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For over 100 years it has been known that a
blue light photoreceptor regulates growth and
development in plants under low-light conditions. These photoreceptors were termed
cryptochomes (CRYs) because of their importance in cryptogamic plants and the
cryptic aspects of their function and photochemistry (1, 2). Despite decades of progress
into their structure and photochemistry
(discussed below), several elements of CRY’s
photocycle and signaling mechanisms remain fiercely debated. These debates center
on sequence conservation within the CRY/
photolyase family (CPF). Despite high sequence similarities, CPF members demonstrate functions ranging from DNA repair
enzymes (photolyases) to blue light-regulated
growth, development, and circadian rhythms
in diverse organisms (CRYs) (3). In all cases,
CPF function hinges upon a bound flavin
adenine dinucleotide (FAD) cofactor that undergoes interconversion between several redox states (Fig. 1). Currently, the nature of
the ground and excited states of FAD, the
presence and role of secondary pigments,
and the requirement of a conserved sequence
of three Trp residues (Trp triad) remain controversial (3, 4). Debates stem from the difficulties of resolving contradictions between in

vitro photochemical experiments and in vivo
biological function (4). These conflicts are further exacerbated by apparent differences
within the CPF family. For instance, the
Arabidopsis thaliana AtCRY1 and AtCRY2
proteins reportedly differ in the requirement
of the Trp triad for function: the Trp triad is
not required for signaling in CRY2 (5), but
was reported to be required for CRY1 function in vivo (6). In PNAS, Gao et al. elegantly
demonstrate that the Trp triad is indeed not
required for in vivo function of AtCRY1
and that photochemical activation of Trp
triad mutants is not dependent upon ATP
or other metabolites (7). In this manner,
Gao et al. clarify two conflicts in CRY
chemistry and function regarding the biological role of the Trp triad. Thereby, they
present a more unified understanding of
CRY photochemistry.
CRY Structure and Signaling
Mechanisms

In A. thaliana, AtCRY1 and AtCRY2 function as UV-A/blue light photoreceptors to
regulate hypocotyl elongation and photoperiodic control of floral initiation, respectively
(8). In addition, these proteins play a wide
role in plant physiology, where they affect

Fig. 1. CRY structure and chemistry. (A) CRY proteins are believed to exist in an oxidized FAD ground state. Photoactivation generates the one-electron reduced anionic or neutral semiquinones. Further reduction is possible to the twoelectron hydroquinone that functions as the ground state in photolyases. (B) Structure of dCRY (PDB ID code 4GU5). The
PHR is composed of an N-terminal αβ domain (orange) and a C-terminal helical domain (pink). The CCE (red) docks to a
solvent-exposed cleft adjacent to the FAD (yellow) in the dark. (C) The Trp triad is conserved in dCRY and AtCRY1 as well
as photolyases (Arabidopsis thaliana 6-4 photolyase: At-64) and light independent mouse CRY2 (mCRY2).
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circadian rhythms, stress responses, and
programmed cell death, among others. The
wide-ranging function of CRY proteins in
plants has led to significant interest in their
photochemical mechanisms and downstream
signal transduction. Currently, much of our
understanding of AtCRY function stems
from structural and chemical studies of the
broader CPF.
Structural and biochemical studies of CPF
proteins indicate that CRYs can be differentiated from photolyases based on two primary elements. First, CRYs are distinguished
by their inability to recognize and repair
cyclobutane pyrimidine dimers or 6-4 DNA
lesions. Second, in addition to the conserved
N-terminal photocatalytic core (photolyase
homology region; PHR), CRYs contain a
C-terminal extension (CCE) to the PHR that
is species-specific and often dictates protein
function (Fig. 1B). For example, in crystal
structures of Drosophila CRY (dCRY) the
CCE docks to a solvent-exposed cleft adjacent to the photocatalytic FAD under darkstate conditions (9). Photo- or chemical reduction of the FAD then releases the CCE to
engage interaction partners (Timeless) and
target CRY for degradation (10). Although
only structures of the isolated PHR domain of AtCRY1 are currently available,
biochemical studies suggest plant CRYs conserve a similar mechanism.
Biological studies of AtCRY1/2 indicate
that the CCE is both necessary and sufficient
for signal transduction in vivo. The functional role of the CCE was elegantly demonstrated in a series of experiments where the
isolated CCE was fused to a carrier protein.
These studies showed that when the CCE is
fused to dimerization domains, the chimera
proteins exhibit constitutive activity (11, 12).
These findings led to a conclusion that the
CCE retains the required signaling elements,
whereas the PHR domain imparts lightregulated control of CCE function and
dimerization. Solution studies of AtCRY
proteins confirmed that the PHR domain
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dictates light-regulated control of CCE folding and release. Limited proteolysis assays
demonstrate that the CCE is sequestered by
the PHR in the dark but is released upon
photoactivation (13). Combined, these elements provided a tentative model of AtCRY
regulation. Upon photoactivation, the
CCE is released from the core PHR,
allowing it to engage the COP1 associated signaling components and in this
manner inhibiting the activity of COP1
(8, 11). Thus, a consensus model of CRY
activation in both animals and plants
involves the blue light-induced release of
the CCE to engage downstream targets
and initiate signaling (3). In contrast,
how CCE release is coupled to CRY chemistry is unclear.

Downloaded by guest on December 5, 2021

CRY Photochemistry

Most knowledge of CRY photochemistry
stems from decades of research into the
mechanism of photolyases. Photolyase activation involves two cofactors, the catalytic
FAD in a two-electron reduced FADH– state
and an antennae cofactor that can vary in
identity (i.e., MTHF, HDF, flavins). Activation of photolyases is achieved by absorption
of UV-A light by the antennae cofactor,
which induces electron transfer from FADH–
to the DNA lesion (3, 8). Importantly, a
second electron transfer pathway exists in
photolyases and is composed of a series of
three Trp residues (Trp triad) forming a
pathway from the catalytic FAD to the protein surface (Fig. 1C) (3). The Trp triad is not
required for DNA repair (14), but is believed
to be important in maintaining population of
the FADH– state.
Characterization of recombinant plant and
animal CRYs suggested key differences from
the consensus photolyase mechanism. First,
CRY proteins purify with bound oxidized
FAD (1). Second, CRY proteins typically do
not bind an antennae pigment, and CRY
structures indicate key residue substitutions
in the antennae binding pockets that would
occlude cofactor recognition (9, 15). Thus,
researchers proposed that CRY proteins
function independently of an antennae pigment and use oxidized FAD as the ground
state. In addition, in vitro studies of CRY
photochemistry indicated that photoreduction of oxidized FAD to either the neutral
(FADH) or anionic (FAD–) semiquinone
required the presence of the Trp triad and
external electron donors (4, 9). These studies
led to a proposed mechanism for CRY activation,
whereby, blue light excitation of an oxidized
FAD ground state induced electron transfer
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through the Trp triad to generate a semiquinone signaling state (Fig. 1).
These initial proposed mechanisms were
contentious because they contrasted with expected results from in vivo cellular conditions. For example, cellular reduction potentials are sufficient to support bound FAD in the

Gao et al. clarify two
conflicts in CRY chemistry
and function regarding
the biological role of the
Trp triad.
reduced semiquinone or hydroquinone states,
thereby contradicting an oxidized FAD
ground state (16). In addition, characterization of dCRY and AtCRY2 indicated
that the Trp triad was not required for in
vivo function (5, 17). These results contrasted with both the in vitro photochemical mechanisms requiring the Trp triad,
as well as data suggesting the Trp triad
was required for AtCRY1 function in vivo
(6). Researchers contended that the in vitro
data reflected artifacts resulting from oxygenrich conditions under which CRY proteins
were purified.
Several recent studies have attempted to
reconcile the differences between in vitro photochemical experiments and the contrasting in
vivo data. Spectroscopic studies of CRY proteins in a cellular system confirmed an oxidized FAD ground state under cellular
conditions (18). These proteins, including Trp
triad mutants, rapidly photoreduce in the
presence of blue light to generate semiquinone
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intermediates (18). The ability to rescue
photoreduction efficiency in a cellular system
led to a hypothesis that cellular metabolites, such as ATP and NADH, may contribute to photoreduction in CRY proteins.
Indeed supplementation of recombinant
CRYs with ATP rescued photoreduction
deficiencies of Trp triad mutants (4). These
studies seemed to reconcile key elements of
CRY photochemistry. Namely, they confirmed that under cellular conditions, CRYs
exist as oxidized FAD (ground state). The
oxidized FAD ground state can then be reduced to generate semiquinone intermediates
(signaling state), although alternative models
still exist (16). Furthermore, the studies indicated that the presence of cellular metabolites are likely responsible for rescuing defects
in Trp triad mutants in vivo. Combined, these
studies provided a plausible model to explain
deviations between in vitro and in vivo experiments; however, such studies could not
confirm a functional role of metabolites in
CRY photochemistry in vivo, nor could they
explain the requirement of the Trp triad in
AtCRY1 signaling. In PNAS, Gao et al. definitively show that the Trp triad is not required for CRY1 signaling in vivo; moreover,
they elegantly demonstrate inconsistencies
with the metabolite model of CRY electron
transfer processes (7). Moving forward, we
now have a unified platform to decipher how
fundamental CRY photochemistry regulates
CCE recognition and release.
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