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Desensitization of activated receptors is an important
mechanism for terminating signal transduction. Here we
show that phytochrome (phy) A, a predominant photo-
receptor for seedling deetiolation, colocalizes in nuclear
bodies with CONSTITUTIVELY PHOTOMORPHOGENIC
(COP) 1, a RING motif-containing E3 ligase. The phyA
PAS domain interacts with the COP1 WD40 domain.
Both the Pr and the Pfr forms of phyA, as well as the
PHYA apoprotein, are ubiquitinated by COP1 in vitro.
The phyA destruction rate is decreased in cop1 mutants
and by expression of a COP1 RING motif mutant. Our
results indicate that COP1 acts as an E3 ligase to regu-
late phyA signaling by targeting elimination of the phyA
photoreceptor itself.
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Light provides a major source of information from the
environment during plant growth and development. To
perceive light, plants have evolved a large set of photo-
receptors. Among these, the cryptochromes and pho-
totropins are responsible for UV-A/blue light sensing,
whereas the phytochromes predominantly regulate re-
sponses to red (R) and far-red (FR) light (Neff et al. 2000).

The Arabidopsis phytochrome gene family comprises
five members, named PHYA–PHYE (Nagy and Schäfer
2002). Each forms a homodimer of ∼240 kD and light
sensitivity is conferred by a tetrapyrrole chromophore
covalently bound to the N-terminal half of each mono-
mer (Montgomery and Lagarias 2002). Dimerization
domains are located within the C-terminal halves of
the proteins, as are other domains involved in the acti-
vation of signal transduction (Quail et al. 1995; Quail
2002a).

In dark-grown plants, phytochrome (phy) A is the most
abundant photoreceptor and makes a major contribution
to initiating photomorphogenesis (Casal et al. 2003). In
darkness, phyA is in the stable Pr form, but on illumi-
nation it is converted to the active Pfr form, which is

rapidly degraded (Clough and Vierstra 1997; Nagy and
Schäfer 2002; Sharrock and Clack 2002). phyA ubiquiti-
nation was reported more than a decade ago (Jabben et al.
1989a,b) and the extreme photolability of phyA is well
documented (Sharrock and Clack 2002). Nevertheless,
the failure to identify the E3 ligase that mediates phyA
ubiquitination has impeded further progress in elucidat-
ing the mechanism that underlies this signal termina-
tion event.

Mutant screens in Arabidopsis have identified many
components of the signaling pathways that act down-
stream of photoreceptors (Quail 2002b). Among the gene
products that are important for deetiolation are the pleio-
tropic CONSTITUTIVELY PHOTOMORPHOGENIC
(COP)/DET/FUS proteins, which are required for the re-
pression of photomorphogenesis in darkness (Wei and
Deng 1996). COP1 is a 76-kD repressor that contains
single RING-finger, coiled-coil, and WD40 domains
(Deng et al. 1992). RING-fingers are commonly con-
served in a subclass of ubiquitin protein ligases (Pickart
2001). It has recently been shown that COP1 has E3
ubiquitin protein ligase activity toward the transcrip-
tion factors LAF1 (Seo et al. 2003) and HY5 (Saijo et
al. 2003), both of which transduce the phyA signal.
COP1 thus regulates phyA signaling at least in part
through proteasome-mediated degradation of these
intermediates. Further in vitro analyses indicated that
COP1 activity on both substrates is regulated by SPA1
(Saijo et al. 2003; Seo et al. 2003), a nuclear-localized
repressor of phyA-mediated signaling (Hoecker et al.
1999).

PhyB, cryptochrome (cry) 1, and cry2 were found to
interact with COP1 (Wang et al. 2001; Yang et al. 2001),
but under the same condition phyA failed to interact
with the latter (Yang et al. 2001). Although Shalitin et al.
(2002) showed that cry2 accumulates in cop1-4 and
cop1-6 mutants, it is not known whether this accumu-
lation is due to the direct effect of COP1 E3 ligase activ-
ity. In general, there is still little information about the
role of photoreceptor degradation in the desensitization
of plant light signal transmission. Termination of signal-
ing through a pathway ensures that responses to a single
stimulatory event are not perpetuated indefinitely. This
regulatory mechanism is particularly important for re-
ceptors that initiate signaling, and many eukaryotic re-
ceptors are down-regulated by proteolysis. We have thus
focused on the requirement of COP1 activity for termi-
nation of phyA signaling by reassessing whether COP1
and phyA interact directly and whether this interaction
might promote ubiquitination of phyA. Indeed, COP1
and phyA interact in vitro and colocalize in nuclear bod-
ies (NBs) in vivo. Furthermore, cop1 mutant plants and
transgenic plants expressing COP1 dominant-negative
mutant protein accumulate phyA after exposure to light.
Our results provide the first example of how plants use
E3 ubiquitin protein ligase activity to desensitize photo-
receptor signaling.

Results and Discussion

Previous studies revealed that phyA is exclusively cyto-
solic in darkness but that on illumination, a pool of
phyA becomes sequestered in NBs (Kircher et al. 2002;
Nagy and Schäfer 2002). Because the RING motif protein
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COP1 is also localized in NBs (Stacy and von Arnim
1999), we asked whether the two proteins colocalize. To
this end, we transiently expressed in onion epidermal
cells Arabidopsis PHYA tagged with cyan fluorescent

protein (CFP) and COP1 tagged with yel-
low fluorescent protein (YFP). To what
extent onion cells can recapitulate the
situation in Arabidopsis cells is not
known; nevertheless, we found that the
two proteins were indeed localized in
the same NBs, indicating interaction in
vivo (Fig. 1). This subnuclear localiza-
tion appears to be a property of the
PHYA C-terminal half (amino acids
591–1121).

Either direct or indirect interactions
could account for the colocalization of
phyA and COP1 in NBs. Although pre-
vious work failed to detect an interac-
tion between COP1 and a PHYA C-ter-
minal fragment in yeast two-hybrid as-
says (Yang et al. 2001), we used in vitro
pull-down assays to investigate poten-
tial interactions between pea phyA ho-
loprotein, Arabidopsis PHYA apopro-
tein, and COP1. Maltose-binding pro-
tein (MBP) and MBP-SINAT5 (Xie et al.

2002) were used as negative controls. Figure 2A shows
that MBP-COP1, but not MBP-SINAT5 or MBP alone,
was able to pull down Arabidopsis PHYA, pea phyA, and
N-terminal-deleted pea phyA (Tokutomi et al. 1988). Ex-

Figure 1. Subcellular distribution and colocalization of COP1 and phyA. COP1 and phyA
colocalize in nuclear bodies in onion epidermal cells. PHYA-N–CFP and PHYA-C–CFP
refer to CFP fusions to the N-terminal (amino acids 1–600) and C-terminal (amino acids
591–1121) fragments of Arabidopsis PHYA, respectively. (Dic) Differential interference
contrast. Bar, 20 µm.

Figure 2. Interaction of COP1 and phyA in vitro. (A) In vitro pull down of Arabidopsis PHYA or pea phyA with full-length COP1. (Panel a)
Schematic diagram of bait proteins (MBP, MBP-COP1, and MBP-SINAT5. (Panel b) Purified bait proteins detected by anti-MBP antibody (Santa
Cruz Biotechnology). (Panel c) Purified prey proteins detected by anti-phyA antibody. (Panel d) 6×His-PHYA, full-length pea phyA [Pea-phyA
(F)], and deleted pea phyA [Pea-phyA (D)] pulled down with the indicated bait protein were detected by anti-phyA antibody. (B) In vitro pull
down of phyA with COP1 deletion mutants. (Panel a) Schematic diagram of full-length COP1 and deletion mutants. (MBP) Maltose-binding
protein; (R) RING motif; (CC) coiled-coil motif; (WD) WD40 motif. (Panel b) Detection of purified deletion mutants by anti-MBP antibody.
(Panel c) 6×His-PHYA, full-length pea phyA, and deleted pea phyA pulled down with the indicated COP1 deletion mutant were detected by
anti-phyA antibody. (C) In vitro pull down of the 6×His-tagged full-length, N-terminal, or C-terminal fragments of Arabidopsis PHYA with
full-length COP1 and COP1 deletion mutants. (Panel a) Schematic diagram of full-length Arabidopsis PHYA and deletion mutants. (P1) PAS1
motif; (Q) quail motif; (P2) PAS2 motif; (HK) histidine kinase motif. (Panel b) Purified N-terminal or C-terminal fragment of 6×His-tagged
Arabidopsis PHYA detected by anti-phyA antibody or anti-His antibody. (Panel c) 6×His-tagged N-terminal or C-terminal fragments of
Arabidopsis PHYA pulled down with COP1 or the indicated COP1 deletion mutant were detected by anti-His antibody. (I) Input. (D) In vitro
pull down of 6×His-tagged C-terminal deletion mutants of Arabidopsis PHYA with COP1 deletion mutants. (Panel a) Schematic diagram of
Arabidopsis PHYA C-terminal deletion mutants. (Panel b) Purified C-terminal deletion mutants of His6-tagged Arabidopsis PHYA detected by
anti-His antibody. (panel c) 6×His-tagged C-terminal deletion mutants of Arabidopsis PHYA pulled down with the indicated COP1 deletion
mutant were detected by anti-His antibody. (I) Input. D1 and D3 are COP1 deletion mutants shown in panel a of part B.
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periments using deletion mutants demonstrated that the
COP1 WD40 domain interacts with the PAS domain re-
gion (amino acids 591–850) of Arabidopsis PHYA (Fig.
2B–D). These in vitro results suggest that the colocaliza-
tion of phyA and COP1 in NBs likely reflects their direct
interaction in vivo.

The colocalization of phyA with COP1 in vivo and
their direct interaction in vitro suggest that COP1 may
act as an E3 ligase for phyA. We produced Arabidopsis
PHYA tagged with His6 in Escherichia coli and also pu-
rified photoreversible phyA from peas. Figure 3A shows
that purified His6-PHYA was polyubiquitinated by
COP1 in a reaction dependent on E1 and E2 activities.
The integrity of the COP1 RING motif was essential for
this reaction (data not shown). No PHYA polyubiquiti-
nation was seen with SINAT5, another Arabidopsis
RING motif-containing E3 ligase (Xie et al. 2002), dem-
onstrating specificity. Similar results were obtained with
purified pea phyA, presented either in the Pr or the Pfr
form (Fig. 3B). However, we cannot strictly rule out the
possibility that the Pfr form, which is continuously gen-
erated under FR light, is the preferred substrate. Detec-
tion of phyA by Zn2+-induced fluorescence verified that
polyubiquitination of the holoprotein indeed occurred
(Fig. 3C).

The in vitro results suggest that COP1 may target
phyA for ubiquitin-mediated proteolysis in vivo. We pre-
viously showed that a COP1 RING motif mutant, which
lacks E3 activity, can interfere with wild-type COP1 E3
activity in vitro (Seo et al. 2003). Such RING motif mu-
tants function in a dominant negative manner, presum-
ably by forming inactive dimers with wild-type COP1.
To reduce COP1 E3 activity in vivo, we used a 35S pro-
moter or XVE promoter (Kost et al. 1998; Zuo et al. 2000)

to express a dominant negative version of COP1 (DN-
COP1) with mutations in four cysteine residues (C52S,
C55S, C86S, C89A) of the RING motif. Figure 4C shows
that transgenic plants expressing 35S-DN-COP1 exhib-
ited deetiolation in the dark, as did the cop1-6 mutant. In
addition, these transgenic plants phenocopied the cop1-6
mutant when grown under white light or exposed to FR
light of different intensities (Fig. 4B,C). In general, how-
ever, the transgenic phenotype is not as severe as the
mutant phenotype with respect to inhibition of hypo-
cotyl elongation. Similar results were obtained with
transgenic plants expressing XVE-DN-COP1 in the pres-
ence of inducer (data not shown).

Previous reports indicated that the Pfr form of phyA is
light labile (Clough and Vierstra 1997; Sharrock and
Clack 2002; Nagy and Schäfer 2002). We therefore com-
pared the rate of phyA degradation in wild-type Arabi-
dopsis and two cop1 mutants after irradiation with red
(R) light. Under our conditions, irradiation of wild-type
plants with R light for 4 h reduced phyA levels to ∼5% of
the level in dark-grown seedlings (Fig. 4E), and little or
no phyA was detectable after 20 h of irradiation (Fig. 4D).
In contrast, in cop1-4 and cop1-6 mutants, phyA levels
remained high (∼40% of the level in darkness) even after
40 h of irradiation with R light. This effect was specific
for cop1 mutations, as the cop10-1 mutant displayed
similar phyA degradation kinetics as wild type (Fig. 4F).
The delayed degradation kinetics of phyA was phenocop-
ied in transgenic plants overexpressing DN-COP1. In a
shorter time course study, we confirmed that phyA tran-
script abundance was reduced by R light in wild-type
seedlings (Col and Ler; Cantón and Quail 1999) and com-
parable kinetics were seen in cop1-6 and DN-COP1
transgenic plants (Fig. 4E). In contrast, the rate of phyA

disappearance was delayed in cop1-6
and the transgenic line compared with
wild type (Fig. 4D,E). The ability of
MG132 to further block phyA disap-
pearance in wild type and cop1-6 impli-
cates proteasome-mediated degradation
of the photoreceptor (Fig. 4H).

We used an inducible system to ex-
press the DN-COP1 mutant in trans-
genic plants and examine the effect of
inhibiting endogenous COP1 E3 activ-
ity on phyA levels. Figure 4G shows
that phyA levels were increased three-
to fourfold on induced expression of
DN-COP1, which was expected to
block endogenous COP1 E3 activity.
Addition of the proteasome inhibitor
MG132 increased phyA levels a further
twofold, suggesting incomplete inhibi-
tion of endogenous COP1 E3 activity
by the DN-COP1. However, in the
presence of MG132, phyA levels were
comparable in transgenic plants with or
without induced expression of DN-
COP1. The expressed DN-COP1 was
also labile and can be stabilized by
MG132.

The results with mutants and trans-
genic plants indicate that compromis-
ing the endogenous COP1 E3 activity
by mutation (cop1-4, cop1-6) or overex-
pression of DN-COP1 greatly reduced

Figure 3. Ubiquitination of phyA by COP1. (A) COP1 E3 activity was assayed in the pres-
ence or absence of rabbit E1, UbcH5b (E2), COP1, 6×His-Ub, 6×His-PHYA, full-length pea
phyA (F), or deleted pea phyA (D). (B) Ubiquitination of phyA by COP1 under R or FR light.
Reaction mixtures without full-length pea phyA were preincubated under R or FR light for
90 min. Full-length pea phyA was then added and the reaction mixtures were further incu-
bated under the same light conditions for 2 h. (C) Ubiquitination of bilin-bound phyA by
COP1. The products of the same reactions performed in A were subjected to SDS-PAGE
including 1 mM zinc acetate, before analysis of zinc-induced florescence (top) and staining
with Coomassie blue (bottom).
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the phyA degradation rate in vivo. This suggests that
COP1 indeed acts as an E3 ligase for phyA in vivo.

Light-induced degradation of phyA appears to consti-
tute a primary regulatory mechanism, although phyA
phosphorylation in the photoreceptor N-terminal do-
main (Stockhaus et al. 1992; Park et al. 2000) and degra-
dation of downstream effectors (Saijo et al. 2003; Seo et
al. 2003) have also been suggested to attenuate phyA
signaling. Our findings suggest that COP1 acts in con-
cert with the 26S proteasome to degrade phyA. In vitro
experiments did not uncover any preference of COP1 for
the Pr or Pfr forms of phyA, nor any effect of the presence

or absence of the chromophore conju-
gated to PHYA apoprotein. Nonethe-
less, the Pfr form is likely the in vivo
substrate because the rapid nuclear
translocation of phyA occurs only after
irradiation, at a time when COP1 is
still nuclear. It is possible that Pfr phos-
phorylation or accessory factors might
be required to increase the interaction
of phyA with COP1, and these are lack-
ing in our in vitro assay. Our results
also show that polyubiquitination of
phyA can proceed before disassembly of
the chromophore.

Pull-down and localization results
(Figs. 1, 2) suggest that the C-terminal
domain of phyA interacts with COP1
in NBs, which might represent sites of
phyA polyubiquitination. Subsequent
degradation of the polyubiquitinated
phyA may occur either in the nucleus
or the cytosol. Recent results also sug-
gest that the phyB C-terminal region,
which interacts with COP1 (Stacy and
von Arnim 1999), negatively regulates
light signaling. Transgenic plants ex-
pressing a phyB N-terminal fragment
(amino acids 625–1172) display a hyper-
sensitive light response (Matsushita et
al. 2003). The E3 ligase responsible for
desensitization of phyB remains to be
identified.

Whereas in vivo data with mutants
and transgenic plants (Fig. 4) indicate
that the COP1 E3 ligase regulates phyA
abundance, two lines of evidence sug-
gest that normal rates of phyA degrada-
tion require other pathways as well.
First, a pool of phyA remains cytosolic
even on illumination (Nagy and Schäfer
2002). Second, cop1-4 (which lacks the
WD40 domain) and cop1-6 mutants dis-
play only reduced rates of phyA degra-
dation (Fig. 4D,E). However, these mu-
tant alleles are not null. In darkness,
phyA and COP1 are located in the cy-
tosol and nucleus, respectively. On il-
lumination, a pool of phyA translocates
to the nucleus (Nagy and Schäfer 2002)
and presumably becomes polyubiquiti-
nated by nuclear COP1. At the same
time, COP1 gradually disappears from
the nucleus and accumulates in the cy-
tosol (von Arnim and Deng 1994; von

Arnim 1997), where it may modify cytosolic phyA as
well. We expect future studies on factors that regulate
phyA polyubiquitination by COP1 and the effects on in-
tracellular transport of these two proteins to further our
understanding of the feedback regulation of phyA signal-
ing.

Materials and methods

Preparation of recombinant proteins
Full-length Arabidopsis PHYA cDNA and its deletion mutants were
cloned by PCR and inserted into pRSETA (Invitrogen) to generate 6xHis-

Figure 4. Phenotypes of DN-COP1-overexpression plants and regulation of phyA levels by
COP1 in vivo. (A) DN-COP1 expression. Extracts of wild-type (Col and Ler), phyA-201 (Reed
et al. 1994), and 35S-DN-COP1-6×Myc (DN-COP1) transgenic seedlings grown in darkness
for 4 d were analyzed by Western blotting using anti-phyA antibody or anti-Myc antibody.
(B) Morphological comparison of 4-day-old wild-type, cop1-6 (McNellis et al. 1994), and
35S-DN-COP1-6×Myc transgenic seedlings grown in 16 h light/8 h dark with 1% sucrose.
Bar, 0.5 mm. (C) Hypocotyl and cotyledon phenotypes of wild-type, phyA-201, cop1-6, 35S-
DN-COP1-6×Myc transgenic seedlings germinated and grown under continuous FR light for
4 d. Numbers on the right indicate the FR light intensity (µmole m−2sec−1). Bar, 2.5 mm. (D)
Western analyses of wild-type, cop1-4 (McNellis et al. 1994), cop1-6, and transgenic 35S-
DN-COP1-6×Myc seedlings treated with R light (20 µmole m−2sec−1) for the indicated time.
(E) Northern and Western analyses of seedlings treated as in D but for shorter time periods.
(F) phyA degradation in cop10-1. Four-day-old dark-grown wild-type and cop10-1 (Suzuki et
al. 2002) seedlings were treated with R light (20 µmole m−2sec−1) for the indicated time and
phyA levels were assessed by Western blot using anti-phyA antibody. After exposure to light,
only seedlings homozygous for the cop10-1 mutation were analyzed by Western blotting.
Different exposure times were used for the wild-type and cop10-1 samples. In separate
experiments, dark-grown seedlings of wild type and cop10-1 showed comparable phyA lev-
els. (G) phyA degradation is inhibited by DN-COP1 overexpression. Four-day-old dark-grown
transgenic seedlings expressing XVE-DN-COP1-6×Myc were induced by 10 µM �-estradiol
under R light (20 µmole m−2sec−1) with or without MG132. After 15 h, harvested samples
were analyzed by Western blotting using anti-phyA antibody. (H) phyA degradation is me-
diated by the 26S proteasome. Dark-grown wild-type and cop1-6 seedlings were treated with
MG132 under R light (20 µmole m−2sec−1) for the indicated times. Extracts were analyzed by
Western blotting using anti-phyA antibody with tubulin levels as loading controls. Compa-
rable RNA levels (5 µg/lane) were determined by Northern blotting and detection of 18S
rRNA abundance. Note that the exposure times of D–H were different.
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PHYA (encoding full length), 6×His-PHYA-N (encoding amino acids
1–600), 6×His-PHYA-C (encoding amino acids 591–1121), 6×His-PHYA-
C1 (encoding amino acids 591–850), and 6×His-PHYA-C2 (encoding
amino acids 851–1121). Proteins were expressed in E. coli strain BL21 and
purified (Seo et al. 2003). cDNA encoding full-length COP1 and deletion
mutants fused with MBP were prepared as described (Seo et al. 2003).
Full-length pea phyA and N-terminal deleted pea phyA (amino acids
53–1112) were purified according to Tokutomi et al. (1988).

Subcellular localization of phyA and COP1
The YFP coding sequences were fused to the 3� end of full-length Arabi-
dopsis PHYA cDNA, PHYA cDNA 5� fragment, and PHYA cDNA 3�

fragment to generate phyA–YFP, phyA-N–YFP, and PHYA-C–YFP con-
structs, respectively. COP1–CFP was described previously (Seo et al.
2003). All fusion genes or genes for YFP and CFP were expressed from the
35S promoter. Onion epidermal cells were bombarded with different
combinations of plasmids using a helium biolistic gun (Xie et al. 2000)
and incubated in the dark for 14 h and treated with white light for 3 h
before analysis by confocal microscopy.

In vitro binding and in vitro ubiquitination assays
For in vitro binding, 2 µg of bait (full-length COP1 or deletion mutants)
and 2 µg of prey (6×His-PHYA or pea phyA) were added to 1 mL of binding
buffer (50 mM Tris at pH 7.5, 100 mM NaCl, 0.2% glycerol, 0.6% Triton
X-100, 0.5 mM �-mercaptoethanol). After incubation at 25°C for 2 h, the
reaction mixture was further incubated with amylose resin beads for 2 h
before being washed six times with the washing buffer (50 mM Tris at pH
7.5, 100 mM NaCl, 0.6% Triton X-100). Pulled-down proteins were ana-
lyzed by SDS-PAGE and detected by Western blotting using anti-phyA
monoclonal antibody (Shinomura et al. 1996) or anti-His antibody (Santa
Cruz Biotechnology). In vitro ubiquitination (Seo et al. 2003) was per-
formed using 100 ng of purified 6×His-PHYA or pea phyA. After incuba-
tion at 30°C for 2 h, reaction mixtures were separated on 6% SDS-PAGE
gels. Ubiquitinated 6×His-PHYA or pea phyA was detected by Western
blotting using anti-phyA antibody. Covalently bound bilins were visual-
ized by Zn2+-induced florescence of the complexes after resolution on 6%
SDS-PAGE gels (Berkelman and Lagarias 1986).

Effects of COP1 on phyA levels in vivo
DN-COP1-6×Myc (C52S, C55S, C86S, C89A) was cloned into pBA002
(Kost et al. 1998) or the �-estradiol inducible vector, pER8 (Zuo et al.
2000). Constructs were transformed into Arabidopsis thaliana (Lands-
berg erecta) by vacuum infiltration (Clough and Bent 1998). Wild-type
(Col and Ler), cop1 mutants (cop1-4 and cop1-6 in Col background), and
transgenic seedlings (in Ler background) expressing 35S-DN-COP1-
6×Myc were germinated and grown in darkness for 4 d before transfer to
R light (20 µmole m−2sec−1) for the designated time, so that all seedlings
were of the same age when protein or RNA was extracted. For examina-
tion of phyA level in XVE-DN-COP1-6×Myc transgenic seedlings, dark-
grown 4-day-old seedlings were exposed to R light (20 µmole m−2 sec−1)
with or without 10 µM �-estradiol (Sigma) for 15 h and then with or
without 50 µM MG132 (Calbiochem) for 15 h. Samples were extracted
and analyzed by Western blotting using anti-phyA antibody or anti-Myc
antibody (Santa Cruz Biotechnology).
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