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Summary of the workshop topic : Flavin-based blue light sensorial receptors (cryptochromes,
phototropins and blue-light driven cyclases) regulate many light-driven processes in plants
and they were recently discovered in lower organisms,e.g. bacteria and fungi. A first aim of
this workshop was to design a strategy to figure out the physiological role of these
photoreceptors in lower organisms, to characterize their molecular properties and to
elucidate common mechanisms of blue-light-to-signal transduction in distant taxa. A second,
similarly important aspect of this workshop was the aim to create a stronger cooperation at
an European dimension in this fast developing field, by bringing together the expertise of
diverse research groups.

1. EXECUTIVE SUMMARY

The ESF-LESC exploratory workshop “Flavin-based sensorial photoreceptors: from
bacteria to plants” took place in Parma (ltaly) in the Centro Santa Elisabetta of the
University of Parma, on March 25-27th. Funding was provided by ESF, co-funding by the
University of Parma (details are given in the financial report). The workshop was convened
by Dr. Aba Losi. Local organization was coordinated by Roberta Bedotti (Department of
Physics, University of Parma). The 23 invited participants came from 5 different European
countries. Another four participants (PhD or PostDoc students) took part, financed by home
projects, and presented posters.

The workshop was organized in four discussion forums, introduced and led by discussion
leaders, including presentations of ca. 20 minutes each (20 presentations in total). On March
26" the ESF representative, Salvatore Cannistraro, opened the meeting by giving a thorough
representation of ESF and LESC activities and aims. The convenor, Aba Losi, gave then an
introductory lecture, an overview on known and putative flavin-based photosensors. The first
day of the meeting (March 26) was devoted to biophysical aspects and molecular
mechanisms. Forum 1, Light-induced reactions mechanisms and structural studies, led by
Silvia E. Braslavsky, hosted the largest number of presentations (8). In Forum 2, Light-to-
signal transduction mechanisms, led by Wolfgang Gartner, 3 speakers presented their recent
results. Poster viewing closed the day, with 3 contributions. The second day of the meeting
(March 27) was dedicated to biological and biochemical aspects. During Forum 3 (discussion
leader) Alfred Batschauer, with the aid of 3 presentations, the audience discussed about the
more recent progress/problems in Protein chemistry, expression and purification. Finally
Forum 4, with 5 presentations, chaired by Francesco Lenci, was dedicated to the present
knowledge about the_Physiological role of flavin-based photoreceptors and to the many
perspectives still opened in this field.
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After the conclusion of the 4 forums, it was discussed about the possibility of building
a European scientific cooperation on the workshop topic, in the framework of ESF activities.
A committee representing the 5 participating countries was established, in order to
undergo/perform the required activities (see also point 3). The workshop closed on Saturday,
March 27 at 16:00.

2. SCIENTIFIC CONTENT OF THE WORKSHOP

Background: Blue-light regulates a broad variety of developmental and physiological
responses in plants, e.g. photoperiodism, phototropism, flowering and circadian rhythms.
Blue-light-sensitive photoreceptors from plants, the cryptochromes and the phototropins,
have only recently been identified and have demonstrated the importance and spreading of
flavin-based blue light perception. The cryptochromes are related to the photolyases,
enzymes for light-repair of DNA lesions. They actually consist of a two-chromophore system
with a Deazaflavin/pterin, acting as an antenna pigment and a flavin-adenin-dinucleotide
chromophore (FAD). Their light-induced reactions have up to now been only partially
elucidated. The phototropins are light-driven kinases that contain in the N-terminal part two
specialized chromophoric domains, LOV1 and LOV2 (from Light Oxygen and Voltage), which
function as binding sites for flavin mononucleotide (FMN). The LOV domains undergo a
photocycle, involving, from the decay of a primarily formed triplet state, the formation of a
covalent adduct between the thiol group of a conserved active site cysteine and FMN at the -
C4a position. This mechanism has established a new paradigm in the field of biological
photoreceptors, in contrast with chromophore photoisomerization, as it occurs e.g. in retinal
proteins or phytochromes. A third type of flavin-based photoreceptors is represented by
AppA, that binds FAD in its BLUF (sensor of Blue-Light Using Fad) domain and is, as is
known up to now, involved in regulation of photosynthesis gene expression in the purple
bacterium Rhodobacter sphaeroides.

Flavin-based blue-light perception has rapidly crossed the borders of life domains in
which the specific photoreceptors have been first identified. Cryptochromes and phototropin
related proteins (referred to as LOV-proteins) have been found in the genome sequences of
phototrophic and heterotrophic bacteria. In some cases protein expression and functional
analysis have demonstrated that these putative photoreceptors bind the predicted
chromophores and undergo a photocycle, but their light-driven role in vivo is unknown.
Conversely, BLUF domains have been recently described in an algal light activated adenylyl
cyclase that mediates a phototactic response to blue light .

The research in the field of blue-light perception has experienced an exceptional
blooming in the recent few years and is likely to give us in the near future a more
comprehensive understanding on the common mechanisms by which phylogenetically
distant organisms “see” their world. This research field requires a multidisciplinary
approach, in that molecular biology, bioinformatics, physiology, spectroscoy and physical-
chemistry can be integrated to obtain detailed information on these biological systems. Yet,
many questions are still open and they have been discussed within the 4 discussion
Forums of the workshop.

For review see: Briggs, W. R. & Christie, J.M. Phototropins 1 and 2: versatile plant blue-light
receptors Trends Plant Sci. 2002, 7, 204-210; Cashmore, A. Cryptochromes: enabling plants and
animals to determine circadian time Cell 2003,114: 537-543;
M. Gomelsky & G. Klug, BLUF: a novel FAD-binding domain involved in sensory transduction in
microorganisms, Trends Biochem. Sci., 2002, 27: 497-500. Iseki, M., S. Matsunaga, A. Murakami, K.
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Ohno, K. Shiga, K. Yoshida, M. Sugai, T. Takahashi, T. Hori, and M. Watanabe A blue-light-activated
adenylyl cyclase mediates photoavoidance in Euglena gracilis. Nature, 2002, 415:1047-1051. A. Losi,
The bacterial counterparts of plant phototropins, Photochem. Photobiol. Sci., 2004, 6, in press,
DOI: 10.1039/b400728j

In the following the speakers are indicated in red. Links connect this section to the
final programme and from there to the abstracts.

Forum 1, Light-induced reactions mechanisms and structural studies, discussion
leader: Silvia E. Braslavsky. The majority of the talks and of the accompanying discussion
were devoted to the reaction mechanism of the phototropin LOV domains. The formation of
the covalent FMN-cysteine adduct occurs via the decay of the FMN ftriplet state. The covalent
adduct formation has been elegantly demonstrated by NMR spectroscopy (Gerald Richter)
and by X-ray crystallography (Astrid Jung). One of the major questions concerns the non-
bonding character of the triplet state, so that other intermediates have to be postulated, albeit
they have not been detected in the photocycle. UV-visible spectroscopy with LOV domains,
mutated in the reactive cysteine, point to a reaction mechanism where the FMN ftriplet
decays into a neutral radical after hydrogen extraction from the cysteine, with subsequent
fast recombination of the radical pair and adduct formation (Peter Hegemann). X-ray
crystallography (Astrid Jung) and Electron Paramagnetic Resonance (EPR) studies (Robert
Bittl and Stephan Weber) also suggest that a radical pair is involved in the reaction
mechanism. Ultrafast UV-visible spectroscopy nevertheless failed to detect a transient
species beyond the FMN triplet, and a mechanism involving ultrafast proton transfer as rate
limiting step has been proposed (John Kennis).

A new aspect of LOV domains photochemistry has been highlighted by femtosecond
spectroscopy studies, showing that the photoadduct can be re-converted into the dark parent
state not only thermally, but also in a light-driven way during a two-photon photocycle,
rendering LOV domains reversible photochromic switches (John Kennis). Advanced
vibrational spectroscopy coupled with site-specific mutagenesis can provide important
details about the structural changes accompanying photoadduct formation, e.g. by
identification of light-induced conformational changes on diverse LOV proteins (Joachim
Heberle).

Long sought light-driven electron transfer reactions have been characterized in plant
cryptochromes (Margaret Ahmad). A chain of tryptophan residues can donate an electron to
the excited flavin, thus forming a flavin radical. Mutagenesis studies have furthermore shown
that these reactions are important for cryptochrome function in vivo.

The light-driven reactions on BLUF-carrying proteins are presently being thoroughly
investigated by means of ultrafast transient absorption experiments (John Kennis). The data
point to a new kind of photocycle, in which the photoexcited flavin chromophore undergoes
no chemical changes but induces subtle alterations in the surrounding protein moiety. X-ray
structural studies are likely to provide a substantial contribution to the understanding of the
novel BLUF paradigm in the near future (Astrid Jung).

Forum 2, Light-to-signal transduction mechanisms, discussion leader: Wolfgang
Gartner In phototropin an a—helix linking the LOV2 core to the C-terminal kinase domain,
has been recently proposed to play a central role in interdomain communication and in the
light-to-signal transduction mechanism. John Christie presented data showing that mutations
in this region indeed attenuate the light-induced kinase activity of phototropins, producing the
first evidence that the light-driven destabilization of the a—helix linker has a functional role.
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Mutations of a conserved salt bridge, located at the surface of the LOV core, also impair the
kinase activity. Work is in progress to elucidate the functional roles of these two protein
regions in phototropin signalling.

In the paradigmatic organism Neurospora crassa, a fungus, sensorial responses to
blue-light (e.g. carotenoid synthesis, circadian regulation) are mediated by the flavin-binding
LOV protein WC-1 (white collar-1) that regulates the expression of specific genes within the
so-called WC-1 complex. New experiments show that also chromatin modifications are
necessary for light control of gene expression, highlighting a fundamental mechanism of
light-to-signal transduction (Paola Ballario). Furthermore, WC-1 physically interacts with
Neurospora protein kinase C that phosphorylates the DNA binding domains of WC-1 and
regulates its cellular level in a light-dependent way (Lisa Franchi)

Forum 3, Protein_chemistry, discussion leader: Alfred Batschauer One of the most
critical points in the field of flavin-based photoreceptors is the challenge to obtain
reproducible biological samples, with reasonable yield and definite chromophore composition
for biophysical studies. This has been instructively been shown for the plant cryptochromes,
where only recently it was possible to obtain soluble material carrying the flavin chromophore
in high percentage, by expressing them in insect cells (Alfred Batschauer).

The expression and purification of bacterial LOV-proteins, has been successful for
Bacillus subtilis YtvA, readily soluble as a full-length protein (different from plant
phototropins) for which the blue-light driven photocycle has been characterized (Wolfgang
Gaertner). Other systems, e.g. a LOV kinase from Caulobacter crescentus, appear to be
expressed in a misfolded form in heterologous systems, only partially recovered by adding
external chromophore (Wolfgang Gaertner).

The BLUF domain of AppA from Rhodobacter sphaeroides can be expressed in E.
coli, but in this case it is able to accommodate different flavin chromophores, depending on
the growing conditions. It is also possible to reconstitute the BLUF domain with a specific
flavin, by adding excess of the desired chromophore to a protein solution, an interesting
approach for biophysical studies (Klaas Hellingwerf).

Forum 4, Physiological role of flavin-based photoreceptors, discussion leader:
Francesco Lenci

Whereas all known bacterial and fungal LOV proteins contain a single LOV domain,
plant phototropins carry two conserved photosensing units, LOV1 and LOV2 in a tandem
arrangement. John Christie has investigated the role of the two domains, and found that only
LOV2 is essential for the light-driven effects of phototropins. Furthermore, in a tandem
construct without the C-terminal kinase, it could be demonstrated that the two LOV domains
interact.

In the unicellular algae Euglena gracilis photomovements are mediated by a BLUF
containing protein that acts as a blue-light dependent adenylyl cyclase. The synthesis of
cAMP modulates the flagellar beat and thus causes light-dependent responses. This BLUF
protein is also active in relatives of Euglena gracilis and in mutants that show limited
photomovements (Donat Hader). In bacteria, the BLUF photoresponsive motif is represented
in the Rhodobacter sphaeroides protein AppA, a blue-light driven regulator of photosynthesis
gene expression. It is the first known protein that can sense blue light via a bound flavin and
in parallel the redox state via a multicysteine motif (Stephan Braatsch).
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Quite surprisingly, the hypogeous fungus Tuber borchii responds to blue light that
regulates mycelial growth. Tuber borchi contains a gene (tbwc-1) homologous to the blue-
light photoreceptor of Neurospora crassa, WC-1, it is however unlikely that this protein acts
as a transcriptional regulator. The photochemical properties of tbwc-1 have been presented
during this section (Benedetto Grimaldi).

Although cyanobacteria constitute the most diverse group of microorganisms
performing oxygenic photosynthesis (like plants), very little is known on blue light perception
in these bacteria. A considerable number of cyanobacterial putative flavin-binding
photosensors are being found in public databases, but only one of them has been
characterized: a blue light sensor in Synechocystis PCC 6803, similar to eukaryotic
cryptochromes (Nicole Tandeau). The cyanobacterial LOV proteins sharing similarities with
plant phototropins are still fully uncharacterized and their role is unknown.

3. ASSESSMENT OF THE RESULTS, CONTRIBUTIONS TO FUTURE
DIRECTION OF THE FIELD, OUTCOME

The topic of the workshop has demonstrated to be timely and the object of active
investigation from many research groups. In fact, during the last year, more than 60 new
papers related to this subject appeared on international scientific journals. The average
quality of the talks presented during the workshop was definitely high, demonstrating that
European research in this field is characterized by accurate scientific work and critical
evaluation of the results. A positive note was added by the work of the four chairpersons,
who managed to keep the discussion very alive and in the same time friendly, therefore
extremely productive.
Assessment of the results.
The convenor let the speakers a free choice among the 4 Forums for their presentation, from
which a clear picture emerged of the state- of- the- art. The characterization of the molecular
mechanisms of flavin-based photosensors has received the largest attention from the
participants to the meeting, with the support of very modern biophysical facilities optimized
in various European labs. The discussion during Forum 1 and Forum 2 was accordingly very
alive, a common language could be employed and understood and the formulation of the
sections (short talks + extended open discussion) appeared fully proper. Forum 3 and Forum
4, dealing with more biological aspects, were instead more similar to conventional congress
sections and the different talks less integrated with each other, albeit of high individual level.
Partially this may be due to the fact that the preparation of biological samples is very specific
for each case studied and among flavin-based photosensors few protocols have been
optimized and normally cannot be extended even to strictly related systems (Forum 3).The
physiological significance of flavin-based photoreceptors in unicellular organisms has been
elucidated just in few cases, excellently highlighted during Forum 4, whereas we still don’t
have hints of their role in bacteria.
Contributions to future direction of the field

The biophysical characterization of flavin-based photoreceptors is entering a new
phase, that requires a broader range of expertises. As an example, in phototropins and
related proteins, LOV domains exhibit a large sequential, structural and functional similarity
but an astonishing broad range of lifetimes for the overall kinetics of the photocycle (from few
seconds to hours). The kinetics is also influenced by the presence of extra protein domains
or fragments or by the occurrence of mutations. The molecular basis of the observed broad

range of lifetimes can be understood only if a larger number of full-length proteins and
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extended constructs will become available, thus requiring optimization of biochemical
protocols.

It became clear during the meeting that it is necessary to obtain more information on
the light-to-signal transduction pathways. This is still, in many cases, a major missing link
between the chromophore-centered, light-triggered reactions and the observed
photoresponses in vivo. The reason for this partially relies on the lack of structural
information on photosensor domain in complex with their partners. X-ray crystallography
cannot be always successfully employed, therefore alternative techniques (e.g. NMR,
modelling, vibrational spectroscopy) must be more exploited. Details on the mechanism of
the light-triggered reactions are likely to come from advancend time-resolved techniques,
together with the design of mutated proteins and chemically modified chromophores.
Again this requires that samples preparation is optimized in order to control, for example, the
chromophore identity and incorporation.

The physiological significance of flavin-based photosensing proteins in lower
organisms for which light-driven responses are not known (e.g. non-phototactic or non-
photosynthetic bacteria), remains unknown. It is clear that this aspect demands more
engagement and is conversely prone to future developments. As an encouraging starting
point, many of the presenters have been shown to be familiar with bioinformatics tools, surely
of great help in the discovery of new photoreceptor systems and in obtaining hints on their
function. An important contribution would come from photophysiology studies in this field, not
yet undertaken, and from advanced genomics and proteomics techniques
Outcome
At the workshop end a committee was constituted, formed by representatives of the 5
participant countries. The committee is composed by Aba Losi (Italy), Klaas Hellingwerf (The
Netherlands), Nicole Tandeau (France), John Christie (United Kingdom) and Peter
Hegemann (Germany). They should explore the possibility of building a scientific European
network or programme, in the frame of ESF activities. A first step in this direction will be an
attempt to involve research groups operating in a larger number of European countries (
research groups likely to be interested have been already identified by the convenor in
Spain, Switzerland and Sweden). Francesco Lenci, president-elect of the European Society
for Photobiology (ESP), has offered the support of the society during the developing phase of
this activity.
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4. FINAL PROGRAMME

Thursday 25 March 2004
17:00-21:30 Arrival and Registration at the Hotel

19:00-21:30 Dinner at the Hotel

Friday 26 March 2004

08:45 Wellcome from the organizers and outline of the workshop

09:00 Presentation of the European Science Foundation (ESF)
Salvatore Cannistraro LESC (Standing Committee for the Life,
Environmental and Earth Sciences)

09:15 Introductory lecture
Aba Losi
1. Flavin based photoreceptors: ubiquitous "eyes for the blue"?

09:40 Forum 1
Light-induced reactions mechanisms and structural studies
Discussion leader: Silvia E. Braslavsky
e-mail: braslavskys@mpi-muelheim.mpg.de

F1A. Peter Hegemann
The photoreaction mechanism of LOV-type blue light receptors

F1B. Margaret Ahmad
Mechanism of action of cryptochrome photoreceptors

F1C. Robert Bittl
Cofactors of blue-light photoreceptors studied by EPR spectroscopy

30 minutes Coffee Break

F1D. Joachim Heberle
Vibrational spectroscopy explores the mechanism of blue-light
photoreceptors

F1E. John T.M. Kennis
Primary reactions of flavin-based photoreceptors

F1F. Gerald Richter
NMR Investigations on LOV domains from the photoreceptor
phototropin

F1G. Astrid Jung
Structural characterization of flavin-based photoreceptors

F1H. Stefan Weber
EPR-Studies on the Reaction Mechanism of Blue-Light
Photoreceptors
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Open Discussion (to be continued in the afternoon)

13:00 Lunch at the workshop site

14:00 Forum 1
open discussion (continued)

15:00 Forum 2
Light-to-signal transduction mechanisms
Discussion leader: Wolfgang Gértner
e-mail: gaertner@mpi-muelheim.mpg.de

F2A. Paola Ballario
Light induction of transcription is mediated by histone tails
modifications

30 minutes Coffee Break
F2B. Lisa Franchi
Role of Neurospora PKC in the regulation of light signal transduction

and circadian rhythm.

F2C. John Christie
Phototropin receptor signalling.

Open discussion
Poster viewing
Posters presented (for co-authorship see the abstract section)

P1. Maria Ntefidou Photoactivated adenylyl cyclase in Euglena
gracilis, Astasia longa, and mutant strains

P2. Tilman Kottke Irreversible Photoreduction of Flavin in the
Mutant C57M of a Phot-LOV1 Domain

P3. Aba Losi Tryptophan fluorescence in the Bacillus subtilis

phototropin-related protein YtvA as a marker of interdomain
interaction

20:30 Dinner at the restaurant "Al Mulino", Torrechiara (PR)
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Saturday 27 March 2004

09:15

11:30

13:00

15:00

16:00

Forum 3
Protein chemistry

Discussion leader: Alfred Batschauer
e-mail: batschau@mailer.uni-marburg.de

F3A. Alfred Batschauer
Progress in expression and purification of plant cryptochromes for
structural and spectroscopic studies

F3B.Wolfgang Gaertner
Progress and problems in the expression of bacterial phototropin-
related proteins

F3C. Klaas Hellingwerf
Structural characterization of flavin-based photoreceptors

Forum 4

Physiological role of flavin-based photoreceptors
Discussion leader: Francesco Lenci

e-mail: francesco.lenci@ib.pi.cnr.it

F4A. John Christie
Structure and function of plant phototropins

F4B. Donat Hider
The photoreceptor for phototaxis in the flagellate Euglena gracilis.

F4C. Stephan Braatsch
Blue light photoreceptors in Rhodobacter

Lunch at the workshop site

F4D. Benedetto Grimaldi

The hypogeous fungus Tuber borchii responds to blue light and
contains a gene (tbwc-1) homologous to the blue-light photoreceptor

of Neurospora crassa.

F4E. Nicole Tandeau
Blue-light photoreceptors in cyanobacteria

Open discussion
Concluding remarks

Departure
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6. Statistical information on the participants (ESF representative is omitted)

Invited participants

| Age Male Female
Under 35 4 2
35-50 7 2
50+ 5 4
Total 16 8
Nationality* Male Female Total
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United Kingdom 1 - 1
Total Participants (Invited + Extra)
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35-50 7 2
50+ 5 4
Total 19 9
Nationality* Male Female Total
France 1 3 4
Germany 12 3 15
Italy 2 3 5
The Netherlands 3 - 3
United Kingdom 1 - 1

*: Institutional addresses.
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