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Arabidopsis seedlings display contrasting developmental patterns
depending on the ambient light. Seedlings grown in the light
develop photomorphogenically, characterized by short hypo-
cotyls and expanded green cotyledons. In contrast, seedlings
grown in darkness become etiolated, with elongated hypocotyls
and closed cotyledons on an apical hook. Light signals, perceived

by multiple photoreceptors and transduced to downstream
regulators, dictate the extent of photomorphogenic development
in a quantitative manner. Two key downstream components,
COP1 and HY5, act antagonistically in regulating seedling
development1. HY5 is a bZIP transcription factor that binds
directly to the promoters of light-inducible genes, promoting
their expression and photomorphogenic development2,3. COP1 is
a RING-®nger protein with WD-40 repeats whose nuclear abun-
dance is negatively regulated by light4,5. COP1 interacts directly
with HY5 in the nucleus to regulate its activity negatively1. Here
we show that the abundance of HY5 is directly correlated with the
extent of photomorphogenic development, and that the COP1±
HY5 interaction may speci®cally target HY5 for proteasome-
mediated degradation in the nucleus.

To characterize the nuclear HY5 protein2,3 biochemically, we
produced rabbit polyclonal antibodies (anti-HY5) against recom-
binant HY5 protein. Western blot analyses of total protein extracts
from light-grown wild-type seedlings revealed that anti-HY5 recog-
nizes a protein band at an apparent relative molecular mass of
30,000 (Mr 30K) (Fig. 1a). The apparently large size of HY5 relative
to its predicted size of 18K (ref. 2) is largely due to abnormal
migration of the HY5 protein in our polyacrylamide gel system
(data not shown). The presence of a 30K band in wild-type seedlings
but not in the three hy5 mutant alleles examined indicates that it is
the endogenous Arabidopsis HY5.

Quantitative western blot analyses indicated that HY5 is 15±20
times more abundant in seedlings grown in white light than in those
grown in the dark (Fig. 1b). This difference is observed in green
tissues (cotyledon and hypocotyl) as well as in the non-photosyn-
thetic roots (data not shown). We examined HY5 levels during
light±dark transitions. Wild-type seedlings were grown in contin-
uous light or darkness for four days and then transferred to the
opposite light condition for 5, 10, 15 or 20 h. A western blot of the
protein extracts from these seedlings revealed that although changes
in the abundance of HY5 occur within 5 h, a full day of light or
darkness is required for HY5 to reach its maximum or minimum,
respectively (Fig. 1c).

Consistent with a previous report2, HY5 messenger RNA levels

Figure 1 HY5 expression is regulated by light at both the mRNA and protein levels.

a, A western blot of wild-type (WT), hy5-1, hy5-205 and hy5-ks50 seedling extracts using

anti-HY5. b, A HY5 northern blot and an anti-HY5 western blot of light- and dark-grown

seedlings (L, light; D, dark). c, Anti-HY5 western blots from seedlings grown in continuous

light (L) or darkness (D) for 4 d and then transferred to the opposite light condition for 5,

10, 15 or 20 h. d, An anti-HY5 western blot of 35SHY5 seedlings grown in continuous

darkness for 4 d and then transferred to light for 0 (D), 7, 14 or 21 h. Seedlings grown in

continuous light were included as a positive control (L). e, Anti-HY5 western blots of

35SHY5 seedlings treated with cycloheximide (+CHX) or buffer only (-CHX). Seedlings

were grown in continuous darkness for four days before treatment and then transferred to

light or darkness. Protein extracts were made 0, 10, 20 and 30 h after the addition of

cycloheximide.
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showed only a two-to-threefold difference between light- and dark-
grown seedlings (Fig. 1b). This is considerably less than the 15±20-
fold difference seen in HY5 protein levels. Therefore the mRNA
levels could contribute to the differential accumulation of the HY5
protein, but translational or post-translational regulation may be
primarily responsible for regulating the abundance of HY5. This
conclusion is supported by the observation that HY5 exhibits a
similar light-induced accumulation in HY5-overexpressing
(35SHY5) transgenic seedlings (Fig. 1d). This is particularly con-
vincing considering the greater than 50-fold excess in the total HY5
mRNA and its lack of light regulation in the transgenic lines (data
not shown).

We used cycloheximide, a cytoplasmic protein-synthesis inhibi-
tor, to determine whether protein degradation or protein synthesis
is the key regulatory step for the differential abundance of HY5 in
the light and dark. Four-day-old 35SHY5 seedlings grown in
darkness were transferred to liquid cultures containing cyclohex-
imide. These cultures were then placed in white light or darkness for
variable lengths of time, after which the abundance of HY5 was
determined. For reasons not yet clear, the HY5 protein increased
more slowly and to a lesser extent in seedlings grown in liquid
culture (Fig. 1e, top left) than in seedlings grown on plates (Fig. 1d).
Although the amount of HY5 decreases within 30 h in both light and
darkness in the presence of cycloheximide, the rate of decrease is
signi®cantly greater in darkness (Fig. 1e, bottom). As 100 mM
cycloheximide effectively blocks new protein synthesis (data not
shown), the reduced levels of HY5 must be due to the degradation of
pre-existing protein. Therefore, our result indicates that HY5 is
degraded at a greater rate in darkness than in light.

To reveal which cellular mechanism is responsible for HY5
degradation, we developed a cell-free assay based on a reported
degradation system6. In this assay, HY5 is completely degraded
within one hour (Fig. 2a). This degradation is greatly enhanced by
the presence of exogenous ATP (data not shown) and can be
prevented by four distinct proteasome-speci®c inhibitors (Fig.
2b). However, general protease inhibitors (leupeptin, PMSF) had
little or no effect on the degradation of HY5 in this assay. As the
control proteins7 showed little or no degradation in the extract
during the assay, the degradation of HY5 was speci®c. Thus, we
conclude that the proteasome is largely responsible for the degrada-
tion of HY5.

Eleven pleiotropic COP/DET/FUS loci are required to mediate
repression of photomorphogenic development8,9. Of these, at least
six COP/DET/FUS proteins are components of the COP9 signalo-
some, a multi-subunit complex that is similar to the lid subcomplex

of the 19S proteasome regulatory particle10±13. This structural
similarity, together with the reported interaction between subunits
of the COP9 signalosome and the proteasome7, may indicate that
the COP9 signalosome has a direct or regulatory role in protea-
some-mediated degradation. Therefore we examined the light
regulation of HY5 in representative mutants of all available pleio-
tropic COP/DET/FUS loci. Although there was still a two-to-
threefold difference in HY5 mRNA levels between light- and
dark-grown mutant seedlings (Fig. 3 and ref. 2), HY5 protein
accumulated to similar levels in both light and darkness in all
mutants examined (Fig. 3). Furthermore, in vitro assays using
extract from the weak cop1-6 mutant seedlings showed a greatly
reduced rate of proteasome-mediated degradation of HY5 protein
(data not shown). Therefore, all de®ned pleiotropic COP/DET/FUS
proteins are essential for the light-regulated instability of HY5 that
is mediated by the proteasome.

The accumulation of or reduction in HY5 during light±dark
transitions occurred over the same timescale as the redistribution of
COP1 between the cytoplasm and the nucleus14. As nuclear COP1
interacts with HY5 and negatively regulates its activity15, COP1 may
directly regulate HY5 stability. As COP1 activity and nuclear
abundance are controlled by a wide spectrum of light through
several photoreceptors16, we ®rst examined whether the same set of
photoreceptors is also involved in regulating the abundance of HY5.
To determine their effects on the accumulation of HY5, photo-
receptor mutant and overexpression lines were grown in various
wavelengths of light and the abundance of HY5 was determined
(Fig. 4). As expected, phytochrome B17, phytochrome A18 and the
cryptochromes (CRY1 and CRY2)19,20 are the primary photorecep-
tors responsible for mediating the accumulation of HY5 under
speci®c light. CRY1 and CRY2 are largely redundant and are
responsible for the accumulation of HY5 in blue light (Fig. 4c). In
red light, phyB is primarily responsible for the accumulation of
HY5, although phyA has a minor role (Fig. 4a). Interestingly, phyA
and the two cryptochromes all affect the abundance of HY5 in far-
red light (Fig. 4b). In all cases, the abundance of HY5 directly
correlates with the degree of photomorphogenic development.
There is also a strong correlation between the effects of each
photoreceptor on the nuclear exclusion of COP1 (ref. 16) and
HY5 abundance.

To provide further evidence that nuclear COP1 is involved in
regulating HY5 abundance, we determined the levels of HY5 in
wild-type seedlings grown in various intensities of continuous white
light. Figure 5a shows that in high-intensity light, seedlings display
typical photomorphogenic phenotypes and HY5 accumulates to
high levels. As the intensity decreases, HY5 also decreases and
seedlings become more etiolated with longer hypocotyls and smaller
cotyledons. Increasing light intensities result in a proportional
decrease in the nuclear abundance of COP1 (refs 5, 14). Thus the

Figure 2 HY5 degradation is mediated by the proteasome pathway. a, Cell-free

degradation of HY5 is completed within 1 h in a buffer system supporting the proteasome

pathway6,30. b, Cell-free degradation of HY5 in the presence of different inhibitors.

Extracts were treated with nothing (-), 2% DMSO (solvent for the inhibitors), 40 mM of one

of the proteasome inhibitors ALLN, MG115, MG132 or PS1, 40 mM leupeptin or 4 mM

PMSF. After 2 h of incubation at room temperature, the HY5 levels were examined by

western blotting. An unrelated control (AtS9) and a crossreacting band (asterisk) that are

unaffected by proteasome degradation in the same extracts are shown as loading

controls.

Figure 3 The pleiotropic COP/DET/FUS genes are essential for mediating light control of

HY5 protein degradation but not its mRNA accumulation. Representative HY5 northern

and western blots of wild-type, cop1-4, cop1-5, det1-8, cop8-1 and cop10-1 mutants

grown in continuous light and darkness. All pleiotropic cop/det/fus mutants from the

eleven available loci were examined and failed to reduce the abundance of HY5 in

darkness. The blots were exposed for variable times for optimal results.
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Figure 4 Several photoreceptors mediate the accumulation of HY5 under distinct

wavelengths of light. a±c, Anti-HY5 western blots of seedlings grown in continuous red

light (a), continuous far-red light (b) and continuous blue light (c). The seedlings include

wild type (three ecotypes), cry1, cry2, a cry1/cry2 double mutant, phyA, phyB, a phyA/

phyB double mutant, a PHYB overexpression line (PHYBOE, red light only) and a PHYA

overexpression line (PHYAOE, far-red light only).

Figure 5 The light regulation of HY5 is dependent on the nuclear abundance of COP1 and

its ability to interact with COP1. a, An anti-HY5 western blot of wild-type seedlings grown

in varying light intensities (left to right: 156, 70, 30, 10, 5, 2.5, 0.6 and 0.3 mmol m-2 s-1).

Representative seedlings are shown above the western blot with the average hypocotyl

lengths (s.d. in parentheses). b, An anti-HY5 western blot of wild-type (Columbia and No-

O ecotypes), DZn, DCoil and N282 seedlings grown in continuous far-red light.

Representative seedlings are shown above the western blot with the average hypocotyl

lengths (s.d. in parentheses). c, An anti-HY5 western blot of light- and dark-grown

seedlings expressing truncated HY5 (DN77). Asterisk, wild-type HY5; arrowhead, DN77.

d, Proposed role of COP1 in targeting HY5 degradation. Here, COP1 acts as an ubiquitin-

protein ligase (E3) that recruits an E2 and HY5 through distinct interacting domains (RING-

®nger motif and WD-40 repeat domain), mediating the ubiquitination of HY5 and its

subsequent degradation by the proteasome.
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nuclear abundance of COP1 is inversely correlated with the cellular
abundance of HY5, which is exclusively localized within the
nucleus2,3.

To test whether the COP1±HY5 interaction is required for the
observed degradation of HY5, we examined several transgenic lines
expressing truncated versions of COP1 (Fig. 5b). HY5 interacts with
COP1 through the WD-40 repeat domain1,21. The overexpression of
a truncated form of COP1 that lacks the WD-40 repeat domain
(N282) results in a hyper-photomorphogenic phenotype21,22. In
contrast, overexpression of domain-deletion constructs of COP1
that lack the RING-®nger domain (DZn) or coiled-coil domain
(DCoil) results in elongated hypocotyls21. The effects of the trans-
genes were most evident when seedlings were grown in far-red light
(Fig. 5b, top). The abundance of HY5 in these transgenic lines was
strictly correlated with the observed extent of photomorphogenic
development. When grown in the same far-red light condition, both
DZn and DCoil had reduced levels of HY5 protein relative to wild
type, whereas N282 showed a marked increase in HY5 (Fig. 5b,
bottom).

We also examined the light-regulated accumulation of a trun-
cated form of HY5 (DN77). DN77 lacks the COP1-interaction
domain but still promotes photomorphogenic development, caus-
ing a hyper-photomorphogenic phenotype1. As shown in Fig. 5c,
the DN77 protein is not light-regulated and accumulates to similar
levels in both light and darkness. In the same seedlings, the
endogenous wild-type HY5 protein exhibits consistent light-regu-
lated accumulation. This indicates that the amino-terminal portion
of HY5, which contains the COP1-interacting domain, may be
responsible for targeting HY5 for degradation. Those results sup-
port the conclusion that the interaction between COP1 and HY5 is
necessary and essential for the degradation of HY5.

Our results show that the cellular abundance of HY5 is light
regulated and is directly correlated with the degree of photomor-
phogenic development of the seedling. This regulation is primarily
controlled at the level of protein degradation, probably mediated by
the proteasome pathway. The data indicate that Arabidopsis COP1, a
light-inactivatable repressor of photomorphogenesis, interacts
directly with HY5 within the nucleus, resulting in degradation of
HY5. Light may inactivate COP1, reducing its nuclear abundance
and allowing the accumulation of HY5. Therefore, COP1 may
directly target HY5 for proteasome-mediated degradation.

There is evidence that many RING-®nger proteins can act as
ubiquitin±protein ligases (E3) to target proteins for degradation by
recruiting ubiquitin-conjugating enzymes (E2) and transferring the
polyubiquitin from E2 to the targeted proteins23,24. COP1 has both a
RING-®nger motif and a WD-40 repeat domain that can interact
with several protein targets including HY5 (refs 15, 21). Thus it is
not unreasonable to consider COP1, either alone or with other
proteins, acting in a similar manner to an E3 ubiquitin±protein
ligase. Speci®cally, nuclear COP1 may recruit an E2 ubiquitin-
conjugating enzyme, targeting HY5 and other substrates for ubi-
quitination and subsequent degradation by the proteasome
(Fig. 5d). The fact that all other pleiotropic COP/DET/FUS proteins
are required for the light-regulated degradation of HY5 and that
many of these proteins are part of the COP9 signalosome25 indicates
that all COP/DET/FUS proteins may have either a direct or a
regulatory role in this proteasome-mediated degradation. M

Methods
Plant material and light conditions

The wild type used was of the Wassilewskija (WS) ecotype, unless otherwise indicated. The
cop/det/fus mutants used have been described25. The photoreceptor single and double
mutants used were phyA-201, phyB-5, phyA-201/phyB-5, cry1-304, cry2-1 and cry1-304/
cry2-1 (refs 17±19, 24, 26, 27). The PHYA overexpression lines (PHYAOE) and the PHYB
overexpression lines (PHYBOE) were as described28,29.

For all light shift experiments, seedlings were grown in continuous light or darkness for
at least 4 d. Seedlings were then transferred to the opposite light condition for the
designated length of time, such that all seedlings were the same age when protein was

extracted. Unless otherwise stated, the white light intensity used was 156 mmol m-2 s-1.
The colour light growth chambers (Percival Scienti®c E-30LED2/3) have intensities of
33.5 mmol m-2 s-1 for blue light, 111.5 mmol m-2 s-1 for red light and 191.7 mmol m-2 s-1

for far-red light.

HY5 antibody and western analysis

We generated polyclonal HY5 antibodies by cloning the HY5 complementary DNA into
the pet28a expression vector (Novagen). His6-tagged HY5 was injected into rabbits at
three-week intervals. HY5 antibody was puri®ed from rabbit serum using GST±HY5
coupled to an N-hydroxy-succinimide-activated af®nity column (Pharmacia Biotech).

All seedlings grown in the designated light conditions were 4±5 d old when protein was
extracted. In most cases, 50 seedlings were ground in 50 ml of grinding buffer (400 mM
sucrose, 50 mM Tris pH 7.5, 2.5 mM EDTA and 10 mM PMSF) and centrifuged, and equal
amounts of extract were added to equal gel-loading buffer. Equal volumes of extract were
loaded on the gels and western blots were performed.

Northern analysis

We isolated RNA from seedlings using the RNeasy kit (Qiagen). Northern blots were
prepared using RNA from equal numbers of seedlings probed with radioactively labelled
HY5 DNA fragments according to standard procedures.

Cycloheximide experiments

We grew 35SHY5 seedlings on germination media22 plates for 4 d in continuous darkness.
After 4 d, seedlings were transferred to liquid culture (with the same germination medium
lacking agar) where cycloheximide (100 mM) or buffer only (control) was added. The
cultures were placed in the light or in the darkness and seedlings were removed 0, 10, 20
and 30 h after cycloheximide was added. Protein extracts were made by grinding seedlings
in 100 ml of grinding buffer. The protein concentration was determined by Bradford assay
and equal amounts of protein were loaded on an SDS±polyacrylamide gel.

Cell-free degradation assay

Five-day-old light-grown seedlings were ground in liquid nitrogen and resuspended in a
buffer (25 mM Tris pH 7.5, 10 mM MgCl2, 5 mM DTT, 10 mM NaCl and 10 mM ATP)
modi®ed according to ref. 30. Cell debris was pelleted by centrifugation and equal
amounts of extract were transferred to individual tubes. For inhibitor studies, we
incubated the extract aliquots at room temperature for 2 h in the presence of the respective
supplements (Calbiochem), and reactions were stopped by adding an equal volume of 2´
protein gel-loading buffer. Equal amounts of sample were then analysed by western blot.
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Familial incontinentia pigmenti (IP; MIM 308310) is a geno-
dermatosis that segregates as an X-linked dominant disorder
and is usually lethal prenatally in males. In affected females it
causes highly variable abnormalities of the skin, hair, nails, teeth,
eyes and central nervous system. The prominent skin signs occur
in four classic cutaneous stages: perinatal in¯ammatory vesicles,
verrucous patches, a distinctive pattern of hyperpigmentation and
dermal scarring1. Cells expressing the mutated X chromosome are
eliminated selectively around the time of birth, so females with IP
exhibit extremely skewed X-inactivation2. The reasons for cell
death in females and in utero lethality in males are unknown. The
locus for IP has been linked genetically to the factor VIII gene in
Xq28 (ref. 3). The gene for NEMO (NF-kB essential modulator)/
IKKg (IkB kinase-g) has been mapped to a position 200 kilobases
proximal to the factor VIII locus4. NEMO is required for the
activation of the transcription factor NF-kB and is therefore
central to many immune, in¯ammatory and apoptotic path-
ways5±9. Here we show that most cases of IP are due to mutations
of this locus and that a new genomic rearrangement accounts for
80% of new mutations. As a consequence, NF-kB activation is
defective in IP cells.

The extreme skewing of X-inactivation observed in IP patients
has implications for screening of candidate genes. Complementary
DNA prepared from females with IP will not contain the mutated
allele of the disease locus, so screening of candidate genes for
mutation must be performed with genomic DNA. We used two

approaches to screen NEMO: (1) generation and sequencing of
®broblast cDNA from extremely rare cases that express only the
mutated X chromosome (two male cases and one female abortus,
see Methods); and (2) resolution of the NEMO genomic structure
for mutational analysis of individual exons. Reverse transcriptase
polymerase chain reaction (RT±PCR) from messenger RNA derived
from skin ®broblasts from four affected fetuses (D, K, IP85m and G)
and controls (C1 and C2) was conducted with NEMO-speci®c
primers (Fig. 1). Male samples D and IP85m have only one X
chromosome. Female sample K is unusual in that contrary X-
inactivation skewing has resulted in expression of only the mutated
(IP) X chromosome. Affected female G expresses both Xs, as
expected for a fetal IP case that has not yet undergone selective
elimination of affected cells.

Ampli®cation between primers located in NEMO exons 2 and 3
(exon organization in Fig. 2) for fetuses K, D and G produced a
product corresponding to the 59 end of NEMO cDNA. However,
ampli®cation between exons 2 and 4 produced the predicted
fragment from fetus G and control RNAs but not from fetuses D
and K. Thus, the 39 end of the NEMO cDNA is absent in fetuses K
and D. This could not be explained by loss of individual exons
because we could amplify all 10 coding exons from genomic DNA
(not shown). These results indicate that a mutation that disturbs
mRNA production may exist between primers R4 and R1 in exons 3
and 4, respectively.

In a sample from another affected male (IP85m), RT±PCR across
the entire coding region of NEMO was successful and the products

Exon 1 2 3 4 5 6 7 8 9 10

Fetal cell lines

340 bp Primers E2F/R4 

G K DN C1C2

370 bp Primers E2F/R1 
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Figure 1 Ampli®cation by RT±PCR of NEMO cDNA from IP patient cell lines. The positions

of PCR products relative to NEMO exons are shown at the top. Ampli®cation is from fetal

cDNA samples G, K and D, cDNA from healthy donors (C1 and C2) and control DNA (D1

and D2). PCR of ®lamin cDNA from all samples acted as a control for RNA integrity. Primer

sequences are given in Methods.
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