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Loss of the CONSTITUTIVE PHOTOMORPHOGENIC9
Signalosome Subunit 5 Is Sufficient to Cause the
cop/det/fus Mutant Phenotype in Arabidopsis
Esther M.N. Dohmann, Carola Kuhnle, and Claus Schwechheimer1
Centre for Plant Molecular Biology, Department of Developmental Genetics, Tübingen University, 72076 Tübingen, Germany

The COP9 signalosome (CSN) was originally identified based on the constitutively photomorphogenic/de-etiolated/fusca
(cop/det/fus) mutants from Arabidopsis thaliana. CSN is evolutionary conserved, and its subunit 5 (CSN5) mediates the
deconjugation of NEDD8 from the cullin subunit of E3 ubiquitin ligases (deneddylation). Here, we report on Arabidopsis
mutants deficient in CSN5 function. We show that these mutants are phenotypically indistinguishable from the previously
described cop/det/fus mutants of other CSN subunits. However, we also show that these mutants retain the CSN complex
(lacking CSN5), and this finding is in contrast with the previously described CSN subunit mutants, which lack the CSN
complex. We therefore conclude that loss of CSN5 as part of CSN is sufficient to cause the cop/det/fus mutant phenotype.
Furthermore, we show that mutants defective in CSN5 as well as mutants defective in CSN are unable to deneddylate the
Arabidopsis cullins AtCUL1, AtCUL3A, and AtCUL4. Because these are representative cullin subunits of the three cullincontaining E3 families present in Arabidopsis, we postulate that the cop/det/fus mutant phenotype may be the result of the
defects caused by impaired CSN5-dependent deneddylation of cullin-containing E3s.

INTRODUCTION
The COP9 signalosome (CSN) is an evolutionary-conserved
multiprotein complex that was originally identified in plants
(Wei et al., 1994; Chamovitz et al., 1996; Kwok et al., 1996). To
date, CSN complexes have been identified from all eukaryotic
model organisms, and mutant studies have shown that CSN is
required for many developmental and cellular processes ranging
from cell cycle control in yeasts to proper embryo development
in mice (reviewed in Wei and Deng, 2003; Schwechheimer,
2004). CSN is composed of eight subunits, six subunits containing the conserved PCI (proteasome, COP9 signalosome, eukaryotic initiation factor) domain and two subunits containing the
conserved MPN (MOV34, PAD N-terminal) domain (Wei and
Deng, 2003; Schwechheimer, 2004). In Arabidopsis thaliana,
mutants of all six PCI-domain subunits display the pleiotropic
constitutively photomorphogenic/de-etiolated/fusca (cop/det/
fus) phenotype, which is characterized by the short hypocotyl
and open cotyledons of the dark-grown seedling, by the accumulation of the plant pigment anthocyanin, and by the expression of light-induced genes in the dark (Wei et al., 1994; Staub
et al., 1996; Karniol et al., 1999; Serino et al., 1999; Peng et al.,
2001b; Serino et al., 2003). The indistinguishable phenotype of
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these mutants can and has been explained by the fact that all of
them lack CSN, seemingly as a consequence of the destabilizing
effect of the mutation in a single PCI-domain subunit. The MPNdomain subunits CSN5 and CSN6 are encoded by two genes in
Arabidopsis, and their gene products have been proposed to
have redundant function (Kwok et al., 1998; Peng et al., 2001a).
Loss-of-function mutants for CSN5 and CSN6 have not been
identified as yet in forward genetic screens.
E3 ubiquitin ligases (E3s) confer substrate specificity to the
ubiquitin-proteasome system in that they specifically recognize
the proteolysis target and mediate its polyubiquitylation by an
associated E2 ubiquitin conjugating enzyme (E2) (Hershko and
Chiechanover, 1998; Deshaies, 1999). To date, various proteins
and protein complexes with E3 activity have been described, including four types of E3 complexes, which are specified by a
distinct cullin subunit (Chiba and Tanaka, 2004; Schwechheimer
and Villalobos, 2004). These cullin-containing E3s are referred to
as SCF (SKP1, Cullin 1, F-Box protein) complexes containing
cullin 1, VCB (Von-Hippel-Lindau, Elongin C, Elongin B) complexes containing cullin 2 or cullin 5, BTB/POZ (BRIC-A-BRAX,
TRAMTRACK and BROAD COMPLEX/POX VIRUS and ZINCFINGER) complexes containing cullin 3, and DCX (DAMAGED
DNA BINDING PROTEIN1, CULLIN 4A, X-Box) complexes containing cullin 4 (Deshaies, 1999; Kamura et al., 1999; Higa et al.,
2003; Xu et al., 2003; Wertz et al., 2004). It has been shown or
proposed that all of the above-mentioned cullin-containing E3s
can alter their substrate specificity by association with different
degradation substrate receptor subunits, such as F-box proteins
in the case of SCF, and that thereby they can acquire different substrate specificities. Based on protein complex characterization and sequence identities, it is predicted that all types of
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Figure 1. Phenotypic Characterization of Mutant Alleles of the Two CSN5 Genes from Arabidopsis.
(A) Schematic representation of the CSN5A and CSN5B genes. Exons are shown as black boxes and introns and upstream sequences as lines. Boxes
and lines are drawn to scale. Positions of the T-DNA insertions of the three available mutants are indicated.
(B) Homozygous mutants of all three single mutants as well as the csn5a-2 csn5b-1 double mutant were identified by PCR genotyping using the primer
combinations described in Methods. Results of PCR-based genotyping of the csn5 single and double mutants are shown. Presence or absence of
a band indicates presence or absence of the respective wild-type or mutant loci.
(C) to (F) Phenotype of 8-d-old seedlings of the wild type and the csn5 mutants as indicated.
(G) to (K) Phenotype of 4-week-old seedlings of the wild type and the csn5 mutants as indicated. Bar ¼ 5 cm in (G) and (H) and 1 cm in (H) and (I).
(L) and (M) The csn5a-2 csn5b-1 double mutant (L) is phenotypically indistinguishable from the previously described CSN subunit mutants, such as
cop9/fus8-S253 (M). Bar ¼ 1 mm.
(N) to (Q) Root hair development in the wild type and the csn5 mutants as indicated.
(R) to (T) Floral phenotype of the wild type and the csn5 mutants as indicated. All pictures belonging to one series were taken at the same scale unless
otherwise noted.

cullin-containing E3s are conserved in Arabidopsis with the
exception of VCB (Gray et al., 1999; Gagne et al., 2002; Shen
et al., 2002; Risseeuw et al., 2003; Wang et al., 2004; Weber et al.,
2004; Wertz et al., 2004; Dieterle et al., 2005).
Several laboratories reported that CSN interacts with cullincontaining E3s (Lyapina et al., 2001; Schwechheimer et al., 2001;
Liu et al., 2002; Feng et al., 2003; Groisman et al., 2003; Higa
et al., 2003; Liu et al., 2003; Wang et al., 2003). Although in most
cases it is clear that the CSN–E3 interaction is required for the
efficient ubiquitylation and degradation of the E3 substrate, the
precise role of CSN for E3 function is not understood. One
hypothesis suggests that CSN is part of a proteasomal complex

and that the CSN–E3 interaction may ensure rapid degradation
of the E3 substrate (Peng et al., 2003). Alternatively, it has been
hypothesized that CSN participates in the efficient assembly of
E3 complexes or that it is required for the exchange or the
stability of their substrate receptor subunits (Wolf et al., 2003;
Wee et al., 2005). To date, CSN has been shown to interact with
cullin 1–containing SCF-type E3s from yeasts and Arabidopsis, with a cullin 3–containing E3 from fission yeast, and with
cullin 4–containing E3s from fission yeast and human (Lyapina
et al., 2001; Schwechheimer et al., 2001; Zhou et al., 2001;
Liu et al., 2002, 2003; Feng et al., 2003; Groisman et al.,
2003; Higa et al., 2003; Pintard et al., 2003; Wang et al., 2003).
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Figure 2. The Two CSN5 Genes Contribute Differentially to the Constitutive Photomorphogenic Phenotype Observed in the csn5a-2 csn5b-1 Double
Mutant.
(A) Phenotypes of wild-type seedlings, the csn5 mutant seedlings, and cop9/fus8-S253 mutant seedlings grown for 4 d in the light as indicated. D, dark;
W, white light; FR, far-red light; R, red light; B, blue light.
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Specifically in Arabidopsis, CSN interacts with SCFTIR1, SCFCOI1,
and SCFUFO, E3 complexes that regulate auxin responses,
jasmonate responses, and floral development, respectively
(Schwechheimer et al., 2001; Feng et al., 2003; Wang et al., 2003).
Furthermore, there is striking genetic evidence that Arabidopsis
CSN represses photomorphogenic growth in the dark by interacting with COP1 and DET1, which may function in the context
of a cullin 4–containing DCX complex (Osterlund et al., 2000;
Schroeder et al., 2002; Groisman et al., 2003; Wertz et al., 2004).
However, a physical interaction between Arabidopsis CSN and
COP1, DET1, or a DCX-complex has not been established yet.
The cullin subunits of all cullin-containing E3s described
above are reversibly modified by the ubiquitin-like protein
NEDD8/RUB1 (NEDD8) in a process referred to as neddylation
and deneddylation (Hori et al., 1999; Pan et al., 2004). Although it
has been observed that the neddylation status of cullins affects
the stability of E3 complex adaptor subunits, the precise role of
neddylation and deneddylation for cullin or E3 function is not
understood. It is however established that both neddylation and
deneddylation are essential for proper development in higher
eukaryotes and that both processes function together to mediate
proteolysis (reviewed in Chiba and Tanaka, 2004; Pan et al.,
2004; Wee et al., 2005). There is strong evidence that cullin
deneddylation is a biochemical activity of CSN5, thus providing
a biochemical link between CSN and cullin-containing E3s
(Komari et al., 1996; Zhou et al., 2001; Cope et al., 2002; Wee
et al., 2002; Liu et al., 2003; Pintard et al., 2003; Tran et al., 2003).
CSN5’s deneddylation activity resides within a specific motif that
is conserved in the MPN-domain of CSN5 but not in the MPNdomain of CSN6. Consequently, specific mutations in the MPNdomain of CSN5 impair deneddylation in yeast and Arabidopsis
(Cope et al., 2002; Tran et al., 2003; Gusmaroli et al., 2004).
In Arabidopsis, studies on CSN5 function have so far
been restricted to plants that are defective in one of the two
Arabidopsis CSN5 genes or to plants that express mutant
deneddylation-deficient CSN5 proteins (Peng et al., 2001a;
Schwechheimer et al., 2001, 2002; Gusmaroli et al., 2004). In
this study, we characterize CSN5 loss-of-function mutants from
Arabidopsis. We show that these CSN5 mutants mimic the
pleiotropic cop/det/fus mutant phenotype, and we find that these
mutants retain a CSN complex that lacks CSN5. Because CSN5
mutants are indistinguishable from the previously described cop/
det/fus mutants that lack the entire CSN complex, we propose
that loss of CSN5 function in the CSN complex is sufficient to
cause the pleiotropic cop/det/fus mutant phenotype. Furthermore, we show that CSN5 loss-of-function mutants as well as
mutants that lack the entire CSN are deficient in deneddylation of
the cullins AtCUL1, AtCUL3A, and AtCUL4. Because these
proteins are representative cullin subunits of the three families
of cullin-containing E3s present in Arabidopsis, we propose that

the cop/det/fus mutant phenotype may be the collective effect of
impaired E3 function caused by a block in cullin deneddylation.
RESULTS
CSN5 Loss-of-Function Mutants Display the Severe
Phenotype of the cop/det/fus Mutants
A total of 10 genes encode the eight CSN subunits in Arabidopsis
(Wei et al., 1994; Staub et al., 1996; Kwok et al., 1998; Karniol
et al., 1999; Serino et al., 1999, 2003; Peng et al., 2001a, 2001b).
Loss-of-function mutants have been described for the six PCIdomain subunits, namely CSN1 through CSN4, CSN7, and
CSN8, and all of these mutants are phenotypically indistinguishable in that they display the pleiotropic cop/det/fus mutant
phenotype, which is characterized by a short hypocotyl and
open cotyledons in the dark-grown seedling, the accumulation of
the anthocyanin pigment, and the expression of light-induced
genes in the dark (Wei et al., 1994; Staub et al., 1996; Karniol
et al., 1999; Serino et al., 1999, 2003; Peng et al., 2001b). CSN5A
(AJH1, At1g22920) and CSN5B (AJH2, At1g71230) are the two
genes that encode CSN5 in Arabidopsis (Kwok et al., 1998).
CSN5 loss-of-function mutants have not been reported yet. To
obtain a CSN5 loss-of-function mutant, we isolated mutants that
carry T-DNA insertions in CSN5A and CSN5B, which we designated csn5a-1, csn5a-2, and csn5b-1 (Figures 1A and 1B). We
found that both csn5a mutant alleles have identical phenotypes
in that they display reduced growth at the seedling and adult
stage, reduced lateral root formation, reduced root hair formation, and reduced flower size (Figures 1D, 1E, 1H, 1I, 1O, and 1S).
Despite these severe growth defects, both csn5a mutant alleles
are fertile and can be propagated as homozygous mutants. By
contrast, the csn5b mutation gives rise to comparably subtle
phenotypes, such as reduced and delayed root hair development, but more phenotypes became apparent during subsequent quantitative analyses (Figures 1F, 1K, 1P, 1T, and studies
described below). Next, we generated csn5a-1 csn5b-1 and
csn5a-2 csn5b-1 double mutants. Both csn5 double mutant
combinations result in seedlings with identical dramatic phenotypes, including a short hypocotyl and open cotyledons in
seedlings grown in any light condition and an apparent accumulation of anthocyanin (Figure 1L; see below). Thus, the csn5
double mutants mimic the phenotype of the previously described
cop/det/fus mutants, such as the CSN8 subunit mutant cop9/
fus8-S253, suggesting that the same developmental pathways
are affected in both types of mutants (Figures 1L and 1M).
Mutant studies from CSN5 function in mice invite the hypothesis that the mouse CSN5 gene is haploinsufficient. Homozygous mutant mice arrest growth during embryogenesis, whereas
mice carrying one functional copy of CSN5 are smaller than their

Figure 2. (continued).
(B) Quantitative analysis of the csn5 mutant seedlings shown in (A) (n $ 10). Black bar, the wild type; dark-gray bar, csn5a-2; light-gray bar, csn5b-1;
white bar, csn5a-2 csn5b-1.
(C) Semiquantitative RT-PCR analysis of light- and dark-grown wild type, csn5a-2 csn5b-1, and cop9/fus8-S253 mutant seedlings as indicated. Thirtyfive PCR cycles were used to amplify the PSBA, RBCS, and ACTIN genes as indicated.
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Figure 3. Auxin Responses in the csn5 Mutants.
(A) and (B) Graph showing total root length and lateral root number of 10-d-old Arabidopsis seedlings of the genotypes as indicated. csn5a-2 csn5b-1
double mutants do not form lateral roots.
(C) Graph showing the relative length of the wild type (black bars), csn5a-2 (gray bars), and csn5b-1 (white bars) mutant roots grown on different
concentrations of the synthetic auxin 2,4-D. The csn5a-2 csn5b-1 double mutants are not included because they arrest growth at earlier stages of
development.
(D) Schematic representation of the auxin-responsive GH3-2:luciferase (LUC) construct and its GH3-2mut:LUC mutant version used for quantitative
auxin induction assays.
(E) Graph showing a typical auxin-induction experiment (5 mM 2,4-D) with the GH3-2:LUC reporter construct in the presence and absence of the 26S
proteasome inhibitor MG132 (100 mM).
(F) Scatter blot showing the auxin induction rates (increase in relative light units/minute between 30 and 110 min) obtained with GH3-2:LUC in the wild type,
csn5, cop9/fus8-S253, and cop13/fus11-U203 mutant backgrounds as well as with the GH3-2mut:LUC lines. Please note the logarithmic scale (n $ 5).

1972

The Plant Cell

Figure 4. Quantitative Analysis of CSN Subunit Protein Levels in LightGrown Seedlings and Correlation with the Deneddylation Activity.
(A) Immunoblot of identical protein extracts derived from wild-type
and csn5 mutant seedlings as indicated as well as wild-type and cop9/
fus8-S253 mutant seedlings probed with anti-CSN4 and anti-CSN5 as
well as anti-TATA box binding protein (anti-TBP) (loading control).
(B) Immunoblot of protein extracts shown in (A) probed with anti-CUL1,
anti-CUL3A, and anti-CUL4 antibodies. Larger points mark the position
of the unneddylation cullins (CUL1, calculated molecular mass 81 kD;
CUL3A, 80 kD; CUL4, 87 kD), and smaller points and asterisks mark the
positions of the neddylated cullins (CUL1, calculated molecular mass
90 kD; CUL3A, 89 kD; CUL4, 96 kD). The apparent differences in cullin
protein abundance in the individual samples may at least in part be
attributed to the different morphologies of the individual genotypes.

wild-type littermates, a difference that has been attributed to
a reduction in cell number (Tomoda et al., 2004). During the
process of establishing homozygous csn5a single mutant lines
from hemizygous parents, we repeatedly noticed Arabidopsis
plants that displayed semidwarfed growth, stem fasciation, and
reduced apical dominance, hence phenotypes that were distinct
from the wild type and also distinct from the more severe
phenotypes observed in the homozygous csn5a mutants (data
not shown). All of these plants were found to be hemizygous for
the CSN5A T-DNA insertions. It can therefore be envisioned that
the phenotypes observed in the hemizygous CSN5A plants may
also be the result of CSN5A haploinsufficiency in Arabidopsis.
Light Responses in csn5 Mutants
The cop/det/fus mutants mimic the phenotype of light-grown
seedlings when grown in the dark (Kwok et al., 1996). HY5 and
HY5-HOMOLOG (HYH) are positive regulators of photomorphogenesis that regulate the expression of light-induced genes
(Osterlund et al., 2000; Holm et al., 2002). Mutants of CSN
subunit genes fail to degrade HY5 and HYH in the dark, and they
consequently misexpress light-induced genes (Kwok et al., 1996;
Osterlund et al., 2000; Holm et al., 2002). To study the photomorphogenesis phenotype of the csn5 mutants, we grew the

csn5 single and double mutants in different light conditions. In all
conditions examined, the csn5 double mutant displayed the
constitutive photomorphogenic phenotype of the cop/det/fus
mutants, such as cop9/fus8-S253 (Figures 2A and 2B). Furthermore, increased photomorphogenic responses were observed in
all light conditions with both csn5a mutant alleles or in selected
light conditions with the csn5b-1 mutant allele (Figures 2A and
2B). In any light condition, the relative contribution of CSN5A to
the respective phenotype was stronger than that of CSN5B.
Taken together, these data indicate that the two CSN5 genes
have redundant function in repressing photomorphogenic responses and that the combined csn5 mutations give rise to the
constitutive photomorphogenic cop/det/fus mutant phenotype
that had previously been reported for mutants defective in other
CSN subunits.
Next, we used RT-PCR to compare light-induced gene expression in dark- and light-grown wild-type, csn5, and cop9/fus8S253 seedlings (Figure 2C). We analyzed the expression of the
light-induced genes PSBA and RBCS1, which encode the 32-kD
protein of photosystem II and the small subunit of ribulose-1,5biphosphate carboxylase, respectively. Although we detected
strong PSBA and RBCS expression in all light-grown samples, we
found their expression to be essentially absent in the dark-grown
wild-type controls but strongly upregulated in the csn5 double
mutants and in the cop9/fus8-S253 mutant (Figure 2C). These
data show that the csn5 loss-of-function mutants also display
the molecular aspects of the constitutive photomorphogenesis
phenotype described for the cop/det/fus mutants that carry
mutations in other CSN subunit genes.

CSN5 Mutants Have Defects in Auxin Response Pathways
Defects in photomorphogenesis are the most obvious phenotypes discernable in the Arabidopsis cop/det/fus mutants. However, biochemical studies and genetic studies have linked CSN to
the activity of SCFTIR1, an E3 required for proper auxin response
(Gray et al., 2001; Schwechheimer et al., 2001). The phytohormone auxin controls numerous developmental processes, including primary and lateral root growth as well as root hair
formation. At the molecular level, auxin response can be characterized by analysis of auxin-induced gene expression, which is
under the control of the unstable AUX/IAA repressors, the degradation targets of SCFTIR1 (Gray et al., 2001). We reasoned that
mutants deficient in CSN5 may have impaired auxin responses
similar to the previously characterized cop/det/fus mutants
(Schwechheimer et al., 2001, 2002). In fact, our analyses of the
csn5 single and double mutants revealed that several auxindependent growth processes, including root growth, lateral root
formation, and root hair formation, are defective in these mutants
(Figures 1C to 1F, 1N to1Q, 3A, and 3B). Furthermore, we also
determined that the csn5 single mutants are insensitive to the root
growth inhibiting effects of exogenously applied auxin (Figure
3C). In line with the previous phenotypic analyses, the relative
severity of these phenotypes was more pronounced in the csn5a
mutants than in the csn5b mutant. Based on these morphological
criteria, we conclude that csn5 single and double mutants have
reduced auxin responses.
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Figure 5. Gel Filtration Analyses Reveal That csn5 Loss-of-Function Mutants Retain CSN Complex.
Protein extracts of the genotypes as indicated were subjected to gel filtration analyses and probed with anti-CSN4, anti-CSN5, and anti-CSN7
antibodies. Arrowheads indicate the position of the respective CSN subunits in the different analyses. CSN7 elutes as a CSN7 monomer in the cop9/
fus8-S253 mutant and is indicated by an asterisk. The interpretation of the gel filtration experiments with respect to CSN and CSN5 are shown in the
panels at the right. The gel filtration fractions 1 to 9 are not shown to improve clarity of the presentation.

Auxin Induction of the Auxin-Responsive
GH3-2:LUC Reporter Is Impaired in CSN5
and Other CSN Subunit Mutants
Auxin responses are controlled by the AUX/IAA transcriptional
repressors (Gray et al., 2001). In the absence of auxin, AUX/IAAs
repress the activity of AUXIN REPONSE FACTORS (ARFs),
transcriptional activators that recognize the auxin-responsive
promoter element (AuxRE) TGTCTC (Ulmasov et al., 1997a,
1997b). In the presence of auxin, AUX/IAAs are degraded by the
ubiquitin-proteasome system, thus allowing the induction of
auxin-induced genes by the ARF activators (Gray et al., 2001).
To obtain a quantifiable assay system for the AUX/IAA and ARFcontrolled gene expression system, we generated transgenic
lines that express the luciferase reporter under control of an
800-bp promoter fragment of the auxin-induced GH3-2 gene
At4g37390 (Figure 3D) (Tian and Reed, 1999). In these GH3-2:
LUC lines, luciferase activity was not detected in the absence of
auxin but was induced as early as 30 min after auxin application
(Figure 3E). Luciferase expression generally reached its maximum at 90 to 120 min followed by a more or less pronounced
decline in activity.
The selected promoter fragment contains a single AuxRE with
the canonical TGTCTC sequence. We found that auxin-induced
gene expression was strongly reduced in transgenic Arabidopsis
lines that contained an equivalent mutant construct GH3-2mut:

LUC, where the AuxRE TGTCTC sequence had been mutated to
TGGCTC, a mutation known to prevent ARF binding (Figures 3D
and 3F) (Ulmasov et al., 1997a). Similarly, concomittant application of the 26S proteasome inhibitor MG132 partially blocked
auxin induction, suggesting that auxin induction is dependent on
the degradation of an unstable repressor (Figure 3E). In summary, we suggest that GH3-2:LUC expression is controlled by
ARF transcription factors and that their activition is repressed by
inhibiting AUX/IAA degradation.
To examine GH3-2:LUC expression in the different mutant
backgrounds, we selected the reporter line GH3-2:LUC#3-8,
which has a single locus transgene insertion, and crossed
the transgene to the CSN5 mutants as well as to the CSN subunit mutants cop9/fus8-S253 (CSN8) and cop13/fus11-U203
(CSN3). We isolated lines homozygous for CSN subunit mutations based on the cop/det/fus mutant phenotype and genotype,
and we subsequently examined auxin induction of the GH32:LUC reporter construct. In our analysis, we found that the csn5
single mutants are partially blocked and that the csn5 double
mutants as well as the other CSN subunit mutants are fully
blocked in auxin-induced gene expression of the GH3-2:LUC
reporter (Figure 3F). Based on these molecular phenotypes, we
conclude that the csn5 mutants as well as the other previously
described CSN subunit mutants are insensitive to the gene
expression–inducing effects of auxin, and we reason that this is
the result of the inefficient degradation of AUX/IAA repressors.
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Figure 6. The CSN Acts on Three Different Types of E3 Ubiquitin Ligases
in Arabidopsis.
Schematic summary of the results obtained in this study where CSN, and
more specifically CSN5, deneddylates cullins that belong to at least three
different E3 ubiquitin ligase families from Arabidopsis. N, NEDD8; FBP,
F-box protein.

CSN5 Mutants Fail to Express CSN5 but Retain CSN
Based on the mutant phenotypes and based on the position of
the T-DNA insertions in the CSN5 genes, we predicted that
the csn5a and csn5b single mutants may fail to express the
respective CSN5 proteins. We therefore analyzed CSN5 protein
levels in the different mutants using an antibody that recognizes
CSN5A as well as CSN5B (Kwok et al., 1998). Consistent with the
comparatively weak phenotype of the csn5b-1 mutant allele,
CSN5 levels were not significantly altered in the csn5b-1 mutant
when compared with the wild type (Figure 4A). However,
consistent with the strong developmental defects observed in
the csn5a mutants, we found CSN5 protein levels to be significantly reduced in both csn5a mutant alleles as well as in the csn5
double mutant (Figure 4A). Thus, we observed a close correlation
between the severity of the developmental defects and the
reduction in CSN5 protein levels in the csn5 mutants.
Seemingly as a result of the destabilizing effect of the loss of
one CSN subunit, Arabidopsis mutants of the six PCI-domain
containing CSN subunits lack the CSN complex and the corresponding CSN subunit monomers (Wei et al., 1994; Staub et al.,
1996; Karniol et al., 1999; Serino et al., 1999, 2003; Peng et al.,
2001b). At the same time, these CSN subunit mutants retain
a monomeric form of CSN5. CSN5 monomers have been
reported in any organism where CSN has been studied, and it
has been suggested that the CSN5 monomer plays a biological
role, which in turn may or may not be connected to the CSN
complex or its function (Kwok et al., 1998; Seeger et al., 1998;

Oron et al., 2002). When we analyzed the effect of loss of CSN5
protein on the abundance of other CSN subunits by examining
CSN4 protein levels, we found that CSN4 protein levels are
unaltered in the csn5 double mutants that lack CSN5 (Figure 4A).
This observation is in contrast with all other previously described
CSN subunit mutants from Arabidopsis and gave rise to the two
alternative hypotheses that either CSN complex integrity is not
affected in the csn5 double mutants or that CSN4 monomers
accumulate in the csn5 double mutants.
To examine this point in more detail, we turned to gel filtration
analyses followed by immunoblotting to analyze CSN complex
integrity in the wild type, the CSN5 subunit mutants, and the
CSN8 subunit mutant cop9/fus8-S253 (Figure 5). As expected
and consistent with previous reports, the examination of wildtype protein extracts revealed the presence of CSN4, CSN5, and
CSN7 as subunits of CSN as well as the presence of a CSN5
monomer (Figure 5) (Kwok et al., 1998; Karniol et al., 1999; Serino
et al., 1999). The same elution profile was detected in the comparably weak csn5b-1 mutant as well as for the comparably
strong csn5a mutants, the latter requiring longer exposure times
to reveal the presence of the less abundant CSN5B protein (data
not shown). Also consistent with previous reports, CSN5 and
CSN7 monomer but no CSN complex was detectable in the
CSN8 subunit mutant cop9/fus8-S253 as demonstrated by the
absence of CSN4, CSN5, and CSN7 in the CSN complex
fractions (Figure 5). Most interestingly, however, we still detected
a CSN complex lacking the CSN5 protein in the csn5 double
mutant as demonstrated by the presence of CSN4 and CSN7 in
the same size fractions that elute the CSN complex in the wild
type (Figure 5). Based on these observations, we conclude that
CSN complex stability is not affected by the loss of CSN5.
Furthermore, we conclude that loss of CSN5 monomer in the
csn5 double mutant does not give rise to a phenotype that
distinguishes the csn5 mutants from the other CSN subunit
mutants of the cop/det/fus mutant series. It may therefore be that
the CSN5 monomer does not play a role in development that is
discernable at the morphological level.
Arabidopsis csn5 Mutants Are Deneddylation Deficient
The cullin subunits of E3s are subject to NEDD8 conjugation and
deconjugation (Hori et al., 1999; Pan et al., 2004). Five cullin
proteins that contain the conserved motif for NEDD8 modification are expressed in Arabidopsis (Risseeuw et al., 2003). Based
on biochemical analyses and in analogy to E3s described in other
eukaryotes, these cullins are thought to be engaged in SCF
complexes (AtCUL1 and AtCUL2), BTB/POZ complexes
(AtCUL3A and AtCUL3B), and DCX complexes (AtCUL4), respectively (Gray et al., 1999; Gagne et al., 2002; Shen et al., 2002;
Risseeuw et al., 2003; Wang et al., 2004; Weber et al., 2004;
Wertz et al., 2004; Dieterle et al., 2005). In Arabidopsis, CSN has
been shown to interact with SCF-type E3s, and loss of CSN
function has been shown to block deneddylation of the AtCUL1
subunit of SCF E3s (Schwechheimer et al., 2001). Subsequent
studies revealed a specific role for CSN5 in cullin 1 deneddylation
(Cope et al., 2002; Gusmaroli et al., 2004). Because all Arabidopsis cullins mentioned above contain the conserved sequence
motif for NEDD8 modification, it can be proposed that all of them
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are neddylated and that all of them are subject to CSN5mediated deneddylation. To examine this point, we investigated
the role of CSN5 and CSN on deneddylation of the cullins
AtCUL1, AtCUL3A, and AtCUL4, representative cullin subunits
of the three types of cullin-containing E3 complexes that have
been proposed to exist in Arabidopsis. Although we detected
unneddylated/deneddylated as well as neddylated forms of all
three cullins in wild-type extracts, we found exclusively neddylated cullins in the csn5 double mutant as well as the CSN8
mutant cop9/fus8-S253 (Figure 4B). Furthermore, consistent
with the observed reduction in CSN5 protein levels and their
relatively strong phenotype, we found that both csn5a single
mutants contain significantly increased levels of the neddylated
cullins when compared with the csn5b single mutant and the wild
type (Figure 4B). Also consistent with previous reports, we
observe that the CSN5 monomer as present in the CSN8 mutant
cop9/fus8-S253 is not sufficient to deneddylate the Arabidopsis
cullins (Figure 4B). Because mutants lacking CSN5 and mutants
lacking CSN have the same molecular defects with regard to
cullin deneddylation, and because both types of mutants lack
CSN5 in the CSN complex, we propose that CSN5 as subunit of
CSN is essential for the deneddylation of all cullins present in
Arabidopsis. At the same time, we also propose that these
deneddylation defects block E3 ubiquitin ligase-mediated
biological processes and that the combination of the resulting
defects may be the molecular cause for the pleiotropic phenotype observed in the cop/det/fus mutants.

DISCUSSION
In this article, we report on the physiological and molecular
characterization of CSN5 loss-of-function mutants from Arabidopsis. We show that plants deficient in CSN5 function mimic the
phenotypes of the previously described cop/det/fus mutants that
carry mutations in one of the six PCI-domain containing CSN
subunits (Wei et al., 1994; Staub et al., 1996; Karniol et al., 1999;
Serino et al., 1999, 2003; Peng et al., 2001b). These phenotypes
include constitutively photomorphogenic growth, accumulation
of anthocyanins, expression of light-induced genes in the dark,
insensitivity to the phytohormone auxin, as well as growth arrest
at the seedling stage. In comparison with the CSN5 double
mutant, single mutants of the two CSN5 genes are only partially
impaired in the different responses examined, suggesting that
the two CSN5 genes have redundant function. Taken together,
our findings suggest that CSN5 is essential for normal plant
growth and development and that loss of CSN5 function causes
phenotypic defects that are equivalent to those reported for the
cop/det/fus mutants defective in any other CSN subunit.
In contrast with all previous reports on CSN subunit mutations,
our biochemical analyses reveal that CSN5 loss-of-function
mutants retain a CSN complex. Interestingly, a CSN5 subunit
mutant from Drosophila was also found to lack CSN5 but to
retain CSN (Oron et al., 2002). Therefore, unlike any of the six
PCI-domain CSN subunits, the MPN-domain subunit CSN5 is
seemingly not required for CSN complex stability (Wei et al.,
1994; Staub et al., 1996; Karniol et al., 1999; Serino et al., 1999,
2003; Peng et al., 2001b). Furthermore, because Arabidopsis
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mutants that lack CSN5 show the same dramatic phenotypes as
those mutants that lack CSN, including CSN5, the molecular
cause of the mutant phenotype may now be attributed to loss of
CSN5 function in CSN.
CSN5 as subunit of CSN but not as a CSN5 monomer is the
proposed cullin deneddylating enzyme (Cope et al., 2002; Tran
et al., 2003). To date, Arabidopsis CSN5 as part of CSN has only
been implicated in the deneddylation of Arabidopsis cullin 1
(Schwechheimer et al., 2001). Our results show that CSN5 as part
of the CSN complex mediates the deneddylation of Arabidopsis
AtCUL1, AtCUL3A, and AtCUL4. These cullins are representatives of the five member cullin protein family, and they are thought
to engage in SCF-type (AtCUL1 and AtCUL2), BTB/POZ-type
(AtCUL3A and AtCUL3B), and DCX-type E3s (AtCUL4), respectively. Therefore, our results show that cullins from all proposed
cullin-containing E3 complexes of Arabidopsis require CSN5mediated deneddylation. Because deneddylation is essential for
the activity of cullin-containing E3s and because hundreds of
such E3 complexes seemingly exist in Arabidopsis, the mutant
phenotype observed in the CSN5 and other CSN subunit mutants
may be the result of the impaired function of a host of these
E3-dependent developmental processes (Figure 6).
With regard to CSN5, it needs to be noted that mutants of CSN
subunits other than CSN5 lack CSN but still retain a CSN5
monomer. The CSN5 loss-of-function mutants described in this
study lack also the CSN5 monomer. It was previously noted, and
our studies confirm these observations, that the presence of the
CSN5 monomer is not sufficient for cullin deneddylation and that
cullin deneddylation is an activity of CSN5 as subunit of CSN
(Lyapina et al., 2001; Schwechheimer et al., 2001; Cope et al.,
2002). We observe that both types of mutants, those that contain
and those that lack the CSN5 monomer, have identical phenotypes. Therefore, the CSN5 monomer does not have a function
that leads to morphologically discernable phenotypes that are
different from loss of CSN function alone. Based on our observation that CSN5 is only an associated rather than an integral
CSN subunit, it may now also be postulated that the CSN5
monomer is a CSN-dissociated form of CSN5 that does not have
a CSN-independent biochemical or biological activity (Figure 6).
In summary, we show that mutants deficient in CSN5 function
have the cop/det/fus mutant phenotype, which is the phenotype
that characterizes mutants of other CSN subunit genes. In
contrast with these other CSN subunit mutants, however, loss
of CSN5 function does not lead to destabilization of the CSN
complex. The cop/det/fus mutant phenotype may therefore be
caused by the loss of CSN5 function in the CSN complex. We
furthermore show that loss of CSN5 or loss of CSN causes a
deficiency to deneddylate multiple cullins; therefore, the dramatic phenotype of the cop/det/fus mutants may be the result of
the combined impairment of these E3 ubiquitin ligase activities.

METHODS
Biological Material
Arabidopsis thaliana mutants were grown on soil or on growth medium in
standard growth conditions under continuous light. The CSN5 T-DNA
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insertion lines SALK_063436 (csn5a-1), SALK_027705 (csn5a-2), and
SALK_007134 (csn5b-1) were identified in the SIGNAL database (Alonso
et al., 2003). The CSN5A T-DNA insertion lines were PCR genotyped
using the oligonucleotides AJH1FW2 59-GTTTTGGATTAGCATTAGTCCCCAAATC-39 and AJH1RV2 59-TTCAAACATAAATGTGAAAAACAACAT-39 to test for the presence of the wild-type CSN5A gene, and
AJH1FW2 and LBb1 59-CAGCGTGGACCGCTTGCTGCAACTCTCTCA-39
to test for the presence of the T-DNA insertions. The CSN5B T-DNA
insertion lines were PCR genotyped using AJH2FW 59-AAGATCTCAGCGCTCGCTCTTCTTAAG-39 and AJH2RV 59-ATGGCACAACTCCTCCAAAGCGAGAC-39 to test for the presence of the wild-type gene, and
AJH2RV and LBb1 to test for the presence of the T-DNA insertion. The
cop9 mutant allele fus8-S253 carries a mutation in CSN8 and was used as
a CSN mutant control for all experiments (Miséra et al., 1994; Wei et al.,
1994). The fus11-U203 mutant allele used in luciferase assays is a loss-offunction mutant of CSN3 (Peng et al., 2001b).

Physiological Experiments
For hypocotyl elongation experiments, seedlings were grown for 6 d in the
dark and in white (121 mmol), far-red (0.2 mmol), red (40 mmol), and blue
(6.8 mmol) light. Hypocotyl length was measured using the NIH Image
software (National Institutes of Health, Bethesda, MD). The number of
lateral roots was determined from 10-d-old light-grown seedlings. The
effect of auxin on root elongation was measured from 10-d-old seedlings
5 d after transfer from auxin-free medium to a medium containing the
synthetic auxin 2,4-D as previously described (Schwechheimer et al.,
2001, 2002).

GH3-2:LUC Experiments
An 800-bp GH3-2 (At4g37390) promoter fragment was amplified by PCR
using the oligonucleotides GH3-2 FW 59-AGATCTGTCGACATGCTATAGATTGA-39 and GH3-2 RV 59-CCATGGTTGTTTTTTTTTCTAAAAGAAAAACAT-39 and cloned as a BglII/NcoI fragment into the plant
transformation vector LUCTRAP-1, which will be described elsewhere.
The mutant GH3-2mut:LUC construct was generated by overlap extension PCR with the oligonucleotides pGH3FW2w 59-ACATAAGCTTATTGTCGACTGTACCTTTTGTCCCCCGTCTCG-39 and pGH3RV2m
59-CAGTCGACAATAAGCTAATGTTAGTTAATGGAGCCATAAGGG-39 in
combination with the GH3-2 FW and GH3-2 RV primers (Ho et al.,
1989). GH3-2:LUC#3-8, a GH3-2:LUC line with a single locus transgene
insertion, was selected and crossed into mutant backgrounds. Lines
homozygous for the mutation and the GH3-2:LUC transgene were
selected for further analysis. For luciferase reporter analyses, 5-d-old
seedlings were incubated with growth medium containing 250 mM
D-luciferin (PJK, Kleinblittersdorf, Germany), and luminescence was
quantified in regular intervals using a Mithras LB940 luminometer
(Berthold Technologies, Bad Wildbad, Germany).

Gene Expression Analyses

and Actin-FW 59-ATTCAGATGCCCAGAAGTCTTGTTC-59 and Actin-RV
59-GCAAGTGCTGTGATTTCTTTGCTCA-39 for Actin.
Immunoblots and Size Exclusion Chromatography
For immunoblots and gel filtration analyses, protein extracts were prepared from 7- to 10-d-old Arabidopsis seedlings in protein extraction
buffer (20 mM Tris-HCl, pH 7.4, 200 mM NaCl, 10% glycerol, 1 mM PMSF,
and 1 mM b-mercaptoethanol). Forty micrograms of total protein were
loaded in each lane in immunoblots. The anti-CUL1 and anti-TBP antibodies were previously described (Schwechheimer et al., 2002). AntiCUL3A and anti-CUL4 were a gift from P. Genschik (Institut de Biologie
Moléculaire des Plantes, Strasbourg, France) (Weber et al., 2004).
Anti-CSN4 and anti-CSN5 antibodies were previously described and
purchased from BioMol (Hamburg, Germany) (Kwok et al., 1998; Serino
et al., 1999). The anti-CSN7 antibody was previously described and is
a gift from D. Chamovitz (Tel Aviv University, Israel) (Karniol et al., 1999).
Size exclusion chromatography of 300 mg of protein extract was
performed using a Superose 6 HR column (Amersham Pharmacia,
Freiburg, Germany) as previously described (Schwechheimer and
Deng, 2002).
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reading the manuscript. We thank the Salk Institute Genomic Analysis
Laboratory for generating the sequence-indexed Arabidopsis T-DNA
insertion mutants and the Nottingham Arabidopsis Stock Centre
(Nottingham, UK) for providing seeds of these lines. We also thank
Pascal Genschik (Institut de Biologie Moléculaire des Plantes,
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