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Abstract

Following light-induced nuclear translocation, phytochrome photoreceptors interact with and
induce rapid phosphorylation and degradation of bHLH transcription factors, such as
PHYTOCHROME-INTERACTING FACTOR 3 (PIF3), to regulate gene expression.
Concomitantly this interaction triggers feedback reduction of phytochrome B (phyB) levels. Light-
induced phosphorylation of PIF3 is necessary for the degradation of both proteins. We report that
this PIF3 phosphorylation induces, and is necessary for, recruitment of LRB (Light-Response
Bric-a-Brack/Tramtrack/Broad (BTB)) E3 ubiquitin ligases to the PIF3-phyB complex. The
recruited LRBs promote concurrent polyubiqutination and degradation of both PIF3 and phyB in
vivo. These data reveal a linked signal-transmission and attenuation mechanism involving
mutually assured destruction of the receptor and its immediate signaling partner.

The mechanisms by which cells perceive and adapt to external signals remains an area of
central interest in the biosciences. The capacity to respond rapidly and robustly to such
signals is frequently coupled to a capacity to subsequently modulate the intensity of that
response by feedback attenuation of the signaling process (1). Whereas the initial robust
burst of signaling activity is presumably necessary for the induction of the consequent
adaptational or developmental switch, unfettered prolongation of the elevated activity can be
harmful to the organism. A plethora of attenuation mechanisms have been identified (1, 2).
Defects in these mechanisms are under increasing scrutiny as evidence increases that they
are major causes of human malignancies (3).
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The initial emergence of seedlings from subterranean darkness into sunlight triggers a rapid
and extensive redirection of gene expression that drives a developmental switch from
skotomorphogenic to photomorphogenic development, observed as production of normal
green seedlings (4, 5). The red and far-red wavelengths inducing this switch are perceived
by the phytochrome family of sensory photoreceptors (phyA-E) by virtue of a capacity to
convert reversibly between biologically-inactive Pr (red-absorbing), and biologically-active
Pfr (far-red-absorbing), conformers (6). Photoactivation of the cytoplasmically-localized
photoreceptors triggers their rapid translocation into the nucleus where they interact directly
with a subfamily of bHLH transcription factors, termed PIFs (Phytochrome-Interacting
Factors; PIF1-8 (4, 7)). This interaction induces multisite phosphorylation, ubiquitination
and degradation of the PIFs via the 26S proteasome system (4, 8-14), altering the
transcription of target genes within minutes (4, 5, 15). The PIFs promote skotomorphogenic
development in the dark (16), but their red-light-induced degradation represses this activity,
inducing the switch to the photomorphogenic pathway (4).

In addition to their direct function in phytochrome signal transduction, the PIFs also de-
sensitize cells to red light through negative feedback regulation of phyB levels (17-19). We
showed recently, that Pfr-induced multisite phosphorylation of PIF3 is not only necessary
for the degradation of PIF3, but also for concomitant PIF-interaction-induced degradation of
phyB (8). Although there is evidence that E3 ligases assembled with COP1 are involved in
ubiquitylation and degradation of phyB, in a PIF-promoted manner (20), the signaling
mechanism has remained unclear.

To address this question, we performed mass-spectrometric analysis of affinity-purified
PIF3 to identify components associated with PIF3 in a light-dependent manner. Dark-grown
seedlings transgenically-expressing YFP-PIF3 were either kept in the dark or irradiated with
10 min of red light before protein extraction and affinity purification using a GFP antibody.
Quantitative spectral count analysis, not unexpectedly, identified all five phytochromes
(phyA-E) specifically in the red light-treated samples (Table S1). In addition, components of
a Bric-a-Brack/Tramtrack/Broad (BTB)-Cullin3-type E3 ubiquitin ligase were also
identified as red-light-specific, PIF3-interacting proteins in three biological replicates (Table
S1and Fig. S1). BTB proteins are substrate-specific proteins that bridge target proteins to
Cullin3 for ubiquitin ligation (21, 22). The two highly conserved BTB proteins (Light-
Response-BTB1 (LRB1) and LRB?2) identified here were shown previously to be nuclear-
localized and required genetically for proteasome-mediated phyB protein degradation in the
light, but whether the involvement is direct or indirect was not determined (23). A third LRB
homolog (LRB3) was not detected in our mass spectrometric analysis, possibly due to the
lower expression level than the other two (23).

To further investigate the light dependent interaction of PIF3 with the LRBs in vivo, we
generated transgenic lines expressing both PIF3:MYC and YFP:LRB2. Immunoprecipitation
using YFP:LRB2 as bait showed considerably higher levels of PIF3:MYC co-precipitation
from red-treated than dark-control seedlings (Fig. 1A). The red-treated samples also
displayed enrichment of the mobility-shifted forms of PIF3:MYC in the immunoprecipitates
compared to the input (Fig.1A), suggesting preferential binding of in vivo-phosphorylated
PIF3 to the LRB protein. Together with previous evidence that red light induces LRB-
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Cullin3 interaction in vivo (23), our present findings indicate that this interaction is
promoted by light-induced binding of phospho-PIF3 to the LRBs.

In vitro pulldown assays using recombinant LRB2:MYC as bait were also performed to
further probe the molecular mechanism of the interaction with PIF3. Because phyB does not
display autonomous light-activated protein kinase activity toward PIF3 in our hands, and no
other kinase has been identified, we examined the LRB-binding behavior of a set of mutant
PIF3 variants. Previously, using mass spectrometric analysis and transgenic expression of
targeted missense mutants of PIF3, we identified twenty light-induced phosphorylated
residues in the protein that are functionally necessary for its rapid degradation in vivo (8).
When expressed in a Hela cell lysate, the phospho-dead PIF3 mutant protein (A20) showed
no apparent binding to LRB2, whereas PIF3 with phospho-mimic mutations in the majority
of the light-induced residues (D19), or simply the six most strongly light-induced residues
(D6), exhibited high binding affinity towards LRB2 (Fig. 1B). The absence of binding to
PIF3-A6 and YFP-MYC further supports the specificity of phosphorylation-dependent
binding of LRB2 to PIF3 (Fig. 1C). The in vitro-expressed wild-type PIF3 intrinsically
displayed multiple bands, reminiscent of the pattern from light-treated seedlings, and only
the slower migrating form showed high affinity for LRB2 by co-immunoprecipitation (Fig.
1B and 1C). Moreover, the slower migrating band of wild-type PIF3 was sensitive to
alkaline phosphatase treatment (Fig. 1B and 1D). These results suggest that recombinant
wild-type PIF3 expressed in Hela cell lysates is phosphorylated by an unknown kinase in the
lysate. Moreover, it appears that one or more of the strongly light-induced sites (8) in PIF3
is phosphorylated by this kinase, since the PIF3-A6 variant, mutated at six of these sites, did
not have a similarly slower migrating form (Fig. 1C and 1D). In addition, in vitro pulldown
assays using LRB2 as prey also indicated that PIF3-WT, D6 and D19, but not A20, bind
LRB2 with high affinity (Fig. S2), and that both LRB1 and LRB3 are able to bind PIF3-D6
with high affinity in vitro, similarly to LRB2 (Fig. S3).

Since the six most strongly light-induced phosphosites in PIF3 are predominantly
responsible for rapid degradation in vivo (8), we tested here whether binding to LRB2 in
vitro also requires these multiple phospho-sites. Phosphomimic substitutions in individual
(variants 1, D1 or 3) or three (variants 4 or D3) of these sites were introduced into the PIF3-
A6 sequence (Fig. S4A). In vitro pulldown assays showed that none of these mutant variants
has LRB2-binding-affinity comparable to PIF3-D6 (Fig. 1E and S4B), suggesting that high-
affinity binding to LRB2 requires between 3 and 6 light-induced phosphosites in PIF3. In
addition, PIF3-D6 showed relatively low binding to either the N- or C-terminal domain of
LRB2 (Fig. S5B), suggesting that determinants in both domains are required for its strong
binding to PIF3. These data favor the model that the cooperative action of multiple low-
affinity sites between PIF3 and LRBs enable light-induced degradation of PIF3, similar to
that proposed for yeast Sicl degradation (24).

Because light-induced phosphorylation of PIF3 is also required for its negative feedback-
regulation of phyB levels, despite not being required for phyB-PIF3 binding per se (8), we
examined the possibility that phosphorylated PIF3 bridges the interaction of LRBs and
phyB-Pfr in vivo. Pull-down assays from seedling extracts using YFP:LRB2 as bait showed
light-dependent co-immunoprecipitation of phyB and PIF3 with LRB2 (Fig. 2A). In vitro
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binding assays indicated that LRB2 itself has some apparent affinity for phyB-Pfr alone, but
that PIF3 binding significantly enhances LRB2-phyB-Pfr association (Fig. 2B and 2C).

To examine the functional role of the LRBs in PIF3 and PIF3-mediated-phyB degradation,
we utilized a set of single, double and triple Irb mutants (23). Dark-grown seedlings of both
the Irb3 single and Irbllrb2 double mutants have normal PIF3 protein levels, and normal
light-induced PIF3 degradation (Fig. S6A). By contrast, the Irbllrb2lrb3 (Irb123) triple
mutant exhibits a significantly reduced rate of light-induced endogenous PIF3 degradation
(Fig. 3A and Fig. S6B, C). In addition, the light-induced, slower-migrating forms of PIF3
display accumulation in the Irb123 triple mutant, compared to rapid degradation in the wild
type (Fig. 3A and Fig. S6B). A similar pattern was observed for a PIF3:GFP fusion protein
transgenically expressed under control of the constitutive CaMV 35S promoter in the Irb123
mutant background (Fig. 3B, top two panels, and Fig. S6C), indicating that LRB regulation
is exerted at the post-translational level. Phosphatase treatment reversed the mobility shift of
the accumulated slower migrating PIF3:GFP bands (Fig. 3B, third panel). These data
indicate that PIF3 accumulates in the phosphorylated form in the light when the LRBs are
mutated. The reason for the retention of higher relative levels of PIF3:GFP than endogenous
PIF3 in prolonged red light (Fig.S6C) is undetermined, but could reflect the higher absolute
levels of PIF3:GFP than endogenous PIF3.

We showed previously that overexpression of PIF3 markedly accelerates the rate of phyB
degradation in response to light (8). This finding indicates that the absolute rate of PIF3
degradation is rate-limiting to the concurrent degradation of phyB. Because the relative rate
of phyB degradation is about 50-fold slower than that of PIF3 in the wild type seedling (8,
18, 19, 25), this observation suggests in turn that phyB is substantially more abundant than
PIF3. The data for phyB in the Col wild type and the Col transgenic line overexpressing
PIF3:GFP in Fig. 3C support this notion, showing the accelerated degradation of phyB in the
overexpressor line. However, the light-induced degradation of phyB is absent in both the
Irb12 double (Fig. S6D) and Irb123 triple (Fig. 3C) mutants, with or without overexpression
of PIF3:GFP, in the latter case. These data are consistent with previous evidence for the Irb
mutants (23), and establish that LRB1 and LRB2 are essential for the PIF3-mediated, light-
induced degradation of phyB. The absence of accelerated phyB degradation by
overexpression of the PIF3-A20 variant (8) that cannot bind LRB2 (Fig. 1B) is similarly in
agreement with this conclusion.

The morphogenic phenotypes of these lines are consistent with these findings. While
seedlings over-expressing PIF3 in wild-type Col show an etiolated-like phenotype in the
light, seedlings over-expressing a similarly high or higher level of PIF3:GFP or endogenous
PIF3 in the Irb123 mutant (Figs. 3A, 3B and S6C) remain hypersensitive to red light, like
the Irb123 mutant itself (23) (Fig. 3D). These data are in accord with the levels of phyB in
these lines under prolonged red light (Fig. 3C), whereby the depletion of phyB in the wild-
type Col PIF3-overexpressor results in hyposensitivity to the light signal, and the stability of
phyB in the Irb123 background (23) results in hypersensitivity, despite high levels of PIF3
(Figs. 3A, 3B and S6C). These results indicate that the suppressive activity of high phyB
levels overrides the antagonistic promotive activity of PIF3 on hypocotyl growth (17). This
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effect could result from phyB activity independent of PIF3, reduced intrinsic activity of
PIF3, or phyB-induced dissociation of PIF3 from its DNA binding sites.

COP1-assembled E3 ligases were reported to be an important negative regulator of phyB
levels (20). However, in agreement with other data (14, 16), we observed that PIF3 levels
are reduced in dark-grown seedlings of both the copl and spal23 mutants, and no
accumulation is observed in the light (Fig. 3E). These data suggest that the reduction in
light-induced phyB degradation in the copl mutant is partially due to an indirect effect of
the reduced levels of PIF3 (and possibly other PIFs) initially present in the dark. Regardless,
the absence of detectable light-induced phyB degradation in the Irb123 mutant (Fig 3C)
indicates that COP1 is not sufficient for phyB degradation in the absence of the LRBs.
Consistent with previous data that LRB1 and LRB2 are not directly involved in phyA
degradation (23), we found that LRB3 also has no detectable role (Fig. S7).

Regulated protein degradation through the 26S proteasome requires E3 ligase-mediated
poly-ubiquitination of target proteins (21, 22). In support of the LRBs being components of
an E3 ligase responsible for PIF3 polyubiqutination, light-induced ubiquitination of
PIF3:GFP (Fig. S8) is significantly reduced in the Irb123 mutant (Fig. 4A). Moreover,
photoactivated phyB, which co-immunoprecipitates with PIF3:GFP from extracts of light-
treated seedlings, also displays high molecular weight-shifted bands in wild-type but not in
Irb123 mutant seedlings (Fig. 4B), suggestive of a sub-fraction of light-dependent, LRB-
generated polyubiquitinated phyB molecules. More definitively, precipitation of total
ubiquitinated proteins from the seedling extracts, followed by immunoblot detection of
either phyB, PIF3:GFP or endogenous PIF3, indicates that both phyB and PIF3 are
polyubiquitinated in the wild-type in the light, and that this concomitantly-induced,
bimolecular ubiquitination is undetectable (Fig. 4C) or markedly reduced (Fig. S9) in the
[rb123 mutant.

Finally, to examine whether LRB2 has the capacity to directly catalyze ubiquitination of
PIF3, we assembled a Cullin3-based E3 ligase complex in vitro using recombinant LRB2
and human Cullin3/RBX1, and performed an in vitro ubiquitination assay. The data show
that this complex can indeed ubiquitinate PIF3 in a phosphomimic-dependent manner,
consistent with its PIF3 recognition mechanism and confirming its biochemical function
(Fig. 4D, Fig. S10). Although the evidence for LRB-dependent, light-induced ubiquitination
of phyB in vivo is compelling (Fig. 4C), for undetermined reasons we were unable to detect
such activity using the above in vitro assay.

We propose a mechanistic model (Fig. S11), whereby light-activated phyB induces multisite
phosphorylation of PIF3 upon direct binding, thereby enhancing the affinity of PIF3 for the
LRBs, which then bind to Cul3, forming an active E3 ligase complex, which ubiquitinates
both PIF3 and phyB, targeting them for degradation by the 26S proteasome. This
mechanism of attenuation thus embodies a mutually-assured destruction configuration of
bidirectional signaling, directly at the receptor-primary-signaling-partner interface, that is
unusual among reported mechanisms (1-3). It is notable, however, that while light-induced
phyB ubiquitination and degradation is essentially eliminated in the Irb123 mutant, light-
induced PIF3 ubiquitination and degradation is slowed but not eliminated (Fig. 3, 4 and S6C
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and D). This observation suggests the existence of partial functional redundancy between the
LRBs and yet another unknown E3 ligase(s) for PIF3 degradation, and uncovers a
dichotomy between PIF3 and phyB regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Light-induced phosphorylation of PIF3 promotes interaction with Cullin E3-ligase substrate-

recognition subunit LRB2.

(A) Light induces LRB2 and PIF3 interaction in vivo. Dark-grown seedlings from either
PIF3:MYC or PIF3:MYC/YFP:LRB2 double-transgenic lines were pretreated with MG132,
then either kept in the dark (DK) or irradiated with a pulse of red light (Rp) before protein
extraction and co-immunoprecipitation (Co-1P) with an anti-GFP antibody. The proteins
were analyzed by Western blot with either anti-MYC antibody (Prey, Top and middle
panels), or anti-GFP antibody (Bait, Bottom panel). (B —D) Phosphorylation or
phosphomimic mutations of the light-induced phosphasite residues in PIF3 promote its
association with LRB2 in vitro. (B) and (C) In vitro-expressed recombinant LRB2 or YFP-
control (Bait) proteins were precipitated with a MYC antibody, then incubated with normal
(WT) PIF3 or the indicated light-induced-phosphosite mutant variants (A6, A20, D6, D19)
of PIF3 (Prey). Bait and prey proteins were detected by Western blot using anti-MYC and
anti-His antibody, respectively. All proteins were expressed in Hela cell lysate. A: Ser/Thr
to Ala substitutions; D: Ser/Thr to Asp substitutions. A6/D6: PIF3 with substitutions in the
six strongly light-induced phosphosite residues (8) (see Fig. S4A). A20/D19: PIF3 with
substitutions in the majority of the light-induced phosphosite residues. Co-IP products were
treated with alkaline phosphatase (CIAP) in panel (B). (D) PIF3-A6, PIF3-WT or PIF3-D6
expressed in Hela cell lysates were either treated (+) or not (=) with CIAP or with heat
inactivated CIAP before Western blot analysis using anti-His antibody. (E) High affinity
interaction of LRB2 and PIF3 in vitro requires multisite light-induced phosphorylation of
PIF3. Immunoprecipitations and Western blots as in (C). PIF3 mutant-variant substitutions:
D1: S88D, D3: S58/S88/S102D. See Fig. S4A for all S to A or D substitutions.
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Fig. 2.

Li%ht-induced phosphorylation of PIF3 promotes phyB-LRB2 association.

(A) Light induces phyB-LRB2 association in vivo. Proteins were extracted and
immunoprecipitated using the same lines and procedure as in Fig. 1A, and then subjected to
Western blot analysis using anti-phyB antibody (Prey, top panel), anti-MYC antibody (Prey,
middle panel), or anti-GFP antibody (Bait, bottom panel). (B) Phosphorylated PIF3
promotes phyB-LRB2 association in vitro. In vitro-expressed recombinant LRB2:MYC or
YFP:MYC-control bait proteins were incubated with phyB-Pfr in the presense (+) or
absence (-) of PIF3:His prey proteins, and immunoprecipitated with anti-MYC antibody.
Western blots were probed with anti-phyB (Top), anti-His-epitope (middle) or anti-MYC
(bottom) antibodies. (C) PIF3-D6 phosphomimic (8) (see Fig. S4A) promotes Pfr dependent
phyB-LRB2 association in vitro. In vitro-expressed recombinant LRB2:MY C bait protein
was incubated with phyB (as Pr or Pfr) and PIF3:His (D6- or A6-mutant (8) (see Fig. S4A))
prey proteins, and immunoprecipitated with anti-MYC antibody. Western blots as in (B).
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Fig. 3.

LIng function in both PIF3 and PIF3-mediated-phyB degradation in the light.

(A) Endogenous PIF3 degradation is reduced in the Irb1lrb2Irb3 triple-mutant (Irb123)
compared to Col wild-type (WT) seedlings in the light. Dark-grown seedlings of Col and
Irb123 were irradiated with red light (R) for the period indicated before protein extraction
and Western blot analysis using anti-PIF3 antibody (Left panel). PIF3: unphosphorylated
PIF3; PIF3-P: phosphorylated PIF3; NS: nonspecific bands. Right panel shows
quantification of the Western blot results from both the Left panel (blue and red curves) and
Fig. S6B (green and purple curves) after normalization to the Tubulin loading control. The
dark PIF3 level was set as 100%. (B) PIF3:GFP accumulates in the phosphorylated form in
the Irb123 triple mutant in the light. Seedling growth was as in panel (A). Extracted proteins
were either analyzed directly (Top two panels), or after phosphatase (CIAP) treatment
(Third panel) by Western blot using anti-GFP antibody. (C) LRBs are essential for light-
induced, PIF3-promoted feedback degradation of phyB. Light-induced degradation of phyB
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(accelerated by PIF3:GFP overexpression) is absent in the Irb123 mutant background. Dark-
grown seedlings of the indicated genotypes were irradiated with 3 (R3h), 24 (R24h) or 96
(Rc96h) hours of continuous red light before protein extraction and Western blot analysis
using an anti-phyB antibody (Left and middle panels). Tubulin was used as a loading
control. Right panel shows quantification of the relative phyB/Tubulin protein levels from
left and middle panels. Dark levels were set as 100%. (D) PIF3:GFP over-expression does
not complement the short-hypocotyl phenotype of the Irb123 mutant in the light. Seedlings
of the indicated genotypes were grown for 4 days in the dark (DK) or continuous red light
(Rc). Visible phenotypes (left); hypocotyl lengths (right). Error bars represent standard
errors. (E) Endogenous PIF3 levels are strongly reduced in dark-grown seedlings of the
copl and spal23 mutants.
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LRB E3 ligases function in polyubiquitination of both PIF3 and phyB. (A) Light-induced
poly-ubiquitination of PIF3 is reduced in the Irb123 mutant. Dark-grown wild-type (col) or
Irb123-mutant seedlings, transgenically, or not, expressing PIF3:GFP (PIF3:GFP/col and
PIF3:GFP/Irb123, respectively), were irradiated with 10 min of red light (R), or not (Dk),
before protein extraction and immunoprecipitation (IP) using anti-GFP antibody. The IP
products were then analyzed by Western blot with anti-GFP antibody (left panel) or anti-
ubiquitin antibody (right panel). (B) Light-induced mobility shift of PIF3-bound phyB
(phyB-ubi) is absent in the Irb123 mutant. Co-IP products prepared as in panel A were
analyzed with anti-phyB antibody. (C) Light-induced poly-ubiquitination of both phyB and
PIF3 is strongly reduced in the Irb123 mutant. Seedling growth and extraction was as in
panel A. Total ubiquitinated proteins were immunoprecipitated with TUBEs (Tandem
Ubiquitin Binding Entities), then analyzed by Western blot using antibody against ubiquitin
(left panel), phyB (middle panel), or GFP (right panel). (D) A Cullin3-LRB2 E3 ubiquitin-
ligase complex ubiquitinates phosphomimic PIF3 (D6) in vitro. A Cullin3 E3 ubiquitin
ligase complex was assembled with recombinant LRB2 protein and incubated with D6 or
A20 PIF3:MYC (8) (see Fig. S4A for D6) variants in vitro (see Methods) before western
blot analysis with anti-MYC antibody.
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