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Arabidopsis COP1 is a constitutive repressor of photo-
morphogenesis that interacts with photomorphogenesis-
promoting factors such as HY5 to promote their protea-
some-mediated degradation. SPA1 is a repressor of phy-
tochrome A-mediated responses to far-red light. Here we
report that COP1 acts as part of a large protein complex
and interacts with SPA1 in a light-dependent manner.
We further demonstrate the E3 ubiquitin ligase activity
of COP1 on HY5 in vitro and the alteration of that ac-
tivity by SPA1. Thus, the COP1–SPA1 interaction de-
fines a critical step in coordinating COP1-mediated ubiq-
uitination and subsequent degradation of HY5 with
PHYA signaling.

Received June 17, 2003; revised version accepted September 9,
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Plants show a high degree of developmental plasticity in
the control of seedling development in response to light.
Arabidopsis monitors the ambient light conditions by
using multiple wavelength-specific photoreceptors, in-
cluding the red (600–700 nm) and far-red (FR; 700–750
nm) light-absorbing phytochromes (phyA to phyE) and
the blue/ultraviolet-A (320–500 nm) light-absorbing
cryptochromes (Cry1 and Cry; Wang and Deng 2002).
Studies have shown that the abundance of HY5, a bZIP
transcription factor that promotes photomorphogenic
(light-grown) development (Oyama et al. 1997), is corre-
lated with the extent of photomorphogenesis and is pri-
marily regulated at the level of protein degradation via
the proteasome pathway (Osterlund et al. 2000). The
control of HY5 protein stability requires the COP/DET/
FUS group of constitutive repressors, which define four

biochemical entities [COP1, COP10, DET1, and the
COP9 signalosome (CSN); Wang and Deng 2002].
Of these constitutive photomorphogenic repressors,

only COP1 is known to directly interact with HY5 and
target it for proteasome-mediated degradation (Oster-
lund et al. 2000). COP1 encodes a 76-kD protein con-
taining a RING-finger domain, followed by a coiled-coil
and a WD40 domain (Deng et al. 1992). RING-finger do-
mains are commonly conserved in a subclass of ubiqui-
tin-protein ligases (E3s; Pickart 2001). Protein ubiquiti-
nation requires the sequential action of three enzymes, a
ubiquitin-activating enzyme (E1), a ubiquitin-conjugat-
ing enzyme (E2), and an E3. The E3 confers the substrate
specificity by direct recognition of the substrate proteins
(Pickart 2001). All these results suggest a model in which
COP1 acts as an E3 in the ubiquitin-proteasome pathway
within the nucleus and promotes the destabilization of
HY5 and other substrates. Recently, COP1 has been
shown to mediate the ubiquination of a MYB transcrip-
tion factor, LAF1 (Seo et al. 2003).
Distinct light-signaling pathways initiated by mul-

tiple photoreceptors eventually converge on COP1 and
lead to its inactivation (Wang and Deng 2002). However,
little information is available regarding the molecular
link between the phytochrome-mediated FR/red light
signaling and COP1. Of the five phytochromes found in
Arabidopsis, phyA is mainly responsible for continuous
FR (FRc)-mediated responses (Wang and Deng 2002).
SPA1 has been identified as a nuclear-localized repressor
of phyA-mediated signaling (Hoecker et al. 1999). SPA1
contains a protein kinase-like domain, a coiled-coil re-
gion, and a C-terminal WD40 domain that is highly re-
lated in structure to that of COP1. Moreover, interaction
of COP1 with SPA1 through their coiled-coil regions
(Hoecker and Quail 2001) raises the possibility that
SPA1 and COP1 may work together to target substrate
proteins for degradation in relating to phyA-signaling.
Indeed, it has been shown recently that the coiled-coil
domain of SPA1 is able to enhance the E3 ligase activity
of COP1 on the transcription factor LAF1 (Seo et al.
2003). As an attempt to further understand the molecu-
lar link of PHYA-signaling with COP1, here we have
characterized functional interactions between COP1 and
SPA1 at both the genetic and biochemical level.

Results and Discussion

COP1 acts as part of large protein complex(es)

Many RING-type E3 ubiquitin ligases form protein com-
plexes in vivo (Pickart 2001). To examine if this is the
case for COP1, we carried out gel filtration analyses (Fig.
1). Because of the low activity of our COP1 antibodies,
the band corresponding to COP1 was located between
two nonspecific cross-reacting bands (Fig. 1). As ex-
pected, the COP1 band was absent in extracts from
cop1-4 seedlings, whereas the two flanking nonspecific
bands remained largely unchanged (Fig. 1). The majority
of COP1 is present in an ∼ 700-kD protein complex(es) in
dark-grown wild-type plants and is clearly different from
the profiles of the CSN (Fig. 1) and the COP10 complex
(Suzuki et al. 2002). Previous experiments have demon-
strated that COP1 is capable of homodimerization (Torii
et al. 1998). However, in the current experimental con-
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ditions, no detectable amounts of the COP1 protein were
seen in the fractions corresponding to the size of its ho-
modimer (150–160 kD). Thus, it is likely that COP1 con-
stitutes the complex(es) in heterogeneous associations
with other factors. Further analyses revealed that COP1
is also present in the same size complex(es) in white
light (data not shown), as well as in the absence of CSN
(Fig. 1, cop9-1). Therefore, light regulation of COP1 must
include control mechanisms other than simple associa-
tion-dissociation of COP1 from the rest components of
the complex. Interestingly, the peak of the COP1 com-
plex(es) is shifted to larger fractions by loss of COP10
(Fig. 1, cop10-1). This may represent an unknown inac-
tive state of the COP1 complex(es), which requires
COP10 for conversion to a smaller active form.

Synergistic enhancement of the cop1
and spa1mutations

To obtain genetic evidence for the functional interaction
between COP1 and SPA1, we constructed a double mu-
tant between a weak cop1mutant allele, cop1-6 (McNel-
lis et al. 1994), and a severe spa1 mutant allele, spa1-3
(Hoecker et al. 1999). Under FRc, the spa1-3/cop1-6
double mutant possesses slightly shorter hypocotyls and
shows higher accumulation of anthocyanin compared
with those of the single parental mutants (Fig. 2A,E,G),
suggesting that these mutations have a synergistic effect
in PHYA signaling. This effect was observed over a range
of FRc fluence rates, although it was less pronounced
under high fluence rate irradiations (Fig. 2F). Notably,
the double mutant shows a synergistic phenotype even
in darkness, in which no obvious phenotype is detected
in the spa1-3 mutant (Fig. 2B,E,H). This suggests that
COP1 and SPA1 may functionally interact even in the
absence of FR. A cDNA microarray analysis focusing on
FR-regulated genes (Wang et al. 2002) revealed a similar
synergism in the gene expression profiles affected by
these two mutations (Fig. 2I).

SPA1 controls the protein level of HY5 but not
of COP1

Because COP1 promotes the destabilization of HY5 (Os-
terlund et al. 2000),we tested whether SPA1 contributes

to the down-regulation of HY5 abundance. We compared
HY5 levels between wild-type and the spa1-3 mutant
seedlings under FRc. During the time period examined,
HY5 accumulates to high levels in spa1-3 without de-
tectable increase in the mRNA level (Fig. 3A). Upon
transfer of the seedlings from darkness to FRc, HY5 be-
gins to accumulate more rapidly in spa1-3 than in the
wild type (Fig. 3B). We also found a slight synergistic
effect of the spa1-3 and cop1-6 mutations on HY5 abun-
dance (Fig. 3C). However, no detectable change in the
COP1 expression level was found in spa1-3 (Fig. 3D).
These results indicate that the hyperphotomorphogenic
phenotype of spa1-3 is caused, at least in part, through

Figure 2. Synergistic enhancement of cop1-6 and spa1-3 muta-
tions. (A–D) Morphology of spa1-3, cop1-6, a spa1-3/cop1-6 double
mutant, and their wild-type ecotype (cop1-6Col, spa1-3 RLD) 4-day-
old seedlings grown under 0.5 µM m−2 s−1 continuous far-red (A),
darkness (B), 30 µMm−2 s−1 continuous blue light (C), and 4 µMm−2

s−1 continuous red light (D). Bars, 1 mm. (E,F) Graphs compare hy-
pocotyl length under various light conditions (E) and under continu-
ous far-red with different fluence rates (F). (E–H) Error bars represent
the standard deviation of >20 plants each. Bottom panels show an-
thocyanin content under continuous far-red light (G) and darkness
(H). (I) Comparison of the global gene expression profiles of 5-day-
old continuous far-red-light-grown plants focusing on the core group
(total 696) of FR-responsive genes (Wang et al. 2002). Lane 1 shows
ratio of spa1-3 compared with wild-type (RLD) seedlings (spa1.3
FR/RLD FR). Lane 2 shows cop1-6 compared with wild-type (Col)
seedlings (cop1.6 FR/Col FR). Lane 3 shows the spa1-3/cop1-6
double mutant compared with wild-type (Col) seedlings
(spa1.3,cop1.6 FR/Col FR).

Figure 1. COP1 acts as part of large protein complex. Gel filtration
fractions of protein extracts from 4-day-old dark-grown wild-type
[Wassilewskija (Ws) ecotype], cop1-4, cop9-1, and cop10-1 seedlings
were subjected to immunoblot analyses. The arrowhead and asterisk
indicate the positions of COP1 and cross-reacting bands, respectively.
The fraction numbers and molecular weight are indicated above. T
represents total soluble extracts used for gel filtration. An immunoblot
probed with anti-CSN3 and anti-CSN6 antibodies is also shown.
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high-level accumulation of HY5, rather than through de-
creased expression of COP1.
To examine whether direct protein interaction be-

tween SPA1 and HY5 is involved in the SPA1-mediated
control of HY5 level, we used a yeast two-hybrid assay.
Full-length SPA1 fused with the LexA DNA-binding do-
main interacts with the GAL4 activation-domain fusion
of HY5 (Fig. 2E). This interaction is greatly reduced by
point mutations in the COP1-binding domain of HY5
(HY5 VP-AA; Holm et al. 2001). Truncated forms of
SPA1 lacking either the WD40 domain or the coiled-coil
region do not interact with HY5. This suggests that as
found with the COP1–HY5 interaction, the SPA1–HY5
interaction is mediated through the WD40 domain, and
presence of bothWD40 domain and coiled-coil region are
required. Furthermore, two-hybrid analyses using mu-
tant versions of SPA1 and COP1 confirmed that, as pre-
viously reported (Hoecker and Quail 2001), the coiled-
coil regions of both proteins are necessary and sufficient
for the COP1–SPA1 interaction (Fig. 3F,G). Interestingly,
the interaction between the coiled-coil regions and their
full-length partners is considerably greater than that be-
tween the two full-length proteins (Fig. 3F,G). A small de-
letion or a single amino acid substitutionwithin theWD40
domain of COP1 (cop1-8 and cop1-9, respectively) also in-
hibits the COP1–SPA1 interaction (Fig. 3G). Thus, it ap-
pears that presence of a misfolded WD40 domain in COP1

impairs its coiled-coil-mediated interaction with SPA1,
whereas the complete loss of the WD40 domain does not.

COP1 interacts with SPA1 in vivo, which is negatively
regulated by light

To further investigate the COP1–SPA1 interaction and
its role in vivo, we generated transgenic Arabidopsis
plants by introducing an N-terminal fusion protein of
SPA1 with a modified tandem affinity purification (TAP)
tag (Fig. 4A; Rigaut et al. 1999). As shown in Figure 4B
and C, this construct complemented the spa1-3 muta-
tion and restored HY5 protein abundance to its wild-type
level (Fig. 4D). To address our hypothesis that SPA1 acts
as a component of the COP1 complex(es), we first com-
pared gel filtration profiles of both proteins from dark-
and FRc-grown seedlings (Fig. 4E). Both the TAP–SPA1
fusion protein and COP1 largely cofractionate in the
large-molecular-size fractions (∼ 700 kD) under both
darkness and FRc.
To confirm the association of COP1 and SPA1 in vivo,

we performed coprecipitation assays with immunoglo-
bin G (IgG)-agarose beads, which specifically precipitate
TAP–SPA1 from crude plant extracts. As shown in Fig-
ure 4F, COP1 is coprecipitated with TAP–SPA1 from the
transgenic plants but not from the wild-type controls.
Although almost equal amounts of TAP–SPA1 were pre-
cipitated, the yield of coprecipitated COP1 is higher
from dark-grown seedlings than from any other light-
grown seedlings (Fig. 4F, right). Because the amounts of
COP1 and SPA1 as a proportion of total protein extracts
are essentially the same under all growth conditions (Fig.
4F, left), this difference may reflect a decrease in the
amount of SPA1 associated with COP1 in the light.
Thus, it is possible that light-mediated inactivation of
COP1 is achieved, at least in part, through this light-
induced dissociation of SPA1 from COP1. Even though
SPA1 function is most prominent under FRc, we de-
tected no enhancement in the COP1–SPA1 interaction
under FRc compared with the other light conditions. Ap-
parently, direct interaction with COP1 alone does not
account for the functional specificity of SPA1 toward the
PHYA-mediated FRc responses. Rather, it suggests that a
posttranslational modification on SPA1 and/or COP1
may occur predominantly under FR, possibly mediated
by PHYA. Nevertheless, both cofractionation and copre-
cipitation suggest a tight physical association between
COP1 and SPA1. In contrast, the signals for two subunits
of the CSN (CSN3 and CSN6) in the IgG-precipitated
samples are not substantially elevated over the mock-
precipitated control.
It seems likely that SPA1 acts as a component of the

COP1 complex(es). However, further gel filtration analy-
ses did not reveal any significant difference in the profile
of the COP1 complex(es) in the FRc-grown spa1-3 seed-
lings (Fig. 4G), in which a nonsense mutation precedes
the coiled-coil region of SPA1 protein (Hoecker et al.
1999). This indicates that at least one form of the COP1
complex(es) maintains its integrity without SPA1. It is
possible that different COP1 complexes exist and at least
one of them contains SPA1 as an associated factor. In
this regard, the Arabidopsis genome has at least two
genes that encode proteins highly homologous in struc-
ture to SPA1 (GenBank accession nos. T08190 and
AAF87859) that may partially compensate for SPA1 ac-
tivity in its absence. Alternatively, the COP1–SPA1 in-
teraction may be an intercomplex interaction. However,

Figure 3. SPA1 promotes down-regulation of HY5 protein levels
without affecting COP1 expression. Anti-HY5 immunoblot analy-
ses of seedlings grown under continuous far-red (A,C) and 3-day-old
seedlings transferred from darkness to far-red light (B) for indicated
times. Immunoblots probed with anti-Rpt5 or anti-CSN3 antibodies
are shown as loading controls. A Northern blot was probed with the
32P-labeledHY5 cDNA. (D) COP1 levels in the 4-day-old continuous
far-red-grown seedlings are indicated by the arrowhead. The aster-
isks indicate the positions of cross-reacting bands by the COP1 an-
tibodies. The wild-type (WT) ecotype used (A,B,D) is RLD. Yeast
two-hybrid analyses of the SPA1–HY5 interactions (E) and the
SPA1–COP1 interactions (F,G). The constructs used for analysis are
shown on the left. (Zn) RING-finger domain; (CC) coiled-coil do-
main; (WD40) WD40 repeat region; (SPA1-NT696) amino acids
1–696; (SPA1NT545) amino acids 1–545; (SPA1-CC) amino acids
521–696; (SPA1-CT509) amino acids 521–1029; (SPA1-CC) amino
acids 546–646. The right side of the panel shows corresponding �-ga-
lactosidase activities. Error bars represent the standard deviation.
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it should be noted that no such super-large complex was
detected in our gel filtration analyses.

COP1 shows an E3 ubiquitin ligase activity on HY5
in vitro, which is altered by SPA1

Because all the results suggest that the COP1–SPA1
complex(es) plays a role in regulating ubiquitination

pathways, we investigated whether COP1 has intrinsic
E3 ubiquitin ligase activity by using in vitro ubiquitina-
tion assays with maltose-binding protein (MBP) fusions
of full-length COP1 and SPA1. In the presence of recom-
binant yeast E1 and Arabidopsis E2, the purified MBP-
COP1 exhibits autoubiquitination activity (Fig. 5A).
Two bands corresponding to ubiquinated proteins were
seen in immunoblots only in the presence of E1, E2, and
functional COP1. Using amylose resin to pull-down the
MBP tag (Fig. 5A, right panels), it was determined that
the lower band represents ubiquinated COP1, whereas
the upper band is an unknown protein that is also
ubiquinated by COP1. The signal for ubiquinated COP1
overlaps with that of unmodified protein, and we were
unable to distinguish multiple forms of COP1 using ei-
ther COP1 (Fig. 5A, lower panel) or MBP antibodies (data
not shown). This suggests the addition of one or possibly
two ubiquitin molecules to only a small proportion of
the total amount of COP1 in the assay mixture.

Figure 4. COP1 interacts with SPA1 in vivo, but light induces their
dissociation. (A) The modified TAP–SPA1 construct used for plant
transformation, consisting of two copies of the IgG-binding domain
(IgG-BD), a human rhinovirus 3C protease cleavage site (3C), and
nine copies of the myc epitope tag downstream of two tandem cop-
ies of the cauliflower mosaic virus 35S promoter (35S P) with a
tobacco mosaic virus translational enhancer sequence (TL). (B–D)
TAP–SPA1 complements spa1-3 under continuous far-red light at
the level of seedling morphology (B), hypocotyl length (C), and HY5
abundance (D). Bars, 1 mm. Error bars represent the standard devia-
tion of >20 plants each. An immunoblot probed with anti-Rpt5 and
anti-Rpn6 antibodies is also shown as a loading control. (E) Gel
filtration analyses of 4-day-old dark-grown and continuous far-red-
grown TAP–SPA1 transgenic plants. (F) IgG precipitation using the
TAP–SPA1 plants grown under various light conditions. (D) Con-
tinuous darkness; (FR) continuous far-red light; (R) continuous red
light; (B) continuous blue light; (W) continuous white light. (G) Gel
filtration profiles of COP1 under continuous far-red light (FRc). The
wild-type (WT) ecotype used is RLD. The arrowheads and asterisks
in panels D–G indicate protein positions and the anti-COP1 anti-
body cross-reacting bands, respectively.

Figure 5. COP1-mediated ubiquitination of HY5. Recombinant
COP1, SPA1, and HY5 fusions proteins were purified from E. coli,
and in vitro ubiquination assays were performed. (A) Demonstration
of COP1 E3 autoubiquination activity of active COP1 (MBPCOP1)
or denatured COP1 (bMBPCOP1) in vitro after immunoblotting (IB)
or precipitation with amylose resin and subsequent immonublot-
ting (PD). For IB, MBPCOP1 was probed with antibodies against
COP1, and ubiquitinated products were detected by specific binding
of peroxidase-conjugated streptavidin to biotinylated ubiquitin fol-
lowed by chemiluminescence detection. (B) The left and right panels
show the alteration of COP1 autoubiquination activity by SPA1.
Ubiquitinated products were detected as described above. The ar-
rowhead indicates positions of autoubiquitinated COP1. The lower
asterisk indicates an unidentified ubiquitinated protein (see text),
the upper asterisk in the left panel represents nonspecific cross-
reacting band associated with some MBPSPA1 preparations. (C)
COP1-mediated ubiquination of HY5 and the effect of SPA1.
GSTHY5 in the left panel was detected by using antibodies against
GST; ubiquitinated GSTHY5 in the right panel was visualized as
described above. Arrowheads indicate position of ubiquinated HY5,
whereas the asterisk indicates position of unmodified GSTHY5. (D)
Three-day-old white-light-grown HY5-overexpressing (HY5-OE) and
hy5-ks50 seedlings were transferred to media containing protea-
some inhibitors (MG115, MG132, and PSI h), and subjected to dark-
ness for 20 h. Immunoprecipitated protein (IP) with anti-HY5 serum
or preimmune serum was analyzed by immunoblotting with anti-
ubiquitin and anti-HY5 antibodies.
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To investigate the effects of SPA1 on the E3 ligase
activity of COP1, we first examined the effects of MBP-
SPA1 on COP1 autoubiquitination activity (Fig. 5B, left
and right panels). As expected, bands corresponding to
ubiquinated COP1 and the unidentified protein de-
scribed above were observed only in the presence of E1,
E2, and COP1 (Fig. 5B, left panel). Interestingly, the ad-
dition of GSTHY5 (Fig. 5B, left panel), but not GST alone
(Fig. 5B, right panel), caused a decrease in the amount of
these two ubiquinated proteins. The addition of approxi-
mately equimolar (relative to COP1) amounts of MBP-
SPA1 returned amounts of ubiquinated COP1 to that
observed in the absence of HY5 (Fig. 5B). However, in the
absence of GSTHY5, the addition of SPA1 had no detect-
able effect on the level of COP1 autoubiquitination (Fig.
5B, right panel).
We next investigated the E3 ligase activity of COP1 on

GSTHY5 by using GST antibodies. The addition of E1,
E2, and active COP1 resulted in the formation of a larger
form of GSTHY5 (Fig. 5C, left panel). This larger form of
GSTHY5 was ubiquinated (Fig. 5C, right panel), with the
size shift indicating the addition of one ubiquitin unit.
Interestingly, the addition of SPA1 (but not MBP; data
not shown) inhibits the formation of ubiquinated
GSTHY5 (Fig. 5C).
Because proteins that are destined for proteasome-me-

diated degradation are generally conjugated to a polyu-
biquitin chain (Pickart 2001), we wanted to investigate
the ubiquination status of HY5 in vivo. To this end, we
took light-grown Arabidopsis seedlings and transferred
them to the dark, a process that results in the rapid deg-
radation of HY5 (Osterlund et al. 2000). Treatment of the
seedlings with proteasome inhibitors enabled detection
of polyubiquitinated forms of HY5 (Fig. 5D), demonstrat-
ing that in vivo HY5 is polyubiquitinated before its deg-
radation via the proteasome pathway.
Recently, Seo et al. (2003) have also demonstrated the

E3 ligase activity of COP1 on itself and the MYB tran-
scription factor LAF1. However, in contrast to these re-
sults, they reported that SPA1 enhances the COP1-me-
diated ubiquination of LAF1. There are a number of pos-
sibilities to reconcile these two sets of data. Firstly,
although Seo et al. (2003) used recombinant MBPCOP1,
they used mammalian E1 and E2 in their in vitro assays,
in contrast to the yeast E1 and Arabidopsis E2 used in
this work. We have ourselves noticed variations in the
efficiencies of different Arabidopsis E2s with COP1. For
example, this work uses the E2 AtUbc9, whereas we
were unable to detect any activity using AtUbc8, which
was capable of functioning with theArabidopsis E3 CIP8
(Hardtke et al. 2002). Second, in a previous study, Seo et
al. (2003) use only the coiled-coiled domain of SPA1,
whereas we use the full-length fusion protein in our as-
says. Although the coiled-coil domain of SPA1 is neces-
sary and sufficient for interaction with COP1, the WD40
region also has an important role to play in both sub-
strate interaction and interaction with COP1 (Fig. 3).
One possible model to explain our in vitro data is that
SPA1 inhibits COP1-mediated ubiquination of HY5 by
sequestering the substrate away from the active site of
COP1. If such sequestration of LAF1 involves the WD40
region, as is the case with HY5, this interaction would
not be seen with a truncated protein that lacks the
WD40 domain. Finally, the differences between these
results and those previously reported may simply be due
to the use of different COP1 substrates. Although both

LAF1 and HY5 are transcription factors that positively
regulate photomorphogenesis, LAF1 is specific to far-red
light, whereas HY5 regulates red-, far-red-, and blue-
light-mediated signaling (Oyama et al. 1997; Ballesteros
et al. 2001).
Treatment of seedlings with proteasome inhibitors en-

abled detection in vivo of polyubiquitinated forms of
HY5 (Fig. 5D), demonstrating that HY5 is polyubiquiti-
nated before its degradation. Given this observation,
there appears to be a discrepancy between the results
from in vitro biochemical assays and our observations in
vivo. The genetic data suggest that SPA1 and COP1 act
together to reduce the abundance of HY5, ultimately
leading to reduced photomorphogenesis. The reduction
in the abundance of HY5 involves degradation by the
proteasome, and we can detect polyubiquinated HY5 in
vivo under conditions in which it is being actively de-
graded (Fig. 5D). Given these observations, we might
have expected to see an enhancement in the COP1-me-
diated ubiquination of HY5 in the presence of SPA1,
whereas we, in fact, see an inhibitory effect (Fig. 5C).
One possibility to explain this discrepancy is that the
SPA1 is acting as a switch, changing the ubiquination
activity of COP1 on HY5 from monoubiquitination to
polyubiquination. It is possible that presence of SPA1
changes the interaction between COP1 and HY5, pro-
ducing a different type of ubiquination event. Clearly,
our in vitro assay system lacks the other as-yet-uniden-
tified components of the COP1 complex(es), and it may
be that one of these is essential for the polyubiquination
of HY5. This missing activity may reflect the action of
another ubiquitin ligase, an E4 polyubiquitination ligase
subtype (Pickart, 2001), and/or that further activation of
COP1 may be required to generate the polyubiquitinated
forms of HY5. Another RING-finger protein, CIP8,
which is capable of ubiquitinating HY5 (Hardtke et al.
2002) and directly interacting with COP1 (Torii et al.
1999), might fulfill the missing link to polyubiquitina-
tion. It is also possible that further modification of HY5,
which is absent from our in vitro experiments, is re-
quired in planta for polyubiquitination.
The E3 activity of COP1 observed in vitro and its

SPA1-mediated alteration may represent only part of
their enzymatic function. Further study is required to
reveal the physiological significance of the mono-
ubiquination activity of COP1 on HY5. Nevertheless, it
is certain that SPA1 is inherently capable of modulating
the E3 ubiquitin ligase activity of COP1. It is conceiv-
able that distinct light signals are acting through differ-
ent COP1 complex components, of which SPA1 is the
component primarily responsible for mediating far-red
light regulation of COP1 activity. The direct interaction
between COP1 and SPA1 provides a molecular basis for
the convergence of PHYA-mediated signaling and COP1,
and how far red light regulates activity of photomorpho-
genesis promoting transcription factors such as HY5 and
thus developmental pattern.

Materials and methods

Plant materials and growth conditions
The wild-type plants used were of the Wassilewskija ecotype unless oth-
erwise stated. The cop, spa1-3, hy5-ks50 mutants and the HY5-overex-
pression lines used have been described previously (McNellis et al. 1994;
Oyama et al. 1997; Hoecker et al. 1999; Hardtke et al. 2002; Suzuki et al.
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2002). Seed sterilization and plant growth conditions were performed as
previously described (Hardtke et al. 2002). Vernalized seeds were exposed
to white light for 6–10 h, and then transferred to continuous light con-
ditions (6 µM m−2 s−1 for far-red light, 10 µM m−2 s−1 for red light, 4 µM
m−2 s−1 for blue light, and 30 µM m−2 s−1 for white light), unless other-
wise stated. Anthocyanin content of seedlings was determined as de-
scribed previously (McNellis et al. 1994). Total RNA extractions, North-
ern blot procedures, and microarray analysis and hierarchical clustering
were performed as previously described (Osterlund et al. 2000; Wang et
al. 2002). For raw data, see http://plantgenomics.biology.yale.edu.

Western blot analysis, gel filtration chromatography,
and immunoprecipitation
Protein extraction, gel filtration, and Western blot analyses were essen-
tially performed as described previously (Hardtke et al. 2002) except us-
ing buffer A (50 mM Tris at pH 7.5, 150 mMNaCl, 1 mM EDTA, 10 mM
NaF, 25 mM �-glycerophosphate, 2 mM sodium orthovanadate, 10%
glycerol, 0.1% Tween 20, 1 mM DTT, 1 mM PMSF, and 1× complete
protease inhibitor cocktail; Roche) for lysis and gel filtration. A Superose
6 (Amersham) column was used for gel filtration. For IgG-bead precipi-
tation, after incubation of the extracts with IgG-agarose beads (Amer-
sham) in buffer A without DTT (buffer B) for 3 h at 4°C, beads were
washed twice in buffer B, and then twice more in buffer B containing 200
mM NaCl. The precipitated protein was eluted into buffer C (100 mM
glycine at pH 2.5, 100 mMNaCl), and then concentrated by using Strata-
resin (Stratagene). Immunoprecipitation was performed essentially as
IgG precipitation described above, except that protein A-Sepharose beads
(Pierce) coupled to anti-HY5 serum or pre-immune serum were used, and
all the processes were performed in presence of proteasome inhibitors
(MG132, MG115, and PS1 at 25 µM each; Calbiochem). Anti-myc mono-
clonal antibody (the 9E10 clone) was used to detect TAP–SPA1 fusion
protein.

Yeast two-hybrid analysis
The assay system, all the procedures, and all the constructs for COP1
have been described previously (Wang et al. 2001). The HY5 VP-AA mu-
tations were introduced via PCR as described previously (Holm et al.
2001).

TAP–SPA1 transgenic plants
The SPA1 cDNA was inserted into a modified N-terminal TAP tag
(Rigaut et al. 1999) in pZP222 (Hajdukiewicz et al. 1994). Sequence analy-
ses revealed that the resulted SPA1 sequence contains one amino acid
substitution in the very C terminus (V1029C). At least two independent
T3 transgenic lines were used for subsequent analyses.

In vitro ubiquitination assays
N-terminal fusions between MBP and Arabidopsis COP1 and SPA1 cod-
ing regions were expressed in BL21 codon plus (Stratagene) Escherichia
coli cells, and purified by using Amylose resin (New England Biolabs). For
experiments with denatured MBPCOP1, the protein was boiled for 10
min at 95°C before addition to the ubiquination reaction. The GST-
fusion protein with Arabidopsis HY5 was prepared as described previ-
ously (Hardtke et al. 2002). An N-terminal 6xHis tag with Arabidopsis
UBC9 was produced in the plasmid pQE30 (Qiagen) and purified by using
Ni-NTA resin (Qiagen) according to manufacturer’s protocol. In vitro
ubiquitination assays were performed in a total volume of 30 µL consist-
ing of 50 mMTris (pH 7.5), 10 mMMgCl2, 10 mMATP, 1 µg biotinylated
ubiquitin (Affiniti), 25 ng yeast E1 (Sigma), ∼ 25 ng AtUBC9, 500 ng GST-
HY5, 500 ng MBP-COP1, and 500 ng MBP-SPA1. Reactions were incu-
bated for 2 h at 30°C before being terminated by the addition of SDS
sample buffer. Products conjugated with biotinylated ubiquitin were de-
tected by incubation of Western blots with streptavidin-conjugated
horseradish peroxidase (Amersham), followed by chemiluminescence vi-
sualization.
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