ulm 2012). Various photoreceptor types using
different chromophores have evolved for different purposes
and are receptive to different wavelengths of light. Among
these are four families of blue-light photoreceptors with flavin
chromophores: photoactive yellow protein (PYP), light-
oxygen-voltage (LOV), cryptochromes and BLUF (Blue
Light Using Flavin) proteins. Members of each family share
a common mechanism but are responsible for controlling a
diverse range of cellular responses (Zoltowski and Gardner
2011). BLUF proteins are unique in being the only family of
photoreceptors known to show photo-induced proton-coupled
electron transfer. BLUF domains were independently discov-
ered by different research groups in and around 2002, in the
unicellular flagellate Euglena gracilis (Iseki et al. 2002) and in
the purple bacterium Rhodobacter sphaeroides (Masuda and
Bauer 2002). Euglena gracilis shows a photophobic response
that depends on a photo-activated adenyl cyclase (PAC) found
near the base of the flagellum that increases the level of cAMP
when illuminated (Iseki et al. 2002). Rhodobacter sphaeroides
controls the expression of genes related to photosynthesis
through a light-sensitive protein called AppA, which interacts
with a DNA-binding protein called PpsR (Masuda and Bauer
2002). AppA and PAC are just two examples of many photo-
sensitive proteins carrying the BLUF domain, about 100 amino
acid residues long, that is responsible for the detection of light
(Gomelsky and Klug 2002). Genome sequencing has since
revealed the presence of BLUF domains in a wide variety of
organisms, including unicellular eukaryotes and about 10% of
prokaryotes (Losi and Gartner 2008). Many BLUF proteins,
including AppA and PAC, carry an extra domain downstream
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from the BLUF domain, with enzymatic or other properties,
and the majority of these “group I” proteins appear to be
homodimers. BIrP1, for example, is a dimeric cyclic nucleotide
phosphodiesterase from Klebsiella pneumonia that shows a
fourfold increase in enzyme activity under light conditions
(Barends et al. 2009; Tyagi et al. 2008). PAC is unusual in
having oc and 3 subunits, each with a BLUF domain, that come
together to form an o, f3, tetramer (Iseki et al. 2002). Many
other BLUF proteins have fewer than 200 amino acid residues
and are designated “group II” proteins. These proteins have
little more than the BLUF domain in each subunit, but may
carry secondary structural elements in the C-terminal region
that are required for stability.

AppA is the most studied BLUF protein. First identified in
the 1990s (Gomelsky and Kaplan 1995, 1998), it was only
realised to be a light-sensing protein some years later. It carries
a C-terminal SCHIC (Sensor Containing Heme Instead of
Cobalamin) domain that senses redox conditions. AppA inter-
acts with the transcription repressor PpsR in the dark. Masuda
and Bauer (2002) suggested that AppA could convert PpsR
from an active DNA-binding tetramer to an inactive dimer by
reducing a disulfide bond in the PpsR tetramer. The interaction
between AppA and PpsR was reported to be blocked by blue
light, relieving the repression of transcription (Kraft et al.
2003), so that gene expression occurs only under suitable
conditions of light and redox potential (Braatsch et al. 2002).
Later work, including crystal structures and hydrogen/
deuterium exchange of AppA complexed with PpsR, sug-
gested a quite different mechanism, in which blue light disso-
ciated the AppA/PpsR complex from DNA but did not appre-
ciably alter the affinity of the two protein components
(Winkler et al. 2013). A complete model of the full-length
450-residue protein has yet to be published, but crystal struc-
tures have been determined for residues 3 to 399, missing only
the cysteine-rich region at the C-terminus which is involved in
promoting the reduction of PpsR (Winkler et al. 2013).
Regardless of the true interactions between AppA and PpsR,
it is striking that the BLUF domain from a eukaryotic adenyl-
ate cyclase can substitute for the N-terminal region of AppA,
as demonstrated before the protein structure had been deter-
mined by replacing the N-terminal domain of AppA with the
equivalent region of PAC to give a functional chimeric protein
despite the sequence identity of the exchanged domains being
only about 30% (Han et al. 2004). The sequences of known
BLUF models are compared in Fig. 1.

Currently there is huge interest in optogenetics and synthetic
biology, and BLUF domains appear to be an excellent plug-and-
play unit for making biomolecular machines or gene circuitry
light sensitive (Masuda 2013). However, a deep understanding
of the structure and mechanism of the BLUF domain will be
required to exploit it to maximum effect, while the extensive
literature describing BLUF proteins reveals conflicting results
and conclusions derived from an array of biophysical
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techniques. In particular, the conformational changes to the pro-
tein upon photo-stimulation have proved controversial. There
have been some recent developments indicating a move towards
a more concordant view of the common mechanistic features of
BLUF proteins, and this may herald the development of artificial
proteins with the desired, light-dependent properties.

Photo-activation

All BLUF proteins show conserved tyrosine, glutamine and
methionine residues intimately related to function (Fig. 1). The
photocycle is initiated by light causing an electron and then a
proton to transfer from the conserved tyrosine to the flavin,
yielding a bi-radical (Dragnea et al. 2005; Gauden et al. 2005,
2006). The reaction is not photo-reversible, and within 10 ns the
photo-excited state falls back to the signalling state with recom-
bination of the bi-radical (Gauden et al. 2007; Laptenok et al.
2015). Replacing the conserved glutamine with alanine causes
the bi-radical to decay orders of magnitude more slowly (Fudim
et al. 2015; Toh et al. 2008), with the signalling state possibly
surviving from seconds to minutes depending on the nature of
the BLUF protein (Toh et al. 2008). Photo-activation brings
about a red-shift of about 10 nm in the main visible absorption
peak of the flavin (Masuda and Bauer 2002), a feature that
distinguishes BLUF proteins from other flavin-based photore-
ceptors. Upon photo-activation, the carbonyl bond at O4 of the
flavin is weakened as its hydrogen bonds with neighbouring
residues become stronger; larger changes are inferred in the
protein itself, but with no dramatic change of fold (Bonetti
et al. 2009; Gauden et al. 2006; Masuda et al. 2004; Unno
et al. 2005). There is little consensus on how changes at the
flavin are signalled by BLUF domains, but the conserved gluta-
mine residue is intimately involved (Domratcheva et al. 2016;
Fudim et al. 2015; Grinstead et al. 2006; Udvarhelyi and
Domratcheva 2013; Unno et al. 2006). Replacing the conserved
tyrosine, glutamine or methionine residues may block the
photocycle and yield a protein in a pseudo-lit state that is active
in the dark (Masuda et al. 2008; Yuan et al. 2011).

BLUF proteins remain locked in the dark state if the flavin
chromophore is replaced with roseoflavin, a natural analogue
with a dimethylamino group at C8. Quantum mechanical cal-
culations have suggested energetic reasons for the photocycle
not to be triggered (Merz et al. 2011), but it also seems likely
that protonation of the flavin at the dimethylamino group
could have an effect. The added positive charge may prevent
electron density building up at the opposite end of the flavin,
around the O4 atom, so that stronger hydrogen bonding to the
glutamine side-chain cannot occur. More problematic issues
to be answered are how the native protein changes upon ab-
sorbing light, how this change may trigger subsequent events
and how the protein returns to its resting state.
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Fig.1 A sequence alignment of the six BLUF (Blue Light Using Flavin)
domains for which independent experimental models have been
deposited in the Protein Data Bank. The conserved residues, shown on
a red background, are clustered around the flavin chromophore.
Secondary structure elements from the crystal structure of OaPAC, a
photo-activated adenyl cyclase (PAC) from Oscillatoria acuminata, are

Structural models

Crystal structures of three different BLUF domains were pub-
lished almost simultaneously in 2005 (Anderson et al. 2005;
Jung et al. 2005; Kita et al. 2005). Two of these, BIrB and
TePxD (also known as T110078), are group II proteins. Like
AppA, BIrB is a BLUF protein from Rhodobacter sphaeroides
but is less than one-third of its length per polypeptide chain and
much less well characterised, either biologically or in vitro.
TePxD regulates phototaxis of the cyanobacterium
Thermocynecoccus elongates (Okajima et al. 2005), forming a
decamer in the dark and responding to light by changing its
oligomeric state (Tanaka et al. 2009). Full-length AppA has
450 residues per monomer, but truncation allowed the
N-terminal 117 residues to crystallise (Anderson et al. 2005).
These models show that BLUF domains bind the chromophoric
flavin between two o-helices, which themselves lie against a
five-stranded [3-sheet, but raise a number of questions regarding
the photo-sensing mechanism. Unravelling the mechanistic de-
tails has however been complicated by the sequence and func-
tional diversity of the BLUF family.

X-ray crystallographic models of six different BLUF do-
mains, with a little less than 20% sequence identity, have now
been deposited in the Protein Data Bank (Table 1). Overall the
models share a very similar environment around the flavin chro-
mophore, including both polar and apolar amino acids, except
for one marked conformational difference discussed below.
Either flavin adenine dinucleotide (FAD) or flavin mononucle-
otide (FMN) is found bound to the protein, but the position of
the isoalloxazine ring is independent of its side-groups. Among
the absolutely conserved residues near the chromophore, the trio
of tyrosine, glutamine and methionine residues has attracted the

indicated with coils and arrows to indicate o-helices and [3-strands,
respectively, and turns are indicated by 7. Tyr 8, Gln 48, Met 92 and
Trp 90 of OaPAC form the quartet of residues that attract the most interest
in functional studies. Asn 30 forms hydrogen bonds directly with the
flavin. This figure was created with the program Espript (Robert and
Gouet 2014)

most interest. Unfortunately, the crystal structures of BLUF pro-
teins are not generally of sufficient resolution to enable reliable
determination of the orientation of the side-chains around the
flavin, so that, for example, it has been proposed that the gluta-
mine oxygen atom receives a hydrogen bond from the tyrosine
side-chain in the dark (Anderson et al. 2005), or in the signalling
state (Yuan et al. 2006).

The recently solved structure of dark-state OaPAC, a PAC
from Oscillatoria acuminata, has the highest resolution of the
models in Table 1 and is used for illustration (Ohki et al.
2016). At 1.8 A resolution, the data allow the side-chain con-
formations around the flavin to be modelled with confidence,
even if the hydrogen atoms are invisible, showing the tyrosine
donates a hydrogen bond to the glutamine (Fig. 2). bPAC from
the soil bacterium Beggiatoa has a very similar sequence to
that of OaPAC (Stierl et al. 2011). OaPAC and bPAC are
homodimers carrying an N-terminal BLUF domain and a C-
terminal class III adenylate cyclase (AC) domain. They are
both small but show a large increase in activity upon light
exposure. The arrangement of Tyr 6, Gln 48 and Met 92 in
0aPAC is similar to that of the equivalent residues in other
BLUF models, although some models show a very different
position of the methionine with its displacement by a partly
conserved tryptophan residue (Trp 90 in OaPAC) found near
the start of the fifth (3-strand (Fig. 3). Of the known BLUF
models, only BIrP1 is missing this tryptophan, with threonine
instead (Table 1). The majority of independent BLUF do-
mains in crystal structures show the conserved methionine
close to the flavin and the conserved tryptophan on the protein
surface. A dramatic difference is found in some models, such
as AppA (Jung et al. 2006), with the conserved methionine
having flipped to the protein surface and been replaced by the
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Table 1 A list of current

experimental models of BLUF Protein Data Protein Resolution”  Annotation Group  Number of residues per
domains in the Protein Data Bank Bank entry model subunit
(www.rcsb.org/pdb)
1X0P TePixD" 2.0 Electron transport 1T 143
1YRX APPA 23 Novel (truncated) 1 117
21IYG APPA 2.3 Dark state I 108
21YI1 APPA 2.95 Light-induced I 108
intermediate
4HHO APPA 2.6 Dark-state C20S I 385
mutant
4HH1 APPA 35 Wild-type dark state 1 385
2BUN APPA NMR I 120
2BYC BLRB 1.9 Dark state 1 136
3GFX BLRPI 24 Hydrolase 11 400
3GFY BLRP1 2.6 No metal ions II 400
3GFZ BLRPI 2.05 pH6 I 400
3GGO BLRPI 2.55 pHO9 II 400
3GG1 BLRPI 23 pHS8 I 400
2KB2 BLRP1 NMR 1I 148
3MZI SLR1694 2.3 Y8F mutant I 139
2HFN SLR1694 1.8 I 140
2HFO SLR1694 2.1 I 140
4YUS OAPAC 1.8 Dark state, I 350
full-length.

2 Resolution, where appropriate, is given in Angstrom

® The structure of TePixD was solved before the role of the protein in light detection was realised

tryptophan. These two forms are called the Met,,; and Met;,
conformations, and their relevance to protein function remains
highly contentious. Although support for the Met,,,, confor-
mation has been obtained using spectroscopy (Wu and

Fig. 2 Hydrogen bonds formed by conserved residues with the flavin
chromophore in the BLUF domain of OaPAC. The figure shows a ribbon
diagram of the N-terminal 100 residues of the protein, with helix 1
omitted for clarity. The ribbon is coloured from blue to red (N to C
terminal end). The flavin mononucleotide (FMN) is shown as a stick
model, with carbon atoms coloured yellow, oxygen red and nitrogen
blue. The O4 of the flavin receives hydrogen bonds from both Asn 30
and Gln 48, two absolutely conserved side-chains in the BLUF family

@ Springer

Gardner 2009), crystallography (Barends et al. 2009) and
computational methods (Sadeghian et al. 2008), it is not seen
for all BLUF domains, and its relevance to physiological func-
tion has been questioned (Khrenova et al. 2013). The sugges-
tion that N-terminal truncation of AppA is responsible for an
artefactual conformation has been rejected (Unno et al. 2012),
but this rejection leaves open the question of C-terminal

100

Fig. 3 Ribbon diagram of the BLUF domain of OaPAC, coloured as in
Fig. 2. The side-chain of Trp 90 is shown as a stick model, and the
prominent kink in the backbone between this residue and the (35-strand
is clearly visible. Residues at this point play an important role in
signalling at the domain surface the changes that occur around the
buried flavin upon photo-excitation
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truncation, and does not explain the structure of BIrP1 models,
which also show both Met,,; and Met;, conformations
(Barends et al. 2009).

Structural changes in the BLUF domain

To add to the confusion regarding the question of whether the
Met;, or Met,,, model represents the dark state, it has been
suggested that a flip between these structures may occur upon
photo-activation of the protein. Such a large change in the
tertiary structure involving the 35-strand could explain the
stability of the signalling state, which may persist for minutes
in the case of AppA. Direct evidence for such a change has
proved hard to obtain from crystallography studies, since crys-
tals of the AppA N-terminal domain do not show a complete
red-shift upon light exposure, apparently being blocked from
complete activation (Jung et al. 2006). More recent isotope-
edited vibrational spectroscopic results obtained with the
BLUF photoreceptor SyPixD have been interpreted in terms
of register shifts of the 32- and [35-strands, and a change in
backbone rigidity being the crucial difference in the signalling
state (Mehlhom et al. 2015).

Several studies have suggested that the conserved gluta-
mine side-chain flips upon photo-activation so that its nitrogen
and oxygen atoms exchange places. Anderson and colleagues
(Anderson et al. 2005) noted that such a flip might explain the
spectroscopically detected changes in hydrogen bonding to
the flavin (Masuda et al. 2005; Unno et al. 2006).
However, Fourier transform infrared (FTIR) spectroscopy
studies of the blue-light photoreceptor TePixD (Takahashi
et al. 2007) and AppA (Iwata et al. 2011) indicate that the
hydrogen bond donated by the tyrosine to the glutamine oxy-
gen becomes stronger upon photo-activation, which is consis-
tent with the proposal that the glutamine residue forms an
imidic tautomer as the hydrogen bond pattern around the fla-
vin changes (Collette et al. 2014; Domratcheva et al. 2016;
Khrenova et al. 2013). It remains unclear how the imidic tau-
tomer is maintained for any length of time, given the roughly
40 kJ/mol energy cost over the amidic form, but the stronger
hydrogen bonds formed around the flavin must provide some
compensation (Fig. 4). Until high-resolution crystal structures
are determined for a BLUF protein in both the resting and
signalling states, it will be impossible to resolve the questions
of structure changes upon activation by crystallography.

Both the activation and deactivation processes of OaPAC
are each accurately described by a single exponential function
that decays in seconds. This life-time of the activated state is
far greater than expected for a simple charge transfer, suggest-
ing that concerted bond breaking is required to switch back to
the dark, resting state. Simple transition state theory suggests
that a first order reaction rate of 0.2 per second involves an
activation energy of about 76 kJ/mol, which implies the

concerted breaking of several hydrogen bonds. The activation
energy for reversion to the resting, dark state has been esti-
mated from temperature dependence studies to be 89 kJ/mol
for the blue-light photoreceptor YcgF (Schroeder et al. 2008)
and 81 kJ/mol for TePixD (Fukushima et al. 2005), but AppA
has the most stable signalling state of any BLUF domain,
remaining active for tens of minutes and relaxing via a
bi-phasic process (Kraft et al. 2003; Laan et al. 2003). The
significantly more stable signalling state of AppA and its non-
exponential relaxation are consistent with a more dramatic
conformational change than in the case of OaPAC, so that
truncated versions of AppA may not in fact prove ideal model
systems for the study of BLUF proteins in general. However,
further experimental evidence is required to demonstrate any
fundamental differences in the motions or conformations of
particular BLUF proteins.

Signalling mechanism

The group II BLUF proteins simply change oligomeric state
upon exposure to light and do not trigger enzyme activity
changes directly (Kuroi et al. 2014; Nakajima et al. 2016).
Group I proteins show various quaternary structures, in which
the BLUF domains may or may not form subunit interfaces
and which may remain unchanged on photoactivation.
0OaPAC is dimeric at all times, and both the BLUF domain
and adenylate cyclase domain form the dimer interface
(Fig. 5). The major issue to be resolved is therefore the nature
of the signal transmitted over a substantial distance, without
major conformational switching or change in oligomeric state.
A coiled-coil between the BLUF domains plays an essential
role in the photo-activation mechanism, carrying a signal from
the flavin chromophores, which are themselves about 35 A
apart, to the two active sites over 45 A away (Ohki et al.
2016). However, the coiled-coil appears to be rigid in the
crystal structure, and it is hard to imagine any substantial
mechanical mechanism like that observed in haemoglobin.
Light-minus-dark differences in the FTIR spectra of bPAC
have been interpreted to indicate a significant tertiary change
from random coil to helical (Stierl et al. 2014). On the basis of
the dark-state OaPAC model, the FTIR spectra of bPAC can
be interpreted as a stiffening of the coiled-coil at the
N-terminal end, which is sensed at the AC domain.
Mutations within the coiled-coil of OaPAC are known to pro-
duce a pseudo-lit state, and the simplest explanation is that
these buried residues, distant from the active site, are able to
mimic the vibrational characteristics of the native, photo-
activated protein (Ohki et al. 2016).

A pattern is then emerging of signalling by changes in
rigidity near the start of the 35 strand, rather than moving
levers or domain shifts. The conserved tryptophan at this
position plays an unknown role in sensing the movement of
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Fig. 4 A schematic diagram
showing the movement of an
electron from the conserved
tyrosine upon photo-excitation, HO
giving a bi-radical form.
Rearrangement of the hydrogen
bonding between the protein and
prosthetic group allows the
tyrosine to lose a hydrogen atom
and the flavin to gain one, while at
the same time Gln 48 isomerises
to the imidic form

Tyr6

dark state

the flavin and in transmitting this information to other
domains or proteins downstream. BIrP1 shows that trypto-
phan is not absolutely required for this process and that
BLUF domains can operate without a shared interface.
Different BLUF proteins show different behaviour if the con-
served tryptophan is replaced with phenylalanine or alanine,
with recovery of the dark state being accelerated in some cases
and retarded in others, but dark-state activity is increased
(Bonetti et al. 2009; Laan et al. 2006; Stierl et al. 2014). A
similar pseudo-lit state is found if the key methionine is

Fig. 5 Ribbon diagram of the complete OaPAC dimer. Each subunit
contains 366 residues, consisting of a BLUF domain, helical region
(coiled-coil) and C-terminal adenylate cyclase domain. One dimer is
coloured /ight blue, and the other is shown in dark blue (N-terminus) to
red (C-terminus). The flavin molecules are shown as red stick models.
Activation of the adenylate cyclase domains by light involves signal
transduction from the flavin through the central coiled-coil to the active
sites
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replaced with alanine, which can also be explained by a
change in the relative stability of different orientations of the
tryptophan side-chain at the protein surface (Fudim et al.
2015; Stierl et al. 2014). It may be that different BLUF
domains have rather different signal transduction mecha-
nisms, but at present the evidence is strongly pointing towards
the type of model proposed by Kotani almost 50 years ago
(Kotani 1968), whereby vibrational changes elicit effects at a
distance with no change in average structure. These vibration-
al properties are becoming more widely recognised as a
general property of allosteric proteins (Cooper and Dryden
1984; Townsend et al. 2015).

Discussion

Since the first models of BLUF domains were determined, the
central issues to resolve have been the roles of individual
residues at the flavin binding site and how their conformation-
al changes are transmitted (Bonetti et al. 2009). Numerous
studies of other BLUF domains using advanced spectroscopic
techniques show that the principal visible flavin absorption
bands shift to longer wavelengths upon light exposure, and
that the carbonyl oxygen O4 becomes a better hydrogen bond
acceptor; however, the structural basis for these changes has
remained obscure. The relative importance of the Met;,, and
Met,,; conformations is still actively debated (Goyal and
Hammes-Schiffer 2017), although a number of studies offer
no support for any role for the Trp;,/Met,,; conformation
(Dragnea et al. 2009; Mehlhorn et al. 2015; Toh et al. 2008).
The field remains highly active and attractive to specialists in a



Biophys Rev (2017) 9:169-176

175

variety of biophysical techniques so that further progress to-
wards an inclusive model of BLUF domain function is eagerly
expected.
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