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Summary:

CRYPTOCHROMES (CRYs5) are structurally related to UV/blue-sensitive DNA repair enzymes
called photolyases but lack their ability to repair pyrimidine dimers generated by UV exposure.
First identified in plants, CRYs have proven to be involved in light detection and various light-
dependent processes in a broad range of organisms. In Drosophila, CRY’s best understood role is
the cell-autonomous synchronization of circadian clocks. However, CRY also contributes to the
amplitude of circadian oscillations in a light-independent manner, controls arousal and UV
avoidance, influences visual photoreception, and plays a key role in magnetic field detection.
Here, we review our current understanding of the mechanisms underlying CRY’s various circadian
and non-circadian functions in fruit flies.

Genetic and molecular identification of Drosophila CRY as a circadian
photoreceptor

CRYPTOCHROMES (CRYs5s) have evolved from photolyases, which are responsible for the
repair of UV-generated pyrimidine dimers in a wide range of organisms (Sancar, 2008;
Michael et al., 2017). CRY's and photolyases share a very similar domain that binds a Flavin
Adenine Dinucleotide (FAD) cofactor, the Photoloyase Homology Region (PHR) domain.
While photolyases bind a second chromophore such as a pterin that serves as a light-
harvesting cofactor, CRY's do not appear to bear a second chromophore (Selby and Sancar,
2012). In photolyases, light activation of the FAD cofactor, either through direct photon
absorption or Forster Resonance Energy Transfer from the activated second chromophore,
triggers a series of redox reactions that culminate with the repair of pyrimidine dimers
(Sancar, 2008). The discovery of two CRYSs as a novel class of proteins in Arabidopsis
thaliana (Ahmad and Cashmore, 1996; Ahmad and Cashmore, 1993; Hoffman et al., 1996)
implicated in blue-light responses but lacking DNA repair activity sparked the search for
similar proteins in animals and other organisms. The identification of mammalian CRY1 and
CRY?2, expressed in the ganglionic cell layers of the retina, suggested that non-rhodopsin
based photoreception might occur in animals and could be involved in circadian entrainment
(Hsu et al., 1996; Miyamoto and Sancar, 1998). Moreover, in fruit flies, it was known for
decades that visual photoreception was dispensable for entrainment of circadian rhythms,
and that the non-visual photoreceptor was sensitive to blue-light (Frank and Zimmerman,
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1969; Zimmerman and Goldsmith, 1971). In addition, the then-recently discovered light-
dependent TIMELESS (TIM) degradation (Hunter-Ensor et al., 1996; Zeng et al., 1996;
Myers et al., 1996), which appeared critical for circadian entrainment, was triggered by
blue-light specifically (Suri et al., 1998; Yang et al., 1998). The identification of Drosophila
CRY as the blue-light circadian photoreceptor resulted from two converging approaches,
reverse and forward genetics. First, the emerging Drosophila genome sequencing project
yielded a sequence with high homology to mCRY1/2 (Emery et al., 1998). This cry gene
proved to be under circadian control, its protein product degraded after light exposure, and
CRY overexpression caused flies to be hypersensitive to light pulses of low intensities.
Second, a mutant was identified, cry22 (cry?), that showed severe circadian photoresponse
defects: no light-dependent TIM degradation and no ability to shift the phase of circadian
behavior in response to short light pulses (Stanewsky et al., 1998). The causative mutation
was found to alter a key FAD binding residue. Another striking phenotype of cry? mutant
flies was their circadian blindness to constant light: cry? flies remain rhythmic in constant
light while wild-type flies become rapidly arrhythmic due to constant TIM degradation
(Emery et al., 2000a).

These results, and the many studies that followed, have clearly established that CRY is the
primary circadian photoreceptor in Drosophila. However, visual photoreception contributes
to entrainment of circadian behavior (Stanewsky et al., 1998; Helfrich-Forster et al., 2001).
Recently, Rhodopsin 7 (Rh7), was found to be expressed in circadian neurons and
participate in circadian entrainment as well (Ni et al., 2017; Senthilan et al., 2019;
Kistenpfennig et al., 2017). It is also important to mention that there are two CRY
subfamilies in insects (Yuan et al., 2007). Type-1 CRYs, including Drosophila CRY, are
light-sensitive and likely important for circadian entrainment in all insects that carry them.
Type-2 are more closely related to mammalian CRYs. Type-2 CRY's and mammalian CRY’s
primary function is in the circadian molecular pacemaker that generates circadian rhythms,
but do not appear to have a light-dependent circadian function as was initially proposed
based on the presence of mammalian CRYSs in retinal ganglion cells (Kume et al., 1999; van
der Horst et al., 1999; Reppert, 2007; Yuan et al., 2007; Merlin et al., 2013; Thresher et al.,
1998; Miyamoto and Sancar, 1998). In fact, they are repressors of CLOCK/Bmall
transcription, binding to PERIOD (PER) proteins. Drosophila do not have a type-2 CRY; it is
TIM that binds to PER, and this dimer feedbacks on the perand #im genes by repressing the
transactivator CLK/CYC, thus generating circadian oscillations in per, t/im and other clock-
controlled gene expression (Zhang and Emery, 2012). Insects such as bees only have a
type-2 CRY, while others such as butterflies have both (Yuan et al., 2007). Mammalian/
Type-2 CRYSs can however absorb blue-light photons and undergo a flavin photocycle, but
evidence that this ability influences their function /in vivo remains limited (Hoang et al.,
2008; Vieira et al., 2012; Foley et al., 2011; Gegear et al., 2010; Fogle et al., 2011). This
review will focus on Drosophila CRY and its mechanism of action in the circadian clock, as
well as its non-circadian functions.

Cell-autonomous mechanisms of circadian CRY-dependent photoreception

Circadian clocks are found throughout the body of Drosophila, albeit not necessarily in all
cells of a given organ. This is particularly striking in the brain, in which only ca. 150
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neurons out of 100,000 express circadian clock genes (Plautz et al., 1997; Nitabach and
Taghert, 2008). Interestingly, organs can be isolated in culture and are able to entrain
autonomously to light (Plautz et al., 1997). This tissue-autonomous entrainment is mediated
by CRY (Emery et al., 2000b; Levine et al., 2002a; Agrawal et al., 2017). CRY binds
directly to TIM in a light-dependent manner to trigger TIM’s proteasomal degradation
(Busza et al., 2004; Naidoo et al., 1999) (figure 1). It does so by recruiting an E3 ubiquitin
ligase complex that contains JETLAG (JET), an F-box protein that recognizes TIM (Koh et
al., 2006; Peschel et al., 2006; Peschel et al., 2009). TIM degradation exposes PER to
destabilizing phosphorylation and E3 ligase recognition and thus to its own proteasomal
degradation, thereby resetting the circadian pacemaker (Lee et al., 1996; Ko et al., 2002;
Grima et al., 2002). Since rhythmic PER and TIM protein levels peak approximately in the
middle of the night under a 12hr:12hr light/dark cycle (Marrus et al., 1996), early-night light
pulses slow down the accumulation of PER and TIM and delay the phase of circadian
oscillations, while late-night light pulses accelerate the loss of PER and TIM and thus cause
phase advances. The photic phase response curve (PRC) for circadian behavior, with its
phase delays during the early night and advances with late night light pulses (Levine et al.,
1994; Suri et al., 1998), can thus be explained quite well through a CRY-dependent cell-
autonomous mechanism. The PRC is also shaped by mRNA levels, since they drop rapidly
after ZT15 and contribute to the subsequent decline in protein levels (Ashmore and Sehgal,
2003). A recent study has shown that the PRC for molecular rhythms in peripheral tissues is
shaped similarly to that of circadian behavior, reinforcing the notion that cell-autonomous
CRY photoreception and TIM/PER degradation explain how delays and advances are
generated (Lamba et al., 2018). This nation is also supported by the early finding that if
CRY is overexpressed only in the circadian pacemaker neurons that drive circadian behavior
(the ventral lateral neurons or LNvs), then circadian behavior is hypersensitive to short light
pulses. Moreover, if functional CRY is present only in these pacemaker neurons, phase
delays and phase advances are partially restored in ¢cry? mutant flies (Emery et al., 2000b).
Finally, CRY expression only in the eyes restores light-dependent TIM oscillations
specifically in this tissue (Emery et al., 2000Db).

What does light do to CRY to allow it to bind to TIM? The study of CRY mutant proteins-
(CRYM and CRY?) that are missing the short C-terminal tail (truncation at amino acid 521
and 524, respectively) revealed that this domain is critical to modulate CRY function (Busza
et al., 2004; Dissel et al., 2004). Indeed, in its absence, CRY binds to TIM whether the
protein is exposed to light or not, while wild-type CRY only binds to TIM in the presence of
light. Interestingly, CRY itself is degraded after light exposure through proteasomal
degradation (Lin et al., 2001; Busza et al., 2004), which at least in Drosophila S2 cells is
mediated by the DDB1 and CUL4 associated factor (DCAF) protein RAMSHACKLE/
BRWD3 (Ozturk et al., 2013) (figure 1). Confirming that this protein is indeed required for
CRY degradation in vivo has proved challenging, as loss of BRWD3 is cell-lethal. As is the
case for TIM degradation, CRY degradation is also modulated by the C-terminal tail (Busza
et al., 2004; Dissel et al., 2004). The most parsimonious explanation would thus be that
CRY’s C-terminal tail masks a key interaction domain for TIM and BRWD3 (figure 1).
Alternatively, it could bind a protein that masks this domain. Based on crystallographic
studies followed by mutagenesis, the simplest explanation appears to be correct (Levy et al.,
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2013; Zoltowski et al., 2011; Czarna et al., 2013). Indeed, in CRY’s dark conformation, the
C-terminal tail resides inside a groove that functions in the structurally closely related 6-4
photolyases as the active site for 64 photoproduct binding and repair. Moreover, limited
tryptic proteolysis studies demonstrate that a light-induced conformational change in full-
length CRY exposes residues that are also exposed in mutants missing the C-terminal tail, as
well as an Arginine residue within the C-terminal domain (Oztiirk et al., 2011; Vaidya et al.,
2013). Of note, these conformational changes have a long half-life (15 minutes), which
could explain how CRY can integrate very low intensity of light over long period of time and
thus trigger TIM degradation to phase-shift circadian behavior (Oztlrk et al., 2011; Vinayak
et al., 2013). It is also interesting that CRY harbors both a negatively charged and positively
charged surface. Since JET is basic while TIM is acidic, these two surfaces might be used to
bring together JET and TIM in a light-dependent manner (Czarna et al., 2013). Thus,
structural and /n vitro biochemical studies fit strikingly well with previous molecular and
genetic studies.

There is one additional interesting set of observations that was made while studying cry/”
mutant flies (Busza et al., 2004). The CRYM protein is expressed at very low level, because
it is constantly degraded. Nevertheless, cry/” mutant flies still respond weakly to constant
light, and show reduced, but clearly detectable, responses to short light pulses. CRYM
however binds to TIM whether in light or in darkness, and it would thus be predicted that it
constantly triggers a low level of TIM degradation, irrespective of the presence of light.
Supporting this idea, overexpression of CRY2 indeed reduces TIM levels and lengthens
circadian period under constant darkness, as if the flies were exposed to low constant light
(Dissel et al., 2004). Thus, if CRYM is constantly in an active state, there should be no CRY-
dependent circadian photoresponses left in cry/” flies, but this is clearly not the case. The
implication is that light activation of CRY is needed for efficient TIM degradation even if
CRY can bind to TIM irrespective of the presence of light. The mechanisms by which light
promotes TIM degradation after CRY binding remains unclear. However, it is clear that CRY
conformational changes are not limited to the C-terminal domain (Oztiirk et al., 2011;
Vaidya et al., 2013), and these additional conformational changes might be necessary to
bring JET and TIM into the correct position for TIM to be efficiently ubiquitinated.

As mentioned above, photolyases repair DNA through redox reactions involving the FAD
catalytic cofactor. FAD needs to be fully reduced for DNA repair activity, and this is
achieved through light-induced electron transfer involving three tryptophans (the TRP triad)
(Byrdin et al., 2003). For Drosophila CRY, the ground state is indeed a fully oxidized FAD,
while the active state is a semiquinone (Hoang et al., 2008; Berndt et al., 2007). The TRP
triad of dCRY also appears to be important for light-dependent reduction of FAD (Oztirrk et
al., 2008; Lin et al., 2018; Zoltowski et al., 2011; Czarna et al., 2013). Unexpectedly,
whether the TRP triad (or perhaps a tetrad with the addition of W394) is actually required
for CRY and TIM degradation has been controversial (Lin et al., 2018; Froy et al., 2002;
Oztirk et al., 2014). This might be because mutations of TRP residues are insufficient to
completely eliminate FAD reduction or CRY function, and that the exact conditions that
were used in different studies (light pulse intensities or duration, cellular concentrations of
CRY, TIM and JET) might explain the different results that were obtained (Lin et al., 2018).
Clearly, it would be important to generate mutants in vivo to address the function of these
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residues. CRISPR/Cas9-guided mutagenesis should provide a clean and efficient way to test
the impact of specific CRY mutations on CRY and TIM photic degradation and circadian
entrainment. An interesting recent set of observations indicate that the mechanisms of CRY
and TIM degradation might be distinguished by specific mutations of a Histidine residue
located between the FAD and C-terminal tail (Ganguly et al., 2016). Indeed, the effect of
such mutations is much stronger on TIM than on CRY degradation. Again, it would be
interesting to assess the role of such mutations directly /n vivo.

Non-cell-autonomous mechanisms in CRY-dependent circadian light
responses

As discussed above, the shape of the Drosophila behavioral PRC with phase delays before
the middle of the night (ZT18) and phase advances afterward can be explained by the
properties of timand per mRNA and protein cycles, and the cell-autonomous degradation of
TIM by the photoreceptor CRY (Ashmore and Sehgal, 2003). This autonomous mechanism
explains why most tissues in Drosophila are directly light sensitive (Emery et al., 2000b;
Levine et al., 2002a; Agrawal et al., 2017); although, at least in Malpighian tubules (the fly’s
kidneys), an additional and as yet unidentified photoreceptor might be present as well
(Ivanchenko et al., 2001). In the brain however, things are not as simple. As mentioned
earlier, there are 150 neurons in the fly brain that express circadian genes (Nitabach and
Taghert, 2008). They are named after their anatomical locations and their sizes, and then
subdivided based on neurotransmitter and neuropeptide content. The small ventral Lateral
Neurons (sLNvs) control circadian behavior in constant darkness, imposing their pace on the
other circadian neurons through secretion of the neuropeptide PDF (Renn et al., 1999;
Stoleru et al., 2005; Yao and Shafer, 2014). These cells also control morning anticipatory
behavior and are thus frequently referred to as M-oscillators (Stoleru et al., 2004; Grima et
al., 2004). A subset of dorsal Lateral Neurons (LNds) along with a PDF negative sSLNv
control evening anticipatory behavior and are referred to as E-oscillators (Stoleru et al.,
2004; Grima et al., 2004; Rieger et al., 2006). Interestingly, rhythms in calcium levels and
thus neuronal activity in M and E-oscillators precedes (by about 4 hours) the peak of
morning and evening activity, respectively (Liang et al., 2016). There are also the large LNvs
(I-LNvs), three groups of Dorsal Neurons (DN1, 2, 3) as well as 3 Lateral Posterior Neurons
(LPNs). Among the ca. 150 circadian neurons, only about a third of them expresses CRY
(Yoshii et al., 2008; Agrawal et al., 2017). Yet, even CRY-negative neurons can acutely
degrade TIM after a one-hour light exposure (ZT1), which could be indicative of non-cell-
autonomous CRY function (Yoshii et al., 2008). Furthermore, in CRY-negative LNdSs, a brief
5-minute light pulse is sufficient to trigger TIM degradation, and this in a JET-dependent
manner (Lamba et al., 2014). It should be noted however that at least in larvae, TIM
degradation can also be triggered within an hour through visual inputs, and in adults a recent
study shows that all circadian neurons receive such input (Mazzoni et al., 2005; Li et al.,
2018; Keene et al., 2011). Thus, visual input could contribute to TIM degradation in CRY-
negative neurons. Further supporting the idea that non-cell-autonomous mechanisms might
contribute to CRY photoreception was the observation that phase delays appeared to
correlate better with the degree of TIM degradation in DN1s than in sLNvs after a short light
pulse (Tang et al., 2010). Additionally, elimination of the I- LNvs specifically compromises
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phase advances (Shang et al., 2008). Rescue and RNAI experiments targeting JET, which is
the protein directly responsible for TIM proteasomal degradation, show that light-dependent
TIM degradation needs to occur both in M-and E-oscillators for proper phase delays and
advances when the circadian neural circuit is intact (Lamba et al., 2014). However, apoptotic
elimination or electrical silencing of either the M or the E oscillators does not compromise
phase delays or advances, implying that either of them are sufficient if the others are
eliminated or inhibited (Lamba et al., 2018). The most likely explanation for this apparent
paradox is that the M-and E-oscillators are mutually coupled and exchange rhythmic signals.
If either the M-or the E-oscillators fail to undergo acute TIM degradation and thus proper
rapid resetting of their local clock, these rhythmic signals are desynchronized, and this
compromises the ability of the M-E oscillator sub-circuit to resynchronize. This is supported
by the fact that if the M-oscillator neuropeptide PDF is eliminated in flies that are defective
for JET specifically in M-oscillators, normal phase shifts are observed, while when PDF is
present these phase shifts are severely disrupted (Lamba et al., 2018). Resetting of the whole
circadian network follows resetting of the M/E sub-circuit, since the M-oscillators control
circadian phase and pace of the whole circadian neuronal network in constant darkness
(Stoleru et al., 2005). Interestingly, live-imaging performed on dissected brains exposed to a
short light pulse shows that M-oscillators and most circadian neuronal subgroups are acutely
desynchronized, but the LNds (which include most E-oscillators) are the fastest group to
reset to the phase that will ultimately be adopted by the whole circadian neural network
(Roberts et al., 2015). This further supports the importance of non-cell-autonomous
mechanisms underlying photic resetting of the circadian neural network. What remains
unclear is the role played by non-cell-autonomous acute TIM degradation, and its
mechanisms. At least for the LNds (3 out of 6 lack CRY), evidence indicates that CRY-
negative neurons receive input in a JET-dependent manner from CRY-positive neurons to
trigger TIM degradation (Lamba et al., 2014). It is unclear at this point how CRY and JET
trigger non-cell-autonomous TIM degradation. However, it should be noted that an acute
increase in neuronal firing activity of PDF-positive LNvs, using the thermosensitive TRPA1
channel (Pulver et al., 2009; Hamada et al., 2008), promotes phase delays and advances in a
PDF-dependent manner, and causes Cullin-3 (CUL3)-dependent TIM degradation in E-
oscillators (Grima et al., 2012; Guo et al., 2014; Eck et al., 2016). Perhaps a similar CUL3-
dependent mechanism mediates non-cell-autonomous TIM degradation in response to light
pulses.

In summary, the cell-autonomous properties of CRY-dependent TIM degradation explain
how the circadian neural network can advance or delay its phase. Supporting this notion, the
PRC observed with non-neuronal peripheral oscillators is virtually identical to that of
circadian behavior (Lamba et al., 2018). However, the intricate connections between
circadian neurons requires coordinated resetting of the local circadian clocks of the M and E
oscillators to reset the whole circadian neural network and thus circadian behavior. More
broadly, communication within the clock network might be needed for M-oscillators to
integrate different modalities. Indeed, specific circadian neurons — in particular CRY
negative neurons -provide temperature input to the M-oscillators (Busza et al., 2007; Yoshii
et al., 2010; Yadlapalli et al., 2018), and the M-cells also receive (directly or indirectly)
visual and olfactory cues (Li et al., 2018; Helfrich-Forster et al., 2001; Levine et al., 2002b).
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It remains unclear how and why loss of large LNvs specifically impacts phase advances
(Shang et al., 2008). In addition, some DNs can play a role in phase advances when the E-
oscillators are missing (Lamba et al., 2018). It is therefore possible that under specific
conditions (internal or external), neurons beyond the M and E-oscillators can modulate
circadian behavioral photoresponses in a time-dependent manner.

CRY’s light-independent circadian function

As discussed above, Drosgphila are missing a type-2 CRY, which when present in other
organisms is critical for circadian pacemaker function. However, there are indications that
Drosophila CRY can play a light-independent role in the control of circadian oscillations, at
least in specific tissues. Indeed, molecular and physiological rhythms observed in the
antennae (olfaction) are disrupted in CRY mutant flies (Krishnan et al., 2001). Furthermore,
CRY is required to maintain robust molecular rhythms in Malpighian tubules in constant
darkness (lvanchenko et al., 2001). It should also be noted that behavioral locomotor
rhythms tend to be of lower amplitude in cr/? flies at low temperature, but they are normal at
25 °C or 29 °C (Dolezelova et al., 2007). Thus, CRY can contribute to the maintenance of
circadian oscillations in constant conditions. The mechanism for this is not entirely clear, but
results in cell culture and in fly eyes indicate that CRY can contribute to PER repression of
CLK/CYC activity, at least when overexpressed (Collins et al., 2006). However, it is clear
that CRY is dispensable for rhythmicity in DD when PER and TIM levels are measured in
whole head protein extracts (in which the eyes contribute to most of the PER and TIM signal
(Zeng et al., 1994)) after temperature entrainment (Stanewsky et al., 1998). CRY is also
dispensable for circadian cuticle deposition rhythms (Ito et al., 2008). CRY’s light-
independent role in the circadian pacemaker might thus be limited to specific tissues or
specific environmental conditions.

CRY’s role in regulating neuronal activity

CRY also plays important roles independent of the circadian molecular pacemaker.
Mechanistically, the best understood of these non-circadian functions might be the
regulation of arousal and UV avoidance. This work stemmed from a very surprising
electrophysiological observation: the electrical activity of large LNvs is stimulated by light
in a CRY-dependent manner (Sheeba et al., 2008). Subsequent studies indeed revealed that
CRY’s photoreceptive properties are critical for this increased activity, although the C-
terminal tail is not required to modulate CRY activity of neuronal firing, further supporting
the notion that the Photolyase Homology Region itself undergoes functionally relevant
conformational changes. In addition, TIM was not involved in this process (Fogle et al.,
2011). Actually, CRY regulates neuronal activity through Hyperkinetics (HK), which is a
potassium channel regulatory subunit with a putative redox sensing domain (aldo-keto
reductase domain or AKR) (Fogle et al., 2015). Strikingly, altering the redox status of the
LNvs genetically or pharmacologically compromises CRY-dependent changes in I-LNv
activity, and the HK redox sensing domain is required for its function in the photic
modulation of I-LNv activity. HK binds to the Ether-A-Gogo (EAG) potassium channel
family members. In the case of LNv activation, the relevant members are EAG and EAG-
Related-Gene (ERG). Thus, a model would be that upon blue-light activation, CRY activates
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HK through redox reactions and thus modulates HK/EAG and HK/ERG channels to
depolarize the large LNvs’ membrane potential and increase firing activity (figure 2). This
might be achieved through decreased kinetics of channel inactivation and increased K+
current based on studies with the Shaker channel (Pan et al., 2008; Weng et al., 2006). This
would hasten repolarization and subsequent firing. Whether CRY and HK directly interact is
not known, but potential biophysical mechanisms for their coupling have been proposed
(Hong et al., 2018).

What is the impact of this CRY-dependent regulation of neuronal activity? The I-LNvs
promote arousal, and indeed, cry mutant flies show defective arousal upon exposure to blue
light (Baik et al., 2017). Moreover, both HK and CRY defective flies show compromised
arousal to UV light pulses and UV avoidance (Baik et al., 2019; Baik et al., 2018; Baik et
al., 2017). Thus, a possible role for modulation of I-LNvs activity is the avoidance of
noxious light exposure. Surprisingly, a similar CRY-dependent mechanism is involved in
maintaining membrane physiology in larval salivary glands, which do not express other
circadian genes (Agrawal et al., 2017). Curiously, even though EAG and HK are involved (as
well as Shaker [SH], which HK can bind to (Wang and Wu, 1996)), CRY’s role in
controlling electrical input resistance is light-independent. In addition, CRY levels are not
light sensitive in larval salivary glands. CRY activity and levels are thus regulated very
differently there than in other tissues, and it will be critical to understand how in salivary
glands CRY functions in a light-independent manner.

CRY’s impact on visual photoreception

It was recently recognized that beside playing a role in the entrainment of the local circadian
clocks in visual photoreceptors, CRY can also interact with proteins critical for visual
photoreception. Indeed, CRY binds in a light-dependent manner to Inactivation No
Afterpotential D (INAD), a scaffolding protein for complexes involved in visual
phototransduction (Mazzotta et al., 2013). This interaction is mediated by CRY’s C-terminal
domain, which contains PDZ interacting motifs (Hemsley et al., 2007), and a region of
INAD that contains two PDZ domains. CRY also binds to F-actin and localizes to the
rhabdomeres (the site of light detection in visual photoreceptors) in a light-independent
manner (Schlichting et al., 2018). Surprisingly, CRY levels do not change in rhabdomeres in
the presence of light, but they do so in the cell body of visual photoreceptors. This means
that either the E3 ubiquitin ligase complex ubiquitinating CRY in a light-dependent manner
(and containing BRWD3 probably, see above) is excluded from the rhabdomeres, or it is
unable to bind CRY there, perhaps because CRY is bound to INAD.

Flies defective for CRY show reduced motion vision and phototaxism, decreased ability to
adjust the amount of locomotor activity as a function of light intensity during the day, and
weaker behavioral entrainment under red light/dark cycles (Schlichting et al., 2018;
Mazzotta et al., 2013). Since CRY does not detect red light, its role in the eyes for
entrainment is independent of CRY activation. Thus, CRY function in the rhabdomeres
might be structural, perhaps helping to properly align proteins in the phototransduction
cascade through its interaction with F-actin. However, the role of light-dependent INAD-
CRY interaction is not yet clear. In addition, CRY in the photoreceptors’ cell bodies is
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required for entrainment of the local circadian clocks, which then impact rhythms in visual
sensitivity and motion detection (Mazzotta et al., 2013; Emery et al., 2000b). Finally, in
visual photoreceptors, CRY can also interact in a light-dependent manner with Bruchpilot
(BRP), a key pre-synaptic active zone protein, and regulate its level (Damulewicz et al.,
2017). CRY might thus also impact synaptic connectivity or synaptic transmission in the
visual system.

CRY as a putative magnetoreceptor

How animals detect the Earth’s magnetic field is very poorly understood. Two main
hypotheses have been proposed. The first is the use of a magnetic iron oxide crystal called
magnetite, which is found in many species from magnetic field sensing bacteria to
vertebrates (Ritz et al., 2010). The second is based on the sensitivity of electron spins of
radical pairs to the magnetic field, which would affect the activity or conformation of a
protein (Ritz et al., 2010). Cryptochromes, interestingly, have the basic properties to
function as radical pair magnetic field sensors (Ritz et al., 2010; Muller and Ahmad, 2011).
Using a learning paradigm in which flies are trained to associate a strong magnetic field with
food, it was found that cry mutant flies show poor learning performances (Gegear et al.,
2008). It was also shown with this assay that blue/UV light, to which CRY is sensitive, is
required for magnetic field learning. This indicates that CRY is either able to sense the
magnetic field, or at least is part of a magnetosensing signaling cascade (perhaps also
containing a putative magnetosensor called MagR (Qin et al., 2016)). Interestingly, rescue
experiments with human CRY 2 indicate that this protein can substitute for Drosophila CRY,
and suggest that the magnetosensing function of cryptochromes could be conserved in
mammals (Foley et al., 2011). Further supporting the idea that CRY can sense the magnetic
field, it was shown that a CRY-dependent circadian light response (circadian locomotor
behavior of long period under low intensity constant light) is impacted by magnetic fields
and by the level and activity of CRY (Yoshii et al., 2009; Fedele et al., 2014a). Magnetic
fields can also alter negative geotaxis and locomator activity level, and Drosophila larvae
avoid a weak pulsed electromagnetic field in a CRY-dependent manner (Fedele et al., 201443;
Fedele et al., 2014b; Sherrard et al., 2018). Moreover, magnetic field-and CRY-dependent
seizures have been observed in Drosophilalarvae (Marley et al., 2014), and the ability of
CRY to promote neuronal activity of motoneurons (when ectopically expressed) is sensitive
to the magnetic field (Giachello et al., 2016).

Thus, that CRY is implicated in magnetic field sensing is supported by multiple
experimental approaches. However, conceptually, how CRY would provide directionality
sensing and thus be helpful for magnetic field orientation remains unclear. It would have to
be somehow organized in a geometric manner in order to provide directionality information.
One possibility is that its expression in the rhabdomeres of the compound eye provide the
needed geometry. One potential mechanism could involve the aforementioned light-
dependent interaction between CRY and INAD in rhabdomeres (Mazzotta et al., 2013),
which would be modulated by the magnetic field in a direction-dependent manner, affect the
efficiency of phototransduction in specific photoreceptor cells, and thus results in a
patterning “filter effect” of the field of vision, as proposed in the visual system of birds.
(Solov’yov et al., 2010). Interestingly, CRY expression in different visual photoreceptors
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cells can restore magnetic field suppression of negative geotactic responses, and flies
without eyes are defective in this assay (Fedele et al., 2014b). However, antennae also
appeared to be both necessary tissues and sufficient with CRY rescue. Finally, CRY
expression in M and E cell circadian neurons together was sufficient as well. It seems that
sensory input is required from both the antennae and the eyes for a normal behavioral
response in this assay, but CRY expression in these tissues is not necessary: rather CRY may
mediate magnetic-field-sensitive negative geotaxis independently from multiple sites. There
are other geometric structures in the insect brains, such as the central complex. Interestingly,
in butterflies, CRY?2 is present in neuronal projections of these structures, which are known
to play a critical role in flight orientation (Zhu et al., 2008). CRY is also detected in the
Ellipsoid bodies of fruit flies (Yoshii et al., 2008). Clearly, much more work is needed to
resolve the locus of CRY-mediated magnetoreception. Its molecular mechanism also needs
to be revisited with improved approaches such as CRISPR/Cas9 mutagenesis, as rescue
experiments with CRY mutant proteins have suggested that CRY-dependent
magnetoreception might be (at least partially) independent of the classical TRP triad (Gegear
et al., 2010; Fedele et al., 2014a).

Conclusion:

Drosophila CRY’s functions are remarkably diverse. After being discovered for its crucial
role as a circadian photoreceptor, CRY has now been implicated in modulation of visual
function, magnetoreception, neuronal firing, and can functions both in a light-dependent or
light-independent manner. Drosophila has proven to be a unique model organism to
understand cryptochrome function, with its genetic arsenal and wide range of behavioral and
physiological assays. The amazing progress made with genome editing now opens the way
to rigorously test putative roles for cryptochrome in various animal species, and to uncover
novel functions. For example, establishing genetically that cryptochromes are involved in
magnetoreception in vertebrates as has been proposed would be particularly important to
understand seasonal migration, and year-round orientation and navigation abilities. It would
also be fascinating to determine the role of cryptochromes in marine organisms such as
annelids or cnidarians, which use moonlight to coordinate reproduction (Levy et al., 2007;
Raible et al., 2017). As mentioned earlier, genome editing is also a very potent approach to
understand mechanistically the function of cryptochrome in vivo. There is thus little doubt
that the coming years of research will transform our understanding of cryptochromes.

Acknowledgments:

Patrick Emery’s lab is supported by a MIRA award from the National Institute of General Medicine Sciences
(1R35GM118087).

References:

Agrawal P, Houl JH, Gunawardhana KL, Liu T, Zhou J, Zoran MJ, and Hardin PE (2017). Drosophila
CRY Entrains Clocks in Body Tissues to Light and Maintains Passive Membrane Properties in a
Non-clock Body Tissue Independent of Light. Curr Biol 27, 2431-2441.e3.

Ahmad M, and Cashmore AR (1993). HY4 gene of A. thaliana encodes a protein with characteristics
of a blue-light photoreceptor. Nature 366, 162-166. [PubMed: 8232555]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foley and Emery

Page 11

Ahmad M, and Cashmore AR (1996). Seeing blue: the discovery of cryptochrome. Plant Mol Biol 30,
851-861. [PubMed: 8639745]

Ashmore LJ, and Sehgal A. (2003). A fly’s eye view of circadian entrainment. J Biol Rhythms 18,
206-216. [PubMed: 12828278]

Baik LS, Fogle KJ, Roberts L, Galschiodt AM, Chevez JA, Recinos Y, Nguy V, and Holmes TC
(2017). CRYPTOCHROME mediates behavioral executive choice in response to UV light. Proc
Natl Acad Sci U S A 114, 776-781. [PubMed: 28062690]

Baik LS, Recinos Y, Chevez JA, Au DD, and Holmes TC (2019). Multiple Phototransduction Inputs
Integrate to Mediate UV Light-evoked Avoidance/Attraction Behavior in Drosophila. J Biol
Rhythms 34, 391-400. [PubMed: 31140349]

Baik LS, Recinos Y, Chevez JA, and Holmes TC (2018). Circadian modulation of light-evoked
avoidance/attraction behavior in Drosophila. PLoS One 13, €0201927.

Berndt A, Kottke T, Breitkreuz H, Dvorsky R, Hennig S, Alexander M, and Wolf E. (2007). A novel
photoreaction mechanism for the circadian blue light photoreceptor Drosophila cryptochrome. J
Biol Chem 282, 13011-13021.

Busza A, Emery-Le M, Rosbash M, and Emery P. (2004). Roles of the two Drosophila
CRYPTOCHROME structural domains in circadian photoreception. Science 304, 1503-1506.
[PubMed: 15178801]

Busza A, Murad A, and Emery P. (2007). Interactions between circadian neurons control temperature

synchronization of Drosophila behavior. J Neurosci 27, 10722-10733.

Byrdin M, Eker AP, Vos MH, and Brettel K. (2003). Dissection of the triple tryptophan electron
transfer chain in Escherichia coli DNA photolyase: Trp382 is the primary donor in photoactivation.
Proc Natl Acad Sci U S A 100, 8676-8681. [PubMed: 12835419]

Collins B, Mazzoni EO, Stanewsky R, and Blau J. (2006). Drosophila CRYPTOCHROME is a
circadian transcriptional repressor. Curr Biol 16, 441-449. [PubMed: 16527739]

Czarna A, Berndt A, Singh HR, Grudziecki A, Ladurner AG, Timinszky G, Kramer A, and Wolf E.
(2013). Structures of Drosophila cryptochrome and mouse cryptochromel provide insight into
circadian function. Cell 153, 1394-1405. [PubMed: 23746849]

Damulewicz M, Mazzotta GM, Sartori E, Rosato E, Costa R, and Pyza EM (2017). Cryptochrome Is a
Regulator of Synaptic Plasticity in the Visual System of Drosophila melanogaster. Front Mol
Neurosci 10, 165. [PubMed: 28611590]

Dissel S, Codd V, Fedic R, Garner KJ, Costa R, Kyriacou CP, and Rosato E. (2004). A constitutively
active cryptochrome in Drosophila melanogaster. Nat Neurosci 7, 834-840. [PubMed: 15258584]

Dolezelova E, Dolezel D, and Hall JC (2007). Rhythm defects caused by newly engineered null
mutations in Drosophila’s cryptochrome gene. Genetics 177, 329-345. [PubMed: 17720919]

Eck S, Helfrich-Forster C, and Rieger D. (2016). The Timed Depolarization of Morning and Evening
Oscillators Phase Shifts the Circadian Clock of Drosophila. J Biol Rhythms 31, 428-442.
[PubMed: 27269519]

Emery P, So WV, Kaneko M, Hall JC, and Rosbash M. (1998). CRY, a Drosophila clock and light-
regulated cryptochrome, is a major contributor to circadian rhythm resetting and photosensitivity.
Cell 95, 669-679. [PubMed: 9845369]

Emery P, Stanewsky R, Hall JC, and Roshash M. (2000a). A unique circadian-rhythm photoreceptor.
Nature 404, 456-457. [PubMed: 10761904]

Emery P, Stanewsky R, Helfrich-Forster C, Emery-Le M, Hall JC, and Roshash M. (2000b).
Drosophila CRY is a deep brain circadian photoreceptor. Neuron 26, 493-504. [PubMed:
10839367]

Fedele G, Edwards MD, Bhutani S, Hares JM, Murbach M, Green EW, Dissel S, Hastings MH, Rosato
E, and Kyriacou CP (2014a). Genetic analysis of circadian responses to low frequency
electromagnetic fields in Drosophila melanogaster. PLoS Genet 10, e1004804.

Fedele G, Green EW, Rosato E, and Kyriacou CP (2014b). An electromagnetic field disrupts negative
geotaxis in Drosophila via a CRY-dependent pathway. Nat Commun 5, 4391. [PubMed: 25019586]

Fogle KJ, Baik LS, Houl JH, Tran TT, Roberts L, Dahm NA, Cao Y, Zhou M, and Holmes TC (2015).
CRYPTOCHROME-mediated phototransduction by modulation of the potassium ion channel B-
subunit redox sensor. Proc Natl Acad Sci U S A 112, 2245-2250. [PubMed: 25646452]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foley and Emery

Page 12

Fogle KJ, Parson KG, Dahm NA, and Holmes TC (2011). CRYPTOCHROME is a blue-light sensor
that regulates neuronal firing rate. Science 331, 1409-1413. [PubMed: 21385718]

Foley LE, Gegear RJ, and Reppert SM (2011). Human cryptochrome exhibits light-dependent
magnetosensitivity. Nat Commun 2, 356. [PubMed: 21694704]

Frank KD, and Zimmerman WF (1969). Action spectra for phase shifts of a circadian rhythm in
Drosophila. Science 163, 688-689. [PubMed: 5762935]

Froy O, Chang DC, and Reppert SM (2002). Redox potential: differential roles in dCRY and mCRY1
functions. Curr Biol 12, 147-152. [PubMed: 11818067]

Ganguly A, Manahan CC, Top D, Yee EF, Lin C, Young MW, Thiel W, and Crane BR (2016). Changes
in active site histidine hydrogen bonding trigger cryptochrome activation. Proc Natl Acad Sci U S
A 113, 10073-10078.

Gegear RJ, Casselman A, Waddell S, and Reppert SM (2008). Cryptochrome mediates light-dependent
magnetosensitivity in Drosophila. Nature 454, 1014-1018. [PubMed: 18641630]

Gegear RJ, Foley LE, Casselman A, and Reppert SM (2010). Animal cryptochromes mediate
magnetoreception by an unconventional photochemical mechanism. Nature 463, 804-807.
[PubMed: 20098414]

Giachello CN, Scrutton NS, Jones AR, and Baines RA (2016). Magnetic Fields Modulate Blue-Light-
Dependent Regulation of Neuronal Firing by Cryptochrome. J Neurosci 36, 10742-10749.

Grima B, Chélot E, Xia R, and Rouyer F. (2004). Morning and evening peaks of activity rely on
different clock neurons of the Drosophila brain. Nature 431, 869-873. [PubMed: 15483616]

Grima B, Dognon A, Lamouroux A, Chélot E, and Rouyer F. (2012). CULLIN-3 controls TIMELESS
oscillations in the Drosophila circadian clock. PLoS Biol 10, e1001367.

Grima B, Lamouroux A, Chélot E, Papin C, Limbourg-Bouchon B, and Rouyer F. (2002). The F-box
protein slimb controls the levels of clock proteins period and timeless. Nature 420, 178-182.
[PubMed: 12432393]

Guo F, Cerullo I, Chen X, and Roshash M. (2014). PDF neuron firing phase-shifts key circadian
activity neurons in Drosophila. Elife 3,

Hamada FN, Rosenzweig M, Kang K, Pulver SR, Ghezzi A, Jegla TJ, and Garrity PA (2008). An
internal thermal sensor controlling temperature preference in Drosophila. Nature 454, 217-220.
[PubMed: 18548007]

Helfrich-Forster C, Winter C, Hofbauer A, Hall JC, and Stanewsky R. (2001). The circadian clock of
fruit flies is blind after elimination of all known photoreceptors. Neuron 30, 249-261. [PubMed:
11343659]

Hemsley MJ, Mazzotta GM, Mason M, Dissel S, Toppo S, Pagano MA, Sandrelli F, Meggio F, Rosato
E, Costa R, and Tosatto SC (2007). Linear motifs in the C-terminus of D. melanogaster
cryptochrome. Biochem Biophys Res Commun 355, 531-537. [PubMed: 17306225]

Hoang N, Schleicher E, Kacprzak S, Bouly JP, Picot M, Wu W, Berndt A, Wolf E, Bittl R, and Ahmad
M. (2008). Human and Drosophila cryptochromes are light activated by flavin photoreduction in
living cells. PLoS Biol 6, e160.

Hoffman PD, Batschauer A, and Hays JB (1996). PHH1, a novel gene from Arabidopsis thaliana that
encodes a protein similar to plant blue-light photoreceptors and microbial photolyases. Mol Gen
Genet 253, 259-265. [PubMed: 9003312]

Hong G, Pachter R, and Ritz T. (2018). Coupling Drosophila melanogaster Cryptochrome Light
Activation and Oxidation of the Kvp Subunit Hyperkinetic NADPH Cofactor. J Phys Chem B 122,
6503-6510. [PubMed: 29847128]

Hsu DS, Zhao X, Zhao S, Kazantsev A, Wang RP, Todo T, Wei YF, and Sancar A. (1996). Putative
human blue-light photoreceptors hCRY1 and hCRY2 are flavoproteins. Biochemistry 35, 13871—
13877.

Hunter-Ensor M, Ousley A, and Sehgal A. (1996). Regulation of the Drosophila protein timeless
suggests a mechanism for resetting the circadian clock by light. Cell 84, 677-685. [PubMed:
8625406]

Ito C, Goto SG, Shiga S, Tomioka K, and Numata H. (2008). Peripheral circadian clock for the cuticle
deposition rhythm in Drosophila melanogaster. Proc Natl Acad Sci U S A 105, 8446-8451.
[PubMed: 18539772]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foley and Emery

Page 13

Ivanchenko M, Stanewsky R, and Giebultowicz JM (2001). Circadian photoreception in Drosophila:
functions of cryptochrome in peripheral and central clocks. J Biol Rhythms 16, 205-215.
[PubMed: 11407780]

Keene AC, Mazzoni EO, Zhen J, Younger MA, Yamaguchi S, Blau J, Desplan C, and Sprecher SG
(2011). Distinct visual pathways mediate Drosophila larval light avoidance and circadian clock
entrainment. J Neurosci 31, 6527-6534. [PubMed: 21525293]

Kistenpfennig C, Grebler R, Ogueta M, Hermann-Luibl C, Schlichting M, Stanewsky R, Senthilan PR,
and Helfrich-Forster C. (2017). A New Rhodopsin Influences Light-dependent Daily Activity
Patterns of Fruit Flies. J Biol Rhythms 32, 406-422. [PubMed: 28840790]

Ko HW, Jiang J, and Edery 1. (2002). Role for Slimb in the degradation of Drosophila Period protein
phosphorylated by Doubletime. Nature 420, 673-678. [PubMed: 12442174]

Koh K, Zheng X, and Sehgal A. (2006). JETLAG resets the Drosophila circadian clock by promoting
light-induced degradation of TIMELESS. Science 312, 1809-1812. [PubMed: 16794082]

Krishnan B, Levine JD, Lynch MK, Dowse HB, Funes P, Hall JC, Hardin PE, and Dryer SE (2001). A
new role for cryptochrome in a Drosophila circadian oscillator. Nature 411, 313-317. [PubMed:
11357134]

Kume K, Zylka MJ, Sriram S, Shearman LP, Weaver DR, Jin X, Maywood ES, Hastings MH, and
Reppert SM (1999). mCRY1 and mCRY2 are essential components of the negative limb of the
circadian clock feedback loop. Cell 98, 193-205. [PubMed: 10428031]

Lamba P, Bilodeau-Wentworth D, Emery P, and Zhang Y. (2014). Morning and evening oscillators
cooperate to reset circadian behavior in response to light input. Cell Rep 7, 601-608. [PubMed:
24746814]

Lamba P, Foley LE, and Emery P. (2018). Neural Network Interactions Modulate CRY-Dependent
Photoresponses in. J Neurosci 38, 6161-6171. [PubMed: 29875268]

Lee C, Parikh V, Itsukaichi T, Bae K, and Edery 1. (1996). Resetting the Drosophila clock by photic
regulation of PER and a PER-TIM complex. Science 271, 1740-1744. [PubMed: 8596938]

Levine JD, Casey Cl, Kalderon DD, and Jackson FR (1994). Altered circadian pacemaker functions
and cyclic AMP rhythms in the Drosophila learning mutant dunce. Neuron 13, 967-974. [PubMed:
7946340]

Levine JD, Funes P, Dowse HB, and Hall JC (2002a). Advanced analysis of a cryptochrome mutation’s
effects on the robustness and phase of molecular cycles in isolated peripheral tissues of
Drosophila. BMC Neurosci 3, 5. [PubMed: 11960556]

Levine JD, Funes P, Dowse HB, and Hall JC (2002b). Resetting the circadian clock by social
experience in Drosophila melanogaster. Science 298, 2010-2012. [PubMed: 12471264]

Levy C, Zoltowski BD, Jones AR, Vaidya AT, Top D, Widom J, Young MW, Scrutton NS, Crane BR,
and Leys D. (2013). Updated structure of Drosophila cryptochrome. Nature 495, E3-4. [PubMed:
23518567]

Levy O, Appelbaum L, Leggat W, Gothlif Y, Hayward DC, Miller DJ, and Hoegh-Guldberg O. (2007).
Light-responsive cryptochromes from a simple multicellular animal, the coral Acropora millepora.
Science 318, 467-470. [PubMed: 17947585]

Li MT, Cao LH, Xiao N, Tang M, Deng B, Yang T, Yoshii T, and Luo DG (2018). Hub-organized
parallel circuits of central circadian pacemaker neurons for visual photoentrainment in Drosophila.
Nat Commun 9, 4247. [PubMed: 30315165]

Liang X, Holy TE, and Taghert PH (2016). Synchronous Drosophila circadian pacemakers display
nonsynchronous Ca2+ rhythms in vivo. Science 351, 976-981. [PubMed: 26917772]

Lin C, Top D, Manahan CC, Young MW, and Crane BR (2018). Circadian clock activity of
cryptochrome relies on tryptophan-mediated photoreduction. Proc Natl Acad Sci U S A 115,
3822-3827. [PubMed: 29581265]

Lin FJ, Song W, Meyer-Bernstein E, Naidoo N, and Sehgal A. (2001). Photic signaling by
cryptochrome in the Drosophila circadian system. Mol Cell Biol 21, 7287-7294. [PubMed:
11585911]

Marley R, Giachello CN, Scrutton NS, Baines RA, and Jones AR (2014). Cryptochrome-dependent
magnetic field effect on seizure response in Drosophila larvae. Sci Rep 4, 5799. [PubMed:
25052424]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foley and Emery

Page 14

Marrus SB, Zeng H, and Rosbash M. (1996). Effect of constant light and circadian entrainment of perS
flies: evidence for light-mediated delay of the negative feedback loop in Drosophila. EMBO J 15,
6877-6886. [PubMed: 9003764]

Mazzoni EO, Desplan C, and Blau J. (2005). Circadian pacemaker neurons transmit and modulate
visual information to control a rapid behavioral response. Neuron 45, 293-300. [PubMed:
15664180]

Mazzotta G, Rossi A, Leonardi E, Mason M, Bertolucci C, Caccin L, Spolaore B, Martin AJ,
Schlichting M, Grebler R, Helfrich-Férster C, Mammi S, Costa R, and Tosatto SC (2013). Fly
cryptochrome and the visual system. Proc Natl Acad Sci U S A 110, 6163-6168. [PubMed:
23536301]

Merlin C, Beaver LE, Taylor OR, Wolfe SA, and Reppert SM (2013). Efficient targeted mutagenesis in
the monarch butterfly using zinc-finger nucleases. Genome Res 23, 159-168. [PubMed:
23009861]

Michael AK, Fribourgh JL, Van Gelder RN, and Partch CL (2017). Animal Cryptochromes: Divergent
Roles in Light Perception, Circadian Timekeeping and Beyond. Photochem Photobiol 93, 128
140. [PubMed: 27891621]

Miyamoto Y, and Sancar A. (1998). Vitamin B2-based blue-light photoreceptors in the
retinohypothalamic tract as the photoactive pigments for setting the circadian clock in mammals.
Proc Natl Acad Sci U S A 95, 6097-6102. [PubMed: 9600923]

Muiller P, and Ahmad M. (2011). Light-activated cryptochrome reacts with molecular oxygen to form a
flavin-superoxide radical pair consistent with magnetoreception. J Biol Chem 286, 21033-21040.

Myers MP, Wager-Smith K, Rothenfluh-Hilfiker A, and Young MW (1996). Light-induced degradation
of TIMELESS and entrainment of the Drosophila circadian clock. Science 271, 1736-1740.
[PubMed: 8596937]

Naidoo N, Song W, Hunter-Ensor M, and Sehgal A. (1999). A role for the proteasome in the light
response of the timeless clock protein. Science 285, 1737-1741. [PubMed: 10481010]

Ni JD, Baik LS, Holmes TC, and Montell C. (2017). A rhodopsin in the brain functions in circadian
photoentrainment in Drosophila. Nature 545, 340-344. [PubMed: 28489826]

Nitabach MN, and Taghert PH (2008). Organization of the Drosophila circadian control circuit. Curr
Biol 18, R84-93. [PubMed: 18211849]

Oztlrk N, Selby CP, Annayev Y, Zhong D, and Sancar A. (2011). Reaction mechanism of Drosophila
cryptochrome. Proc Natl Acad Sci U S A 108, 516-521. [PubMed: 21187431]

Oztlirk N, Selby CP, Zhong D, and Sancar A. (2014). Mechanism of photosignaling by Drosophila
cryptochrome: role of the redox status of the flavin chromophore. J Biol Chem 289, 4634-4642.
[PubMed: 24379403]

Oztlrk N, Song SH, Selby CP, and Sancar A. (2008). Animal type 1 cryptochromes. Analysis of the
redox state of the flavin cofactor by site-directed mutagenesis. J Biol Chem 283, 3256-3263.
[PubMed: 18056988]

Oztlirk N, VanVickle-Chavez SJ, Akileswaran L, Van Gelder RN, and Sancar A. (2013). Ramshackle
(Brwd3) promotes light-induced ubiquitylation of Drosophila Cryptochrome by DDB1-CUL4-
ROC1 E3 ligase complex. Proc Natl Acad Sci U S A 110, 4980-4985. [PubMed: 23479607]

Pan 'Y, Weng J, Cao Y, Bhosle RC, and Zhou M. (2008). Functional coupling between the Kv1.1
channel and aldoketoreductase Kvbetal. J Biol Chem 283, 8634-8642. [PubMed: 18222921]

Peschel N, Chen KF, Szabo G, and Stanewsky R. (2009). Light-dependent interactions between the
Drosophila circadian clock factors cryptochrome, jetlag, and timeless. Curr Biol 19, 241-247.
[PubMed: 19185492]

Peschel N, Veleri S, and Stanewsky R. (2006). Veela defines a molecular link between Cryptochrome
and Timeless in the light-input pathway to Drosophila’s circadian clock. Proc Natl Acad Sci U S A
103, 17313-17318.

Plautz JD, Kaneko M, Hall JC, and Kay SA (1997). Independent photoreceptive circadian clocks
throughout Drosophila. Science 278, 1632-1635. [PubMed: 9374465]

Pulver SR, Pashkovski SL, Hornstein NJ, Garrity PA, and Griffith LC (2009). Temporal dynamics of
neuronal activation by Channelrhodopsin-2 and TRPA1 determine behavioral output in Drosophila
larvae. J Neurophysiol 101, 3075-3088. [PubMed: 19339465]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foley and Emery

Page 15

Qin S, Yin H, Yang C, Dou Y, Liu Z, Zhang P, Yu H, Huang Y, Feng J, Hao J, Hao J, Deng L, Yan X,
Dong X, Zhao Z, Jiang T, Wang HW, Luo SJ, and Xie C. (2016). A magnetic protein biocompass.
Nat Mater 15, 217-226. [PubMed: 26569474]

Raible F, Takekata H, and Tessmar-Raible K. (2017). An Overview of Monthly Rhythms and Clocks.
Front Neurol 8, 189. [PubMed: 28553258]

Renn SC, Park JH, Rosbash M, Hall JC, and Taghert PH (1999). A pdf neuropeptide gene mutation
and ablation of PDF neurons each cause severe abnormalities of behavioral circadian rhythms in
Drosophila. Cell 99, 791-802. [PubMed: 10619432]

Reppert SM (2007). The ancestral circadian clock of monarch butterflies: role in time-compensated
sun compass orientation. Cold Spring Harb Symp Quant Biol 72, 113-118. [PubMed: 18419268]

Rieger D, Shafer OT, Tomioka K, and Helfrich-Forster C. (2006). Functional analysis of circadian
pacemaker neurons in Drosophila melanogaster. J Neurosci 26, 2531-2543. [PubMed: 16510731]

Ritz T, Yoshii T, Helfrich-Foerster C, and Ahmad M. (2010). Crytpchrome: a photoreceptor with the
proerties of a magnetoreceptor? Comm. & Int. Biol 3, 24-27.

Roberts L, Leise TL, Noguchi T, Galschiodt AM, Houl JH, Welsh DK, and Holmes TC (2015). Light
evokes rapid circadian network oscillator desynchrony followed by gradual phase retuning of
synchrony. Curr Biol 25, 858-867. [PubMed: 25754644]

Sancar A. (2008). Structure and function of photolyase and in vivo enzymology: 50th anniversary. J
Biol Chem 283, 32153-32157. [PubMed: 18682397]

Schlichting M, Rieger D, Cusumano P, Grebler R, Costa R, Mazzotta GM, and Helfrich-Forster C.
(2018). Cryptochrome Interacts With Actin and Enhances Eye-Mediated Light Sensitivity of the
Circadian Clock in. Front Mol Neurosci 11, 238. [PubMed: 30072870]

Selby CP, and Sancar A. (2012). The second chromophore in Drosophila photolyase/cryptochrome
family photoreceptors. Biochemistry 51, 167-171. [PubMed: 22175817]

Senthilan PR, Grebler R, Reinhard N, Rieger D, and Helfrich-Forster C. (2019). Role of Rhodopsins as
Circadian Photoreceptors in the Drosophila melanogaster. Biology (Basel) 8,

Shang Y, Griffith LC, and Rosbhash M. (2008). Light-arousal and circadian photoreception circuits
intersect at the large PDF cells of the Drosophila brain. Proc Natl Acad Sci U S A 105, 19587-
19594. [PubMed: 19060186]

Sheeba V, Gu H, Sharma VK, O’Dowd DK, and Holmes TC (2008). Circadian-and light-dependent
regulation of resting membrane potential and spontaneous action potential firing of Drosophila
circadian pacemaker neurons. J Neurophysiol 99, 976-988. [PubMed: 18077664]

Sherrard RM, Morellini N, Jourdan N, EI-Esawi M, Arthaut LD, Niessner C, Rouyer F, Klarsfeld A,
Doulazmi M, Witczak J, d’Harlingue A, Mariani J, Mclure I, Martino CF, and Ahmad M. (2018).
Low-intensity electromagnetic fields induce human cryptochrome to modulate intracellular
reactive oxygen species. PLoS Biol 16, e2006229.

Solov’yov IA, Mouritsen H, and Schulten K. (2010). Acuity of a cryptochrome and vision-based
magnetoreception system in birds. Biophys J 99, 40-49. [PubMed: 20655831]

Stanewsky R, Kaneko M, Emery P, Beretta B, Wager-Smith K, Kay SA, Rosbash M, and Hall JC

(1998). The cryb mutation identifies cryptochrome as a circadian photoreceptor in Drosophila.
Cell 95, 681-692. [PubMed: 9845370]

Stoleru D, Peng Y, Agosto J, and Rosbhash M. (2004). Coupled oscillators control morning and evening
locomotor behaviour of Drosophila. Nature 431, 862-868. [PubMed: 15483615]

Stoleru D, Peng Y, Nawathean P, and Rosbhash M. (2005). A resetting signal between Drosophila
pacemakers synchronizes morning and evening activity. Nature 438, 238-242. [PubMed:
16281038]

Suri V, Qian Z, Hall JC, and Rosbash M. (1998). Evidence that the TIM light response is relevant to
light-induced phase shifts in Drosophila melanogaster. Neuron 21, 225-234. [PubMed: 9697866]

Tang CH, Hinteregger E, Shang Y, and Rosbash M. (2010). Light-mediated TIM degradation within
Drosophila pacemaker neurons (s-LNvs) is neither necessary nor sufficient for delay zone phase
shifts. Neuron 66, 378-385. [PubMed: 20471351]

Thresher RJ, Vitaterna MH, Miyamoto Y, Kazantsev A, Hsu DS, Petit C, Selby CP, Dawut L, Smithies
O, Takahashi JS, and Sancar A. (1998). Role of mouse cryptochrome blue-light photoreceptor in
circadian photoresponses. Science 282, 1490-1494. [PubMed: 9822380]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Foley and Emery

Page 16

Vaidya AT, Top D, Manahan CC, Tokuda JM, Zhang S, Pollack L, Young MW, and Crane BR (2013).
Flavin reduction activates Drosophila cryptochrome. Proc Natl Acad Sci U S A 110, 20455-
20460.

van der Horst GT, Muijtjens M, Kobayashi K, Takano R, Kanno S, Takao M, de Wit J, Verkerk A, Eker
AP, van Leenen D, Buijs R, Bootsma D, Hoeijmakers JH, and Yasui A. (1999). Mammalian Cry1
and Cry?2 are essential for maintenance of circadian rhythms. Nature 398, 627-630. [PubMed:
10217146]

Vieira J, Jones AR, Danon A, Sakuma M, Hoang N, Robles D, Tait S, Heyes DJ, Picot M, Yoshii T,
Helfrich-Forster C, Soubigou G, Coppee JY, Klarsfeld A, Rouyer F, Scrutton NS, and Ahmad M.
(2012). Human cryptochrome-1 confers light independent biological activity in transgenic
Drosophila correlated with flavin radical stability. PLoS One 7, e31867.

Vinayak P, Coupar J, Hughes SE, Fozdar P, Kilby J, Garren E, Yoshii T, and Hirsh J. (2013). Exquisite
light sensitivity of Drosophila melanogaster cryptochrome. PLoS Genet 9, e1003615.

Wang JW, and Wu CF (1996). In vivo functional role of the Drosophila hyperkinetic beta subunit in
gating and inactivation of Shaker K+ channels. Biophys J 71, 3167-3176. [PubMed: 8968587]

Weng J, Cao Y, Moss N, and Zhou M. (2006). Modulation of voltage-dependent Shaker family
potassium channels by an aldo-keto reductase. J Biol Chem 281, 15194-15200.

Yadlapalli S, Jiang C, Bahle A, Reddy P, Meyhofer E, and Shafer OT (2018). Circadian clock neurons
constantly monitor environmental temperature to set sleep timing. Nature 555, 98-102. [PubMed:
29466329]

Yang Z, Emerson M, Su HS, and Sehgal A. (1998). Response of the timeless protein to light correlates
with behavioral entrainment and suggests a nonvisual pathway for circadian photoreception.
Neuron 21, 215-223. [PubMed: 9697865]

Yao Z, and Shafer OT (2014). The Drosophila circadian clock is a variably coupled network of
multiple peptidergic units. Science 343, 1516-1520. [PubMed: 24675961]

Yoshii T, Ahmad M, and Helfrich-Férster C. (2009). Cryptochrome mediates light-dependent
magnetosensitivity of Drosophila’s circadian clock. PLoS Biol 7, e1000086.

Yoshii T, Hermann C, and Helfrich-Forster C. (2010). Cryptochrome-positive and -negative clock
neurons in Drosophila entrain differentially to light and temperature. J Biol Rhythms 25, 387-
398. [PubMed: 21135155]

Yoshii T, Todo T, Wiilbeck C, Stanewsky R, and Helfrich-Forster C. (2008). Cryptochrome is present
in the compound eyes and a subset of Drosophila’s clock neurons. J Comp Neurol 508, 952—-966.
[PubMed: 18399544]

Yuan Q, Metterville D, Briscoe AD, and Reppert SM (2007). Insect cryptochromes: gene duplication
and loss define diverse ways to construct insect circadian clocks. Mol Biol Evol 24, 948-955.
[PubMed: 17244599]

Zeng H, Hardin PE, and Rosbash M. (1994). Constitutive overexpression of the Drosophila period
protein inhibits period mRNA cycling. EMBO J 13, 3590-3598. [PubMed: 8062834]

Zeng H, Qian Z, Myers MP, and Rosbash M. (1996). A light-entrainment mechanism for the
Drosophila circadian clock. Nature 380, 129-135. [PubMed: 8600384]

Zhang Y, and Emery P. (2012). Molecular and neural control of insect circadian rhythms In Insect
molecular biology and biochemistry, Gilbert L, Academic Press), pp. 513-541.

Zhu H, Sauman I, Yuan Q, Casselman A, Emery-Le M, Emery P, and Reppert SM (2008).
Cryptochromes define a novel circadian clock mechanism in monarch butterflies that may
underlie sun compass navigation. PLoS Biol 6, e4.

Zimmerman WF, and Goldsmith TH (1971). Photosensitivity of the circadian rhythm and of visual
receptors in carotenoid-depleted Drosophila. Science 171, 1167-1169. [PubMed: 5544875]

Zoltowski BD, Vaidya AT, Top D, Widom J, Young MW, and Crane BR (2011). Structure of full-
length Drosophila cryptochrome. Nature 480, 396-399. [PubMed: 22080955]

J Biol Rhythms. Author manuscript; available in PMC 2020 July 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Foley and Emery

Page 17

T

(

UV/Blue A

E3
Ubiquitin
Ligase
Complex

Substrate
Recognition
Subunit

Proteasomal Degradation/
Clock Resetting

£ b

CUL4 E3 R ‘}
(\ PERSS
NS

%% <Pv4l>

Light:’

SLI
culaes  BRWD3 000 ﬂ@“‘v

Figure 1.
Light activation of CRY resets the circadian clock. In the dark (left), CRY’s C-terminal tail

(CTT) occludes key binding sites for TIM and the E3 ligase subunits JET and BRWD3. TIM
and PER are bound in a repressive complex. Light activation of CRY (right) causes a
conformational change that involves release of the CTT and exposure of interaction surfaces.
TIM associates with CRY and JET, and is ubiquitinated (U) by the JET/CUL1 E3 ligase.
CRY associates with the BRWD3/CUL4 E3 ligase and is ubiquitinated. PER is unbound
from TIM and progressively phosphorylated (P). This promotes binding and ubiquitination
by the SLIMB/CULL E3 ligase. Ubiquitination of TIM, CRY and PER targets them for
proteasomal degradation, resetting the clock.
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Figure 2.
Model for CRY’s light-dependent regulation of the I-LNvs’ firing rate. In the dark (left),

CRY is inactive and its cofactor FAD is in the oxidized state. The potassium channel g
subunit, hyperkinetic (HK), primarily binds the cofactor NADPH. Light activation of CRY
(right) leads to reduction of its FAD cofactor, which directly or indirectly would oxidize the
HK cofactor to NADP*. This would in turn modulate potassium channel current, and
increase membrane depolarization and firing rate.”
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