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Summary

Arabidopsis seedlings exhibit distinct developmental
patterns according to their light environment:
photomorphogenesis in the light and etiolation or
skotomorphogenesis in darkness. COP1 acts within the
nucleus to repress photomorphogenesis in darkness,
while light depletes COP1 from nucleus and abrogates
this repression. COP1 contains three structural modules:
a RING finger followed by a coiled-coil domain, and a
WD40 repeat domain at the C-terminus. By introducing
various domain deletion mutants of COP1 into cop7 null
mutant backgrounds, we show that all three domains
are essential for the function of COP1 in vivo.
Interestingly, a fragment containing the N-terminal 282
amino acids of COP1 (N282) with both the RING finger
and coiled-coil modules is sufficient to rescue the
lethality of the cop7 null mutations at low expression
level. However, high expression levels of the N282
fragment result in a phenocopy of the cop? null
mutation. The sensitivity of the seedling to levels of
N282 could reflect the importance of the abundance of
COP1 for the appropriate regulation of photomorpho-
genic development.

Introduction

As sessile organisms, plants depend heavily on their
ability to perceive and respond to environmental cues.
Light is one of the most important factors affecting plant
development, as shown by the dramatic difference in
morphogenetic patterns in response to different light
conditions. In the light, Arabidopsis seedlings develop
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according to a photomorphogenic program, with short
hypocotyls, open cotyledons and expanded, differentiated
chloroplasts. In darkness, seedlings adapt an etiolated or
skotomorphogenic development, with long hypocotyls
and small cotyledons on an apical hook with etioplasts
(Kendrick and Kronenberg, 1994; von Arnim and Deng,
1996). A number of the signal transduction pathway
components have been identified by screening for etio-
lated phenotypes in the light or photomorphogenic
phenotypes in the dark (Chory etal, 1989; Deng etal.,
1991; Koorneef etal., 1980; Misera etal., 1994).

One important component in the light regulatory path-
way is Constitutively Photomorphogenic 1 (COP1) which
functions as a molecular switch for mediating light control
of seedling development. Recessive mutations at the COP1
locus result in a photomorphogenic phenotype indepen-
dent of light (Deng etal., 1991). This suggests that COP1
acts as a repressor of photomorphogenesis in the dark.
Subcellular localization studies revealed that in the dark,
COP1 is enriched in the nucleus and light depletes its
nuclear abundance (von Arnim and Deng, 1994). Increased
cellular abundance of COP1 caused hypersuppression of
photomorphogenesis in the light, supporting the notion
that COP1 is an autonomous repressor or a rate-limiting
step in the repression of photomorphogenesis (McNellis
etal., 1994a). In addition, genetic epistatic analyses
indicate that COP1 acts downstream of multiple photo-
receptors (Ang and Deng, 1994).

The COP1 protein contains three structural modules, all
of which may be involved in protein—protein interactions
(Osterlund and Deng, 1999; Torii etal., 1998). The N-
terminus contains a RING finger motif found in a large
variety of proteins with many different functions ranging
from DNA repair and recombination to peroxisome biogen-
esis (Saurin etal., 1996). In several cases, the RING finger
motifs have been shown to be involved in protein-protein
interaction (Bellon etal., 1997; Mackay etal., 1998). In the
case of COP1, the RING finger specifically interacts with the
RING-H2 domain of a novel Arabidopsis protein CIP8 (Torii
etal., 1999). Similar to many RING finger-containing
proteins, there is a coiled-coil domain following the RING-
finger motif (Reddy et al., 1992). The C-terminal half of COP1
is made up of seven WD-40 repeats which were first
identified in the p subunit of the heterotrimeric G proteins
(Neer etal., 1994). Each WD-40 repeat in the G-protein
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forms aring-like B propeller structure that acts as a platform
for different protein—protein interactions (Gaudet etal.,
1996). In Arabidopsis, COP1 mediates its interaction with
HY5 through the WD-40 repeat domain (Ang etal., 1998;
Torii etal., 1998). The confluence of these many protein—
protein interaction domains in COP1 suggests that it can
interact with multiple proteins contributing to the pleio-
tropic phenotype of cop1 mutants.

In this paper, we examine the functional property of
mutant proteins with deletions of the RING finger motif
(ARING), the coiled-coil module (ACoil), and the WD40
repeat domain (N282) in the null mutant backgrounds. Our
data suggest that all three modules are essential for the
complete COP1 activity. In the case of N282, it is sufficient to
rescue the lethality of the null mutations and its physiolo-
gical activity is critically dependent on its protein level.

Results

Both the RING finger and coiled-coil domains are
essential for COP1 function

To determine the function of the COP1 domains, the
representative transgenes overexpressing the ARING and
ACoil mutant proteins (Torii etal.,, 1998) were crossed to
heterozygous cop1-5 mutant plants. The F1 plants hetero-
zygous for a single locus transgene and the copl-5
mutation were allowed to self fertilize. In the F2 genera-
tion, all lines segregated approximately 20% cop1-5-like
mutant seedlings (Table 1) indicating that the transgenes
do not rescue the mutant phenotype. This ratio is slightly
lower than 25% due to the low germination rate of the
severe cop I mutant seeds but is significantly different than
the 6.3% expected if the protein was able to complement
the mutation. Western blot analysis of the mutants in
those F2 progeny confirmed that the COP1 deletion
proteins were present (data not shown). The similar
phenotypes of mutants with or without the transgenes
demonstrated that neither of the mutated proteins are
functional (Figure 1a,b).

Since COP1 can form a dimer in vitro, we investigated
the possibility of intermolecular complementation by two
different mutant molecules of COP1 within a dimer. The
cop1-8 mutation and the ARING transgene were selected
because their mutations were in separate domains. The
cop1-8 mutation disrupts the WD40 repeat domain
(McNellis etal., 1994b) whereas in the ARING protein it is
intact. They both contain the coiled-coil motif, which has
been shown to be the dimerization domain (McNellis et al.,
1996). As shown in Table 1, the ARING protein was unable
to complement the cop7-8 mutant phenotype. Hence the
dimerization of two individual COP1 proteins defective in
separate domains appears not to be able to reconstitute a
functional COP1 activity.

Table1. F2 segregation of ARING and ACoil overexpressing
transgenes crossed to cop71-5 or cop1-8 mutant plants

Cross Wild-type  Mutant WT:Mutant ratio
ARING X cop1-5 152 33 46:1
ARING X cop1-8 134 31 4.3:1
ACoil X cop1-5 53 18 29:1

The F2 segregating seedlings were grown in cycling light for
6 days and scored for phenotype. Mutants were identified by
their purple (fusca) coloration and diminutive status.

One explanation for the inability of the deletion mutant
proteins to rescue these mutant phenotypes could be their
improper folding or dimerization. However, in wild-type
backgrounds, overexpression of the ARING protein or a
fusion protein between GUS and the ACoil protein results
in elongated hypocotyls when grown in the light (Torii
etal., 1998). This is similar to the phenotype observed
when the full-length COP1 protein is overexpressed
(McNellis etal., 1994a). This suggests that the deletion of
the specific domains does not affect folding of the
remaining part and these mutant proteins are able to
dampen the light response to the same extent as the full-
length protein. Therefore, it is more likely that the RING
finger and coiled-coil domains are essential for the
function of COP1.

High levels of the N282 protein result in a cop1 null
phenotype in the absence of wild-type protein

The weak cop1-4 mutation creates a stop codon at amino
acid 283 in the COP1 gene and results in a low level of a
truncated protein (N282) (McNellis etal., 1994b). At least
two contrasting scenarios can explain the weak phenotype
of the cop7-4 mutants. One possibility is that a low level of
COP1 full-length protein is produced due to the transla-
tional read-through of the stop codon in the mRNA.
Alternatively, the N282 protein could retain partial function
and is responsible for the phenotype observed. To
differentiate between these possibilities, a transgene
overexpressing only the N282 protein without the C-
terminal coding sequence after the stop codon (line L2,
see McNellis etal., 1994b) was crossed into the cop7-5and
cop1-8 mutant backgrounds. If the N282 protein is
responsible for the weak cop7-4 phenotype, overexpres-
sing N282 in a null mutant background should recreate this
or even a weaker phenotype. Surprisingly, the progeny of
plants heterozygous for the N282 transgene and the null
cop 1 mutation segregated with about 25% of the seedlings
with a null mutant phenotype (Table 2; Figures 1c and 2a).
Western analyses of those mutant seedlings revealed that
N282 was indeed highly overexpressed (data not shown).
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Figure 1. Seedling phenotype of the deletion mutant proteins in wild-type
and cop1 null mutant background.

The 6-day-old continuous light-grown seedlings overexpressing (a)
ARING, (b) ACoil and (c) N282 proteins. In each panel, two representative
seedlings carrying the overexpressing mutant transgene in the wild-type
(left) and the cop7-5 mutant background (right) are shown. All pictures
are in the same scale.
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Figure 2. Overexpression of N282 in the cop1-4 background mimics a null
cop1 mutant phenotype.

(a) Representative cop7-4 mutant seedlings without (left) or with (right)
the N282 transgene. The seedlings were grown in complete darkness for
3days. Both seedlings are pictured at the same scale.

(b) Western blot analysis of N282 accumulation in the wild-type and
cop1-4 mutant seedlings carrying the same transgene. Approximately
15ug total protein of seedling extract was loaded onto a 12% SDS
polyacrylamide gel.
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Figure 3. N282 protein acts in a strictly concentration-dependent manner.

(a) Phenotype comparison of 6-day-old dark-grown cop? mutant
seedlings with or without N282 protein. From left: cop1-5, cop1-8, cop1-4,
cop1-8 expressing a low level of N282, cop1-5 expressing a high level of
N282, cop1-8 expressing a high level of N282, and cop1-4 expressing a
high level of N282. All seedling were photographed at the same
magnification. The slightly healthier seedlings seen in the copT mutants
expressing high levels of N282 was most likely due to hybrid vigor since
they resulted from crosses of two different ecotypes.

(b) The Western analysis of N282 protein accumulation in representative
mutant lines shown in (a). Lanes 1, cop1-8; lane 2, cop1-4; lane 3, cop1-8
mutant carrying the transgene with reduced expression level of N282,
and lane 4, copl-4 with the N282 overexpressing transgene.
Approximately 30 (lanes 1-3) or 15 (lanes 4)ug total protein were
analyzed in a 12% SDS polyacrylamide gel. A longer exposure time was
used to visualize the N282 protein band for lanes 1-3.
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To establish whether the high level of N282 is respon-
sible for the cop1 null phenotype observed and to rule out
further any read-through of the stop codon in cop1-4
mutant mRNA, the N282 transgene was introduced into
homozygous cop 1-4 mutants by a genetic cross to increase
the level of N282 protein in those mutants. The progeny of
plants heterozygous for the cop7-4 mutation and the N282
transgene segregated the wild-type seedlings, N282 over-
expressing seedlings in a wild-type background (see
Figure 1c, left) and cop7-4 seedlings. However, among
the 25% mutant seedlings that were presumably homo-
zygous for the cop7-4 mutation, there were clearly two
populations. A smaller fraction of the mutants were strictly
cop 1-4-like mutants, whereas a large number had the cop?
null phenotype (Table2). Protein level analysis showed
that the null mutants have a high level of N282 protein
(Figure 2b). It is not clear as to why the null mutants
exhibited a slightly higher than the parental N282 over-
expressing line used in the cross (Figure 2b), although the
mutants are expected to have greatly reduced photosyn-
thetic proteins in the total protein extract. Two related
conclusions can be drawn from these results. First, the
high level of N282 in the absence of wild-type COP1 is
responsible for the null mutant phenotype. Second,
translational read-through of the cop7-4 mutant mRNA
does not account for its phenotype. If it did, the seedlings
that were homozygous for the cop7-4 mutation and
contained the N282 transgene would still have a cop71-4
phenotype because of the low abundance of full-length
COP1 protein.

Table2. F2 segregation of N282 overexpressing plants crossed
to cop1-5, cop1-8 and cop1-4 mutant plants

Cross Wild-type N282 cop1-4 Null mutants (fusca)
N282 X cop1-5 11 174 0 30
N282 X cop1-8 6 77 0 20
N282 X cop1-4 12 83 13 20

The F2 segregating seedlings were grown in cycling light for

6 days and scored for phenotype. The null mutants (fusca)
mutants were identified by their purple coloration and
diminutive status, while N282 and cop 7-4 mutant phenotype
were scored as described previously (Ang and Deng, 1994;
McNellis etal., 1996). In brief, the cop1-4 mutants have extreme
short hypocotyl and smaller cotyledon under light (Ang and
Deng, 1994) and photomorphogenic development in darkness
(Figure 2a, left). The N282 overexpression phenotype in wild-
type background has short hypocotyl and normal size
cotyledons in the light (Figure 1c, left), but open cotyledons and
normal long hypocotyl in the darkness (McNellis etal., 1996). In
addition, the adult cop7-4 plants are severely dwarf-like while
the N282 overexpressing wild-type plants are normal in status.
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The level of N282 protein is critical for its functionality in
the absence of wild-type protein

In the process of examining N282 and cop7-8 crosses,
occasionally some lines lost the dominant negative
phenotype associated with the overexpression of N282 in
the wild-type background (McNellis etal., 1996). This
implied a loss of the ability to overexpress the N282
transgene. However, if the transgene was still expressed at
low levels, those lines could be used to recreate the cop1-4
mutant phenotype if introduced into a cop? null mutant
background. Hence, we carefully examined the phenotype
of the mutant progeny. In one such population, presum-
ably from a parent plant that was homozygous for the
N282 transgene and heterozygous for the cop 7-8 mutation,
25% of the seedlings exhibited phenotypes very similar to
the cop1-4 mutant (Figure 3a) and no cop7-8 mutants were
found. Western blot analysis of these mutants verified that
they had levels of N282 protein equivalent to the cop1-4
mutant seedlings (Figure 3b). Again, in all lines where the
N282 was still overexpressed, cop71-8 mutants with a high
level of N282 had a null mutant phenotype (Figure 3).
These recreated cop1-4-like seedlings further substantiate
that the low level of N282 is responsible for the weak
phenotype observed in the cop7-4 mutants.

Discussion

The studies reported here confirm an interesting feature of
COP1 activity. In previous studies with the copT mutant
alleles, it was revealed that minor mutations, such as small
deletions or even a point mutation, in the C-terminal WD40
repeat region result in a severe phenotype similar to the
cop 1 null mutants (McNellis etal., 1994b). These seedlings
have a severely retarded seedling development and die
after the seedling stage. However, truncation of the protein
by a stop codon at amino acid 283, which presumably
deletes the entire WD40 repeat domain, results in a weak
phenotype (cop1-4). Seedlings carrying the cop1-4 muta-
tion can complete the life cycle similar to wild-type plants.
The weak phenotype observed in the cop1-4 mutants is
intriguing and implies that when the C-half of the COP1
was deleted, the N-terminal 282 amino acids of COP1
maintain some residual functionality which is sufficient to
allow the completion of the plant life cycle.

By using a transgene which can reproduce this N282
fragment of COP1 without the possibility of translational
read-through and thereby recreating a cop7-4 like pheno-
type, we can rule out the possibility that the weak
phenotype was due to a low degree of translational read-
through of the cop7-4 mutant mRNA. Thus, a low level of
the N282 protein maintains significant residual function-
ality and is capable of rescuing the lethality of the null
mutations. It has been shown that the WD40 repeat

domain of COP1 is responsible for directly interacting with
at least one downstream target which promotes the
expression of light inducible genes (Ang etal., 1998). It
further substantiates the notion that the function of COP1
is modular in that the N282 fragment carries the function-
ality for viability, while a mutated or misfolded WD40
repeat region can disrupt this domain specific function.
Separation of functions among individual modules of
COP1 is possibly achieved by their abilities to interact
with distinct functional targets. Indeed, it has been
demonstrated recently that a transcriptional regulator
(CIP7) interacts with the coiled-coil domain of COP1 while
another protein specifically interacts with the RING-finger
motif (Torii etal., 1999; Yamamoto etal., 1998).

It is intriguing that the N282 activity is critically
dependent on its concentration. At low concentrations, in
a level similar to that of the homozygous cop7-4 mutants,
its activity was evident. The mutant plants were viable in
both light- and dark-growth conditions and can complete
the life cycle, although the stature of light-grown mutant
plants is smaller than the wild type. At high concentra-
tions, N282 cannot rescue the lethality of a cop? null
mutant. This is in contrast to the notion that the dominant
negative phenotype caused by N282 overexpression in a
wild-type background is exclusively due to its ability to
interact with and negatively affect the wild-type COP1
protein (McNellis etal., 1996; Torii etal., 1998). It suggests
that the phenotype observed may be a result of the
overexpression of N282 itself. In this case, N282 could
interact with essential cellular components that are limit-
ing in nature. Therefore, it functions properly only at
normal concentrations while excess N282 may simply
titrate out some key cellular components, leading to gross
malfunctions and lethality. It will be of great interest to
determine the nature of those limiting factors in future
research.

Experimental procedures

Arabidopsis materials and genetic crosses

The three cop? mutant alleles, cop7-4, cop1-8 and cop1-5 have
been described previously (McNellis et al., 1994b). The three COP1
deletion transgenic lines used for crosses were driven by the 35S
promoter and reported previously (Torii etal., 1998). The hetero-
zygous cop1-5 and cop1-8 mutant plants were used as males for
most of the crosses and the successful crosses were assessed by
the presence of fusca seeds in the F2 progeny. F2 seedlings were
sown on growth medium containing 1% sucrose, vernalized for
7 days and scored for phenotype at 6days with a 16h light/8h
dark photoperiod or in complete darkness as noted in the text.

Western blot analyses

Western blot analyses were performed on seedlings grown in
continuous light or dark for 6days. Seedlings were harvested,
frozen with liquid nitrogen and ground in a mortar and pestle.
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Grinding buffer (400 mm sucrose, 50 mm Tris pH 7.5, 10% glycerol,
25mm EDTA, 1TmMm PMSF) was added and the extract was
centrifuged for 10min. An aliquot was removed for protein
concentration analysis and an equal volume of 4X SDS sample
buffer was added. The samples were boiled for 10 min and
centrifuged for 10 min before loading onto the gel. Approximately
15ug of total protein, unless otherwise specified, was separated
by SDS-PAGE and transferred to nitrocellulose membranes. The
protein concentration was estimated by the Bradford assay
(McNellis etal., 1994a). The membranes were blocked with 1%
block solution (Boehringer-Mannheim) before incubation with
antibodies. The blots were washed with TBS (20 mm Tris pH7.5,
150 mM NaCl) with 0.1% Tween-20. The proteins were detected
using 1:300 dilution of the o-COP1 antibody and horse radish
peroxidase linked secondary antibody (Boehringer-Mannheim)
with ECL reagents (Amersham).

Acknowledgements

We thank Mark Osterlund for reading and commenting on the
manuscript. This work was supported by grants from NIH
(GM47850) and a Human Frontier Science Program (RG0043/97)
to X.-W. D.

References

Ang, L.H., Chattopadhyay, S., Wei, N., Oyama, T., Okada, K.,
Batschauer, A. and Deng, X.W. (1998) Molecular interaction
between COP1 and HY5 defines a regulatory switch for light
control of Arabidopsis development. Mol. Cell. 1, 213-222.

Ang, LH. and Deng, X.W. (1994) Regulatory hierarchy of
photomorphogenic loci: allele-specific and light-dependent
interaction between the HY5 and COP1 loci. Plant Cell, 6, 613—
628.

Bellon, S.F., Rodgers, K.K., Schatz, D.G., Coleman, J.E. and Steitz,
T.A. (1997) Crystal structure of the RAG1 dimerization domain
reveals multiple zinc-binding motifs including a novel zinc
binuclear cluster. Nat. Struct. Biol. 4, 586-591.

Chory, J., Peto, C., Feinbaum, R., Pratt, L. and Ausubel, F. (1989)
Arabidopsis thaliana mutant that develops as a light-grown
plant in the absence of light. Cell, 58, 991-999.

Deng, X.W., Caspar, T. and Quail, P.H. (1991) cop1: a regulatory
locus involved in light-controlled development and gene
expression in Arabidopsis. Genes Dev. 5, 1172-1182.

Gaudet, R., Bohm, A. and Sigler, P.B. (1996) Crystal structure at
2.4 angstroms resolution of the complex of transducin
betagamma and its regulator, phosducin. Cell, 87, 577-588.

Kendrick, R.E. and Kronenberg, G.HM. (eds) (1994)
Photomorphogenesis in Plants 2nd edn. Dordrecht: Kluwer
Academic Publishers.

Koorneef, M., Rolf, E. and Spruit, C.J.P. (1980) Genetic control of

© Blackwell Science Ltd, The Plant Journal, (1999), 20, 713-717

COP1 functional modules 717

light-inhibited hypocotyl elongation in Arabidopsis thaliana.
Heynh. Z. Pflanzenphysiol. 100, 147-160.

Mackay, J.P., Kowalski, K., Fox, A.H., Czolij, R., King, G.F. and
Crossley, M. (1998) Involvement of the N-finger in the self-
association of GATA-1. J. Biol. Chem. 273, 30560-30567.

McNellis, T.W., Torii, K.U. and Deng, X.W. (1996) Expression of an
N-terminal fragment of COP1 confers a dominant-negative
effect on light-regulated seedling development in Arabidopsis.
Plant Cell, 8, 1491-1503.

McNellis, T.W., von Arnim, A.G. and Deng, X.W. (1994a)
Overexpression of Arabidopsis COP1 results in partial
suppression of light-mediated development: evidence for a
light-inactivable repressor of photomorphogenesis. Plant Cell,
6, 1391-1400.

McNellis, T.W., von Arnim, A.G., Araki, T., Komeda, Y., Misera, S.
and Deng, X.W. (1994b) Genetic and molecular analysis of an
allelic series of cop1 mutants suggests functional roles for the
multiple protein domains. Plant Cell, 6, 487-500.

Misera, S., Muller, A.J., Weiland-Heidecker, U. and Jurgens, G.
(1994) The FUSCA genes of Arabidopsis: negative regulators of
light responses. Mol. Gen. Genet. 244, 242-252.

Neer, E.J., Schmidt, C.J., Nambudripad, R. and Smith, T.F. (1994)
The ancient regulatory-protein family of WD-repeat proteins
[published erratum appears in Nature 1994 October 27; 371
(6500):812]. Nature, 371, 297-300.

Osterlund, M.T., Ang, L.H. and Deng, X.W. (1999) The molecular
and cellular basis of COP1 as a repressor of photomorphogenic
development in Arabidopsis. Trends Cell Biol. 9, 113-118.

Reddy, B.A., Etkin, L.D. and Freemont, P.S. (1992) A novel zinc
finger coiled-coil domain in a family of nuclear proteins. Trends
Biochem. Sci. 17, 344-345.

Saurin, A.J., Borden, K.L., Boddy, M.N. and Freemont, P.S. (1996)
Does this have a familiar RING? Trends Biochem. Sci. 21, 208-
214.

Torii, K., Stoop-Myer, C., Okamoto, H., Coleman, J., Matsui, M.
and Deng, X. (1999) The RING-finger Motif of
Photomorphogenic Repressor COP1 specifically interacts with
the RING-H2 Motif of a novel Arabidopsis protein. J. Biol.
Chem. 274, 27674-27681.

Torii, K.U., McNellis, TW. and Deng, X.W. (1998) Functional
dissection of Arabidopsis COP1 reveals specific roles of its
three structural modules in light control of seedling
development. EMBO J. 17, 5577-5587.

von Arnim, A.G. and Deng, X.-W. (1996) Light control of seedling
development. Annu. Rev. Plant Physiol. Plant Mol. Biol. 47, 215-
243.

von Arnim, A.G. and Deng, X.W. (1994) Light inactivation of
Arabidopsis photomorphogenic repressor COP1 involves a cell-
specific regulation of its nucleocytoplasmic partitioning. Cell,
79, 1035-1045.

Yamamoto, Y.Y., Matsui, M., Ang, L.H. and Deng, X.W. (1998)
Role of a COP1 interactive protein in mediating light-regulated
gene expression in arabidopsis. Plant Cell, 10, 1083-1094.



