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Cryptochromes (CRYs) are flavoproteins that are known as blue
light photoreceptors in many organisms. Recently, genome
sequences from a variety of algae became available. Functional
characterizations of animal-like CRYs from Oestreococcus tauri,
Chlamydomonas reinhardtii and Phaeodactylum tricornutum
highlighted novel functions and properties. As arising from
studies in fungi, certain algal CRYs of the “cryptochrome
photolyase family” (PtCPF1, OtCPF1) have dual or even triple
functions. They are involved in blue light perception and/or
in the circadian clock and are able to repair DNA damages. On
the other hand, the animal-like aCRY from C. reinhardtii is not
only acting as sensory blue light, but also as sensory red light
receptor thus expanding our current view of flavoproteins in
general and CRYs in particular. The observed broad spectral
response points to the neutral radical state of flavin, which is
assumed to be the dark form in aCRY in contrast to the plant
CRYs.

Algal Genomes and Cryptochromes

Light has major impact on algae, which are dominant producers
of biomass on Earth and contribute significantly to global pro-
ductivity and biogeochemical cycling.! On the one hand, light
serves as energy source for photosynthesis. On the other hand,
light perception via specialized photoreceptors may (1) activate
gene expression, (2) lead to behavioral responses and (3) entrain
the circadian clock by light-dark cycles (reviewed in Hegemann).?
In the past years, several algal genomes including those of dia-
toms (e.g., Thalassiosira pseudonana, Phaeodactylum tricornutum)
or green algae (e.g., Oestreococcus tauri, Chlamydomonas rein-
hardtii) have been sequenced (reviewed in Grossman)." These
sequences along with molecular tools available in the mentioned
algae served as an efficient basis to screen for algal photoreceptors
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and to begin with their functional characterization. UV-, blue-,
green- and red-light absorbing photoreceptors have been found
in algae. Some of them such as the blue-light absorbing crypto-
chromes (CRYs) and phototropins (PHOTs) were already known
from higher plants, others such as channelrhodopsins, chan-
nelenzymerhodopsins or aureochromes were found for the first
time in algae (reviewed in Hegemann).?? In this mini-review,
we will focus on CRYs. They represent not only a widespread
group of blue-light absorbing photoreceptors in algae, but occur
also in prokaryotes and many other eukaryotes including fungi,
plants and animals. Their biological functions are not restricted
to photoperception. Some of them are key components of the
endogenous pacemaker of the circadian clock, others may act
as magnetoreceptors in migratory birds (reviewed in Chaves).
CRYs are mainly divided in (1) animal type I and type II CRYs
that are close to (6-4) photolyases, in (2) plant CRYs being close
to cyclobutane pyrimidine dimer (CPD) photolyases and in (3)
DASH CRYs (DASH; Drosophila, Arabidopsis, Synechocystis,
Homo).* CRYs are flavoproteins having a conserved photolyase
homology region at their N-terminus. For a long time, it was
thought that the plant and animal-type CRYs evolved from pho-
tolyases but lost the ability to catalyze light-dependent DNA
repair. It was also thought that CRYs along with their flavin
adenin dinucleotide (FAD) chromophore are typical blue-light
absorbing receptors. Recent data about fungal and algal members
belonging to the “cryptochrome photolyase family 17 (CPF1) and

to animal-like CRYs have challenged these two “dogmas”>”

Algal CRYs with Dual and Triple Functions

In the marine diatom P. tricornutum, several CRYs of the differ-
ent types are present. One of them, P#CPF1 was the first one to
be functionally characterized. It is evolutionarily close to the ani-
mal-type CRYs and (6-4) photolyases. Therefore, it was exam-
ined if it has photolyase activity. P#CPF1 is indeed able to repair
(6-4) photoproduct damages.® Notably, P#CPF1 plays as well a
significant role in blue-light regulated gene expression. Transcript
levels of several genes were altered after blue light treatment of
dark-adapted cells in transgenic lines overexpressing PtCPF1
as compared with wild type.® The genes belong to functional
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different groups such as photosynthetic light harvesting, tetra-
pyrrole biosynthesis, carotenoid biosynthesis, nitrogen metabo-
lism and others. These data suggest a dual function of this algal
CRY as (6-4) photolyase and blue light receptor. PtCPF1 was
also tested for transcriptional repressor activity in a heterologous
system of mammalian COS cells. When expressed there, P#CPF1
inhibits CLOCK-BMAL-mediated transcription of a reporter.*
In the mammalian circadian clock, this repressor activity for the
heteromer transcription factor COCK/BMAL is mediated by
the CRY/PERIOD complex.!® Thus, P#CPF1 seems also to be
involved in regulation of central clock function, at least within a
heterologous system.

Several genes belonging to the CPF family were also found
in the green primitive alga O. tauri' One of them, OrCPF1 is
a close relative of PtCPF1. Two of the O. tauri CRYs showed
DNA repair activity either of (6-4) photoproducts (OrCPF1) or
of CPD-damaged double-stranded DNA (OrCPF2). Both CRYs
revealed also transcriptional repressor activity toward CLOCK/
BMAL when applied in the above-mentioned reporter assay sys-
tem of COS cells. Moreover, it was shown that OrCPFI1 also
controls circadian rhythmicity in O. fauri!* Thus, in a diatom
as well as in a green alga, animal-like CRYs exist, which pos-
sess properties of mammalian CRYs as well as photolyase activ-
ity. Also in fungi dual activities with regard to photolyases and
a role in development were found,’” suggesting that photolyases
and CRYs have not always been functionally differentiated.
Obviously, these properties co-exist in different kingdoms before
their separation in higher plants and animals.

An Animal-Like CRY Acting as Functional Blue
and Red Light Receptor

Another green alga of which the entire genome is known is the
flagellated alga C. reinhardtii that has been used for many years
as a model for photosynthesis, flagella formation, light percep-
tion and many other processes.'? It contains a plant CRY (known
as CPH1") and an animal-type CRY, named aCRY, as well
as two DASH-CRYs.”'*" aCRY is closely related to PtCPF1
and OrCPFl, but also to (6-4) photolyases and animal type 11
CRYs. For functional studies, an acry mutant was screened for
by an insertional mutagenesis approach. The mutant had the
resistance marker introduced within intron seven of the #CRY
gene. It expresses aCRY to a reduced level (about 20%) com-
pared with wild type.” Transcript levels of various genes encod-
ing proteins involved in chlorophyll and carotenoid biosynthesis,
light-harvesting complexes, nitrogen metabolism, cell cycle and
the circadian clock were investigated in dark adapted cultures
of wild type and the acry mutant and after exposure to blue and
red light. Some of the selected genes, including the one encod-
ing the light harvesting complex protein LHCBMG6 were already
known to be induced by blue and red light and to be under
control of the blue light receptor phototropin also present in C.
reinhardtii.'® Transcript levels were compared for both blue and
red light for all chosen transcripts. Surprisingly, most transcripts
that were increased by blue light were also upregulated by red
light. The transcripts encode the already mentioned LHCBM6
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(light harvesting complex of photosynthesis) as well as proteins
of chlorophyll biosynthesis (GSA, CHLD, POR), of carotenoid
biosynthesis (PDS), of nitrogen metabolism (GLN1), of the cell
cycle (CDKB1) and of the circadian clock.” In the latter case,
the transcript levels of the clock-relevant C1 and C3 subunits
of the RNA-binding protein CHLAMY1Y were strongly (up to
10-15-fold) increased. In contrast, transcript levels of the putative
clock-relevant transcription factor ROCI15" were significantly
downregulated, again under blue light and red light. Notably, the
levels of most of these transcripts were significantly altered in the
acry mutant, both under blue and red light conditions, suggesting
that aCRY is indirectly or directly involved in the regulation of
the transcripts under these light conditions.

In C. reinhardtii, certain processes are regulated by red light
such as the light-induced phase resetting of the circadian clock"”
or expression of certain genes as mentioned before.'® In some
of the above-mentioned genes (LHCBMG6 and GSA), a decrease
in the level of the blue light receptor PHOT also reduced the
red-light mediated effect to some extent albeit not as strong as
the blue light effect. However, PHOT as well as the plant CRY
from C. reinhardtii can be excluded as red light photoreceptors,
because they do not absorb in the red region of the visible spec-
trum.'®2*2 It seems more likely that PHOT is part of a signal-
ing network together with a red light photoreceptor and thus
mediates its effect.'® Phytochrome is the most well known red
light photoreceptor in plants. However, from the genome data,
no indication exists that C. reinhardtii has a phytochrome.'>'
Since DCMU, an inhibitor of photosynthetic electron trans-
port, did not have any significant effect on the blue- and red-
light stimulated expression of the selected genes,'® this lack of
effect suggests signaling via a red-light absorbing photorecep-
tor. Thus, aCRY emerged as a potential candidate. In the acry
mutant, the red-light induced increase of many of the studied
transcripts was strongly reduced compared with wild type, as
already mentioned.’

In accordance with spectroscopic analysis of heterologously
expressed aCRY, three redox states can be associated with aCRY
(i.e., oxidized, neutral radical and anionic fully reduced FAD).
Investigated spectra of the oxidized and fully reduced states of
aCRY revealed that these forms are not responsible for the red
light effects.” In contrast, the spectrum of the neutral radical
state obtained under reductive conditions had the appropriate
spectral characteristics.” It showed that aCRY is able to absorb
also in the yellow (maximum at 585 nm) and red light range
(maximum at 633 nm) of the visible spectrum, but not in the
far-red range (700 nm). Notably, transcript levels of genes from
cells induced under yellow and far-red light were congruent
with the spectral properties of aCRY (Fig. 1). Thus, transcript
levels of GLN1, PDS, GSA and the C3 subunit were signifi-
cantly upregulated by yellow light in wild type and the levels
were significantly reduced in the acry mutant under these light
conditions. In contrast, little if any effect was visible under far-
red light treatment. Thus, aCRY acts as a sensory yellow, red
and blue light photoreceptor.

Our data also indicate that C. reinbardtii may have another
red-light absorbing photoreceptor besides aCRY. The reason for
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this hypothesis is based on the results obtained with the clock-
relevant component ROCI15, which is a putative transcription
factor. Blue light and red light treatment of dark-adapted cells
causes reduced ROCI5 transcript levels in wild type.? In the
acry mutant, blue light treatment also reduces ROCI5 levels,
indicating that this decrease may not be mediated by aCRY.
However under red light, ROCI5 transcript levels are strongly
increased. We assume that this increase in the mutant is due to
another red light photoreceptor that is activated by the absence
of aCRY. In agreement with such a postulation are the effects
in the yellow range. There, ROCI5 levels are also reduced in
wild type, however they are not upregulated in the mutant as
found after red light treatment. Thus, a different red light pho-
toreceptor should exist in addition that does not react to yellow

light.
Conclusions and Perspective

Blue light photoreceptors that are not able to absorb red light can
still contribute to red light effects if associated with a functional
network including red light receptors. The effects of a downregu-
lated LOV-histidine kinase in O. tauri® or of the downregulated
PHOT in C. reinhardtii under red light have been attributed
to such networking.'® Also, it is assumed that the impaired red
light response in an Arabidopsis double mutant that is defective
in both CRY1 and CRY?2 is based on the physical interaction
between CRYs and phytochromes.?® In all these cases with the
two LOV-containing proteins and plant CRYs, the proteins are
not able to absorb red light. In contrast, the neutral radical state
of aCRY is able to absorb yellow and red light in addition to
blue light, but not far-red light.” The congruent activation of
transcript levels under blue, yellow and red light, but not under
far-red light reveals that aCRY is acting not only as a sensory
blue light receptor. Thus, aCRY represents a long sought-after
photoreceptor in C. reinhardtii that is responsive to red light. As
mentioned above, there may still be another red light receptor in
this organism.

In general, the spectroscopic properties of aCRY are differ-
ent from so far known higher plant CRY photoperception. For
plant CRYs, the dark form is proposed to contain an oxidized
226 whereas the broad spectral responses of aCRY point to
the neutral radical state in the dark.” Thus, sensory flavoproteins

flavin,

may not only be categorized as potential blue light receptors in
future. One has also to consider yellow and red light activation
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Figure 1. The absorption spectrum of the neutral radical of FAD in
aCRY and in vivo responses of C. reinhardtii to light of different spectral
qualities. Relative (rel.) transcript accumulation of GLN7 encoding
glutamine synthetase 1 was quantified by RT-qPCR in wild type (white
bars) and the acry mutant (gray bars; modified from Beel et al.).? Cells
were grown in a light/dark cycle. At the end of the light period, cells
were maintained for 60 h in darkness before exposure for 120 min with
either blue (465 nm), yellow (590 nm), red (635 nm) or far-red (700 nm)
light. The changes in transcript levels following exposure of the cells
are presented as fold change relative to RNA from dark-grown cells.
For comparison, the absorption spectrum of the neutral radical of FAD
in aCRY is shown (dashed line; modified from Beel et al.).? aCRY was
obtained with oxidized FAD from heterologous expression in E. coli. The
spectrum of the radical was extracted after conversion with blue light.

that are in agreement with the absorption spectrum of the neutral
radical state of flavin.
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