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Multiple kinases promote light-induced
degradation of PIF1
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Phytochrome (phy) family of photoreceptors is a broad
sensor of environmental light signals that promote
photomorphogenic development of plants. Phytochrome
Interacting Factors (PIFs), bHLH family of transcription factors,
repress photomorphogenesis in the dark in an overlapping
manner. Phytochromes interact with PIFs in response to light
and induce rapid phosphorylation, poly-ubiquitylation and
degradation of PIFs through the ubiquitin/26S proteasome
pathway to promote photomorphogenesis. Structure-
function analyses with PIF family members revealed that
multiple domains are necessary for the light-induced
phosphorylation and degradation of PIFs. CK2, a ubiquitious
Ser/Thr kinase, phosphorylates PIF1 independent of light. In
addition, PIFT mutants deficient in CK2 phosphorylation sites
are still robustly phosphorylated but not efficiently degraded
in response to light. These data suggest that multiple kinases
phosphorylate PIF1 to promote light-induced degradation and
photomorphogenesis.

One of the best-characterized photoreceptors in plants is the
phytochromes (phys) that tract red/far-red and blue light signals
and modulate growth and development according to ambient
light environment."? Phytochromes (encoded by five genes in
Arabidopsis: PHYA-PHYE) are cytosolic proteins in the Pr form
(biologically inactive) that converts to the Pfr form (biologically
active) upon red light exposure. The Pfr form can be converted
back to the inactive Pr form by exposure to FR light. The Pfr
form also migrates into the nucleus and initiate signaling events
that lead to changes in a large number of gene expression to drive
photomorphogenic development.**

Current model suggests that upon nuclear migration, the
active Pfr form of phytochromes interact with the Phytochrome
Interacting Factors (PIF1 and PIF3-7), members of the basic
helix-loop-helix (-HLH) class of transcription factors that act as
repressors of photomorphogenesis in the dark.> Therefore, phy-
tochromes and PIFs have antagonistic relationship in control-
ling photomorphogenesis. To remove the repressive function of
PIFs, photoactivated phytochromes physically interact with PIFs
and induce rapid light-induced phosphorylation, poly-ubiquity-
lation and degradation of PIFs to promote photomorphogenesis.
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However, how phytochromes biochemically induce such a rapid
degradation of PIFs is still poorly understood. Several recent
reviews summarized the details of early events in this signaling
pathway.’® This minireview will highlight recent advances on
understanding molecular determinants and factors necessary for
light-induced degradation of PIFs with a focus on PIF1.

Structure-Function Studies Revealed
Multiple Domains Necessary
for Light-Induced Degradation of PIF1

Being members of the bHLH superfamily of transcription fac-
tors, PIFs have well-characterized bBHLH domain for DNA
binding (basic) and dimerization (HLH).” However, sequence
alignment revealed that PIFs also have another region at their
N-terminus with high sequence similarity.!®" In vitro inter-
action studies using isolated domains (1 to ~60 amino acid)
showed that this region of all PIFs is sufficient to interact with
the Pfr form of phyB.!*!? Site-directed mutagenesis identified
critical residues within this domain that are necessary to inter-
act with the active Pfr form of phyB.!*!? Therefore, this domain
was named active phytochrome binding (APB) domain (Fig. 1).
Further studies showed that the APB domain is not necessary
for physical interaction with the Pfr form of phyA, as deletion of
APB did not abolish interaction with phyA.'*" In addition, site
directed mutagenesis identified an adjacent region in PIF1 and
PIF3, named Active PhyA Binding (APA) domain that is neces-
sary for interaction with phyA (Fig. 1). Interestingly, although
the overall position of the APA domain is conserved in PIF1
and PIF3 (two PIFs that interact with phyA), the critical resi-
dues necessary for interaction are not conserved. While F203
and F209 are critical for PIF3, L95 and N144 are critical for
PIF1 interaction with phyA. This difference is possibly a reflec-
tion of the differential affinities of PIF1 and PIF3 toward phyA,
where PIF1 displayed >10-fold higher affinity compared to
PIF3."* Overall, it appears that although APB domain is highly
conserved among all the PIFs, APA domain has evolved with
multiple critical residues for phyA interaction with differential
affinities.

Although site directed mutagenesis showed that phytochrome
interaction is necessary for light-induced degradation of PIFs,'>"
deletion studies showed that this interaction is not sufficient for

degradation."”? Neither an isolated N-terminal region of PIF1 con-
taining both APB and APA domains (1-150 aa of PIF1) nor the
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Figure 1. Schematic representation of various PIF1 deletion or point mutant constructs used to assess light-induced phosphorylation and degrada-
tion. These constructs were expressed as fusion proteins with either Luciferase (LUC) (for full-length PIF1, PIF1-N150, PIF1-C327, PIF1-3M, PIF1-mbHLH)
or tandem affinity purification (TAP) (for full-length PIF1 and PIF1-mCK2) tags in transgenic plants. + indicates the presence and absence of light-
induced phosphorylation and degradation, respectively.”'” The number of + indicates the degree of light-induced phosphorylation and degradation.

C-terminal region lacking the APB and APA domains (151-478
aa of PIF1) expressed as a Luciferase fusion protein in transgenic
plants was degraded in response to light (Fig. 1)."* These data
suggest that the C-terminal region has critical determinant(s)
for light-induced degradation of PIF1. One candidate is the basic
domain necessary for DNA binding, as DNA binding has pre-
viously been shown to be a prerequisite for stimulus-induced
degradation of transcription factors.”>'* However, a mutant form
of PIF1 lacking DNA binding displayed increased degradation
compared to wild type PIF1 (Fig. 1),* suggesting that the light-
induced degradation of PIF1 is nucleoplasmic as opposed to
chromatin-bound. A recent study identified the critical residues
at the C-terminus of PIF1 that contribute to the light-induced
degradation (Fig. 1)."” These authors have shown that CK2 phos-
phorylates PIF1 at multiple sites with a cluster at the C-terminal
region (see below). Alanine scanning mutation of the C-terminal
cluster (Ser464—466 to Ala464—466) displayed that the mutant
form is highly stable compared to wild type PIF1 in response to
light.” Taken together, these studies showed that multiple resi-
dues at the N- and C-terminal regions of PIF1 are necessary for
the light-induced degradation (Fig. 1).

CK2-mediated Phosphorylation is Necessary
for Light-induced Degradation of PIF1

Because direct interaction with phytochromes have been shown
to be necessary for light-induced phosphorylation and degrada-
tion of PIFs,'*!3!® and because phyA has been shown to possess
Ser/Thr kinase activity in vitro,” an exciting hypothesis is that
phytochromes are functioning as kinases to phosphorylate PIFs
in response to light. However, convincing in vivo evidence dem-
onstrating phyA kinase activity is still missing. An alternative
candidate kinase is CK2, a ubiquitous Ser/Thr kinase present
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in all higher organisms including plants. CK2 has been shown
to phosphorylate positively acting transcription factors (e.g.,
HY5 and HFR1) functioning in light signaling pathways.?>*' A
recent report showed that CK2 also phosphorylates negatively
acting transcription factor, PIF1 at multiple Ser/Thr sites with
a cluster at the C-terminal end.” However, CK2 is not respon-
sible for the light-induced phosphorylation of PIF1, as a mutant
form of PIF1 lacking the CK2 sites is still robustly phosphory-
lated in response to light. Strikingly, mutant PIF1s with either six
CK2 sites throughout PIF1 or three CK2 sites at the C-terminal
end mutated are much more stable compared to wild type PIF1
under light, suggesting that phosphorylation by CK2 is neces-
sary for the rapid light-induced degradation of PIF1.” How CK2-
mediated phosphorylation promotes light-induced degradation
of PIF1 is still unknown. One possibility is that CK2-mediated
phosphorylation primes the light-induced kinase to phosphry-
late PIF1. However, this is unlikely as the mutant PIF1 with
three critical CK2 sites at the C-terminal end mutated is still
robustly phosphorylated in response to light.”” Alternatively, mul-
tiple kinases are acting in concert to promote PIF1 degradation.
In this case, CK2 and additional unidentified light-inducible
kinase(s) phosphorylate PIF1 at separate sites. This dual phos-
phorylated form of PIF1 is then recognized by unidentified E3
ligase(s) for ubiquitylation and degradation by the ubiquitin/26S
proteasome pathway. Proteolytic removal of PIF1 and other PIFs
allows photomorphogenic development to proceed in response to

light (Fig. 2).
Conclusions and Future Perspectives
Although much has been learned about the molecular determi-

nants and other factors regulating PIF levels, the central ques-
tions remain unanswered. For example: what is the biochemical
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Figure 2. Simplified model demonstrating the antago- C 1

nistic relationship between phys and PIFs. (Left) In the / vtoso

dark, phys are present in the cytosol as an inactive Pr

form, while PIFs are constitutively localized into the r

nucleus repressing photomorphogenesis. (Right) phys i
/ Nucleus

perceive the light signal that induces photo-conversion
to the active Pfr form and nuclear migration. Within

the nucleus, the Pfr form of phys physically associ-

ates with PIFs and induces rapid phosphorylation of
PIFs in response to light. CK2 also phosphorylates PIF1
and possibly other PIFs independent of light. The dual
phosphorylation (separately by CK2- and an unknown
light-inducible kinase-mediated) of PIF1 and possibly
other PIFs promotes poly-ubiquitylation and 26S prote-
asome-mediated degradation in response to light. The
light-induced degradation of PIFs relieves the repressive
action to promote photomorphogenesis. X, indicates an
unknown kinase that phosphorylates PIFs in response
to light. P, phosphorylated form. This figure has been
adapted and modified from Castillon et al.®
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mechanism by which phytochromes induce degradation of PIFs
in response to light? What are the kinase(s) and E3 ligase(s)
responsible for the light-induced phopshorylation and degra-
dation of PIFs, respectively? Are other factors (e.g., phospha-
tases, 14-3-3 proteins, HLH proteins) regulating PIF levels?
Understanding the details of post-translational regulation of PIFs

will help decipher how phytochromes fine-tune plant growth and
development in response to ambient light environment.
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