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The Arabidopsis CSN5A and CSN5B Subunits Are Present
in Distinct COP9 Signalosome Complexes, and Mutations
in Their JAMM Domains Exhibit Differential Dominant
Negative Effects on Development

Giuliana Gusmaroli, Suhua Feng, and Xing Wang Deng?
Department of Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520-8104

The COP9 signalosome (CSN) is an evolutionarily conserved multisubunit protein complex involved in a variety of signaling
and developmental processes through the regulation of protein ubiquitination and degradation. A known biochemical role
attributed to CSN is a metalloprotease activity responsible for the derubylation of cullins, core components for several types
of ubiquitin E3 ligases. The CSN’s derubylation catalytic center resides in its subunit 5, which in Arabidopsis thaliana is
encoded by two homologous genes, CSN5A and CSN5B. Here, we show that CSN5A and CSN5B subunits are assembled
into distinct CSN complexes in vivo, which are present in drastically different abundances, with CSNCSN5A gppearing to be
the dominant one. Transgenic CSN5A and CSN5B proteins carrying a collection of single mutations in or surrounding the
metalloprotease catalytic center are properly assembled into CSN complexes, but only mutations in CSN5A result in
a pleiotropic dominant negative phenotype. The extent of phenotypic effects caused by mutations in CSN5A is reflected at
the molecular level by impairment in Cullin1 derubylation. These results reveal that three key metal binding residues as well
as two other amino acids outside the catalytic center play important roles in CSN derubylation activity. Taken together, our
data provide physiological evidence on a positive role of CSN in the regulation of Arabidopsis SCF (for Skp1-Cullin-F-box) E3
ligases through RUB (for Related to Ubiquitin) deconjugation and highlight the unequal role that CSNCSN5A and CSNCSNsB
play in controlling the cellular derubylation of cullins. The initial characterization of CSN5A and CSN5B insertion mutants

further supports these findings and provides genetic evidence on their unequal role in plant development.

INTRODUCTION

The COP9 signalosome (CSN) is a highly conserved multiprotein
complex that was originally identified as a negative regulator of
plant photomorphogenesis (Wei et al., 1994a). In response to
a changing light environment, a complex network of signaling
pathways integrate light, nutritional, and hormonal signals to
coordinate the expression of an array of genes involved in the
regulation of growth and development. In the absence of light,
photomorphogenic development is repressed and Arabidopsis
thaliana seedlings undergo an alternative developmental pro-
gram (skotomorphogenesis or etiolation) characterized by elon-
gated hypocotyls and closed and unexpanded cotyledons. By
virtue of their inability to undergo etiolation (constitutively pho-
tomorphogenic) and their dark purple seed coat color (fusca),
a group of constitutively photomorphogenic/de-etiolated/fusca
(cop/det/fus) mutants was isolated (Castle and Meinke, 1994;
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Miséra at al., 1994; Wei et al., 1994b; Wei and Deng, 1996).
Besides the constitutive photomorphogenic phenotype, null
cop/det/fus mutants also display severe abnormalities in overall
development that lead to lethality after the seedling stage.

Six of the nine molecularly characterized COP/DET/FUS loci
encode six of the eight subunits of CSN (Wei et al., 1994b; Staub
et al., 1996; Karniol et al., 1999; Serino et al., 1999; Peng et al.,
2001a). The remaining two CSN subunits, CSN5 and CSNG6, are
not represented by any of the COP/DET/FUS loci because they
are encoded by two small gene families, each composed of two
genes (Kwok et al., 1998; Peng et al., 2001b). The subsequent
identification of the CSN in many other eukaryotic organisms
revealed the conservation of this complex throughout evolution
(Chamovitz et al., 1996; Seeger et al., 1998; Freilich et al., 1999;
Karniol et al., 1999; Mundt et al., 1999; Busch et al., 2003).
Interestingly, six of the eight subunits of the CSN contain a PCI
(for Proteasome, COP9, Initiation factor 3) domain, whereas the
other two (CSN5 and CSN6) contain a MPN/MOV34 (for Mprip
and Pad1p N-terminal) domain (Aravind and Ponting, 1998;
Hofmann and Bucher, 1998; Ponting et al., 1999). PCI and
MPN domains are also found in two other large protein com-
plexes: the eukaryotic translation Initiation factor 3 (elf3) and the
lid subcomplex of the 26S proteasome (Glickman et al., 1998;
Hofmann and Bucher, 1998; Wei et al., 1998; Wei and Deng,
1999; Fu et al., 2001). Whereas elf3 is involved in protein
translation, the 26S proteasome is a protein degradation ma-
chinery highly conserved in eukaryotes.



The major known biochemical role assigned to CSN is the
removal of the ubiquitin-like protein RUB (for Related to Ubig-
uitin; also called NEDD8) from the cullin subunit of the cullin-
containing E3 ligases (Lyapina et al., 2001; Zhou et al., 2001). It
also deubiquitinates cullins, possibly through association with
Ubp12 (Groisman et al., 2003; Zhou et al., 2003). Among E3
ligases, the SCF (for Skp1-Cullin-F-box) group represents a major
subclass of the multisubunit RING containing E3 ubiquitin ligase
superfamily (Deshaies, 1999; Vierstra, 2003; Smalle and Vierstra,
2004). A typical SCF complex consists of a cullin family member,
Cullin1 (CUL1), a small ring finger protein (RBX1/ROC1/HRT1),
a SKP1-like adaptor, and an F-box protein that confers the
specificity for the recruitment of the substrate. Cullins can be
covalently modified by RUB, but usually only a small fraction of
CUL1 is found in the rubylated form. However, csn mutants from
yeast, Drosophila melanogaster, and Arabidopsis accumulate ex-
clusively rubylated CUL1 (Lyapina et al., 2001; Schwechheimer
et al., 2001; Doronkin et al., 2002). Besides CUL1, CSN also
deconjugates RUB from other cullins, including CUL2 and CUL3
(Zhou et al., 2001; Yang et al., 2002; Pintard et al., 2003), and
regulates the activity of the recently identified CUL4-containing
E3 ligase complexes (Groisman et al., 2003). Like the ubiquitin
pathway, the RUB conjugation pathway is catalyzed by enzy-
matic cascade and is essential in Schizosaccharomyces pombe,
Caenorhabditis elegans, Drosophila, and mouse (Jones and
Candido, 2000; Osaka et al., 2000; Tateishi et al., 2001; Ou
et al., 2002; Lykke-Andersen et al., 2003). Rubylation also plays
an important role in many plant processes including embryo
development and auxin and ethylene responses (del Pozo et al.,
2002; Dharmasiri et al., 2003; Larsen and Cancel, 2004).

The RUB modification of the cullin subunit is highly dynamic
and thought to regulate the E3 ligase activity. In fact, rubylation
is an important positive regulator of cullin ubiquitin ligases by
facilitating substrate polyubiquitination and E2 recruitment to
the SCF (Wu et al.,, 2000; Kawakami et al., 2001). As RUB
modification stimulates cullin-containing E3 ligase activity in
vitro, derubylation by CSN should in theory inhibit SCF function.
Despite biochemical data demonstrating that CSN negatively
regulates cullin activity in vitro (Yang et al., 2002; Groisman et al.,
2003; Zhou et al., 2003), genetic evidence suggests that CSN
promotes cullin-dependent substrate degradation in vivo. Ara-
bidopsis transgenic lines with reduced CSN function show an
impaired degradation of IAA6 protein, a likely substrate of
SCFTIRT (Schwechheimer et al., 2001). Likewise, in S. cerevisiae,
deletion of CSN5 exacerbates the growth defect of a tempera-
ture-sensitive allele of SCF mutants, delaying the degradation of
SIC1 (Cope et al., 2002), whereas in S. pombe, CSN1 and CSN2
are required for the CUL4-dependent ubiquitination and degra-
dation of SPD1 (Liu et al.,, 2003). This apparent paradox
suggests that active cycles of rubylation and derubylation are
required to properly sustain the activity of the SCF complexes
(Schwechheimer and Deng, 2001; Cope and Deshaies, 2003;
Wei and Deng, 2003; Wolf et al., 2003). Thus, CSN potentially
influences a tremendous number of cellular pathways that
together contribute to the pleiotropic phenotype of CSN mu-
tants and their lethality in Drosophila (Freilich et al., 1999;
Doronkin et al., 2002; Oron et al., 2002; Suh et al., 2002) or
Arabidopsis (Wei and Deng, 1992; Wei and Deng, 1996).
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The biochemical basis of the CSN-associated derubylation
activity has been recently linked to the metalloprotease motif
(EXHXHX4oD) of CSN5, which is embedded within the larger
MPN domain known as the JAMM (JAB1/MPN/Mov34) or MPN+
motif (Cope et al., 2002; Maytal-Kivity et al., 2002). Similarly, the
same motifin RPN11 has been implicated in the deubiquitination
activity of the proteasome lid (Verma et al., 2002; Yao and Cohen,
2002). In addition, a ubiquitin isopeptidase activity requiring an
intact CSN5 JAMM domain also has been described in mam-
malian cells (Groisman et al., 2003). Nevertheless, CSN5 or
RPN11 protein alone are inactive in the absence of association
with CSN or the proteasome, respectively. Recently, the crystal
structure of an Archaeoglobus fulgidus JAMM domain—containing
protein (AF2198) has been determined, which confirmed that
a zinc ion was present in the catalytic center (Tran et al., 2003;
Ambroggio et al., 2004). However, the CSN5-dependent metal-
loprotease activity is not essential in fission yeast, where no
obvious phenotype has been detected in the csn5 mutant (Zhou
et al., 2001; Mundt et al., 2002).

To date, the physiological importance of the CSN5-JAMM
motif has been established only in Drosophila, where point
mutations in the JAMM metal binding site arrest development
at the larvae stage, with abnormalities in photoreceptor neuron
differentiation (Cope et al., 2002). In this study, we demonstrate
that CSN5A and CSN5B are incorporated into distinct CSN
complexes, with only one copy of subunit 5 present in each
complex. Moreover, we show that identical point mutations in
several conserved residues within CSN5A and CSN5B JAMM/
MPN domains differentially affect CUL1 derubylation in vivo and
correlate with the severity of the associated phenotype. The ini-
tial characterization of CSN5A and CSN5B insertion mutants
provides genetic evidence in support of these findings. Taken to-
gether, these data indicate that CSNCSN5A and CSNCSN5B com-
plexes play unequal roles in plant development, with CSNCSN5A g
the major player in the regulation of CUL1-based SCF E3 ligases,
and highlight the physiological relevance of an intact JAMM do-
main and its associated derubylation activity in Arabidopsis.

RESULTS

Identification of csn5b T-DNA Insertion Mutant

In Arabidopsis, two conserved genes, named CSN5A and
CSN5B, encode two isoforms of the subunit 5 of CSN (Kwok
et al., 1998). The two genes (At1g22920 and At1g71230) are
located on the opposite arms of chromosome one. Sequence
analyses indicated that CSN5A and CSN5B share 86 and 88%
identity at the nucleotide (cDNA) and protein levels, respectively.
To assess the physiological function of the two distinct CSN5
isoforms, we screened the available T-DNA and transposon
collection databases for insertional mutations in the CSN5 loci. A
T-DNA insertion within the CSN5B locus was identified from the
SALK collection (Figure 1A). Heterozygous T1 plants carrying the
T-DNA insertion allele show a 3:1 segregation ratio of kanamycin
resistant:kanamycin sensitive in T2 progeny, indicating that one
single T-DNA insertion locus is present in this mutant line. PCR-
based genotype analyses revealed that the T-DNA is inserted
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Figure 1. Identification and Characterization of the Arabidopsis csn5b
T-DNA Insertion Mutant.

(A) Structure of the Arabidopsis CSN5B locus (At1g71230) and graphic
representation of the T-DNA insertion. Exons are represented by violet
and gray (untranslated regions) boxes, and introns are represented by
lines. Arrows schematically represent the position and orientation of the
gene-specific primers (5B.1, 5B.2, 5B.3, and 5B.4) and the left border
T-DNA specific primer (LBb1) used for the molecular analyses. aa, amino
acids.

(B) PCR-based genotype analyses of Arabidopsis csn5b homozygous
mutant and wild-type plants. Primers 5B.1 and 5B.2 were used to
specifically amplify the CSN5B wild-type allele; primers 5B.1 and LBb1
were used to specifically amplify the csn5b::T-DNA insertion allele. The
genomic sequence of the EF-1A locus was used as positive control for
the PCR reactions.

(C) Detection of CSN5A and CSN5B specific transcripts in 2-week-old
csn5b homozygous mutant and wild-type seedlings by RT-PCR. Primers
5B.3 and 5B.4 were used to specifically amplify the CSN5B cDNA, and
primers 5A.3 and 5A.4 (see Figure 9) were used to specifically amplify the
CSN5A cDNA. As positive control for the RT-PCR reactions, gene-
specific primers were used to amplify the EF-1TA cDNA.

(D) Detection of CSN5 proteins in 2-week-old csn5b homozygous mutant
and wild-type Arabidopsis seedlings. Total proteins were subjected to
SDS-PAGE and immunoblot analyses with «-CSN5 and «-CUL1 poly-
clonal antibodies. Equal protein loads were confirmed by immunoblot
analyses with a-RPT5 (a proteasome ATPase subunit) polyclonal anti-
body. The a-CSN5 antibody recognizes both CSN5A/CSN5B isoforms.
Arrowheads indicate rubylated and unrubylated CUL1, respectively.

(E) Detection of CSN5 protein in wild-type and csn5b homozygous
plants. Total proteins extracts were prepared from the indicated tissues,
subjected to SDS-PAGE, and immunoblotted with «-CSN5 antibody.
Equal protein loads were confirmed with «-RPT5 antibody.

(F) Arabidopsis wild type and csn5b mutant show similar phenotype
when grown under identical conditions.

within the first intron of the CSN5B gene and identified homozy-
gous mutant plants in the T2 progeny (Figure 1B). RT-PCR
analyses of the homozygous T-DNA insertion csn5b mutants
show the complete lack of the CSN5B transcript (Figure 1C). This
result suggests that the homozygous T-DNA insertion in the
CSN5B locus results in a null mutant.

Null csn5b Mutants Do Not Display Observable Phenotype
and Alteration in the Ratio of Rubylated/Unrubylated CUL1

As shown in Figure 1D, a-CSN5 polyclonal antibody detects
a single band migrating around 42 kD both in wild-type and csn5b
null mutant extracts. Because the «-CSN5 antibody recognizes
both CSN5A and CSN5B isoforms (Kwok et al., 1998), itis evident
that the band detected in null csn5b extract corresponds to
CSN5A. Because a major biochemical activity of CSN is the
removal of RUB from the cullins, we examined whether the lack
of the CSN5B subunit could influence the rubylation status of
CUL1. As shown in Figure 1D, no difference has been observed
in the ratio of rubylated/unrubylated CUL1 in wild-type and csn5b
seedling protein extracts. To test if CSN5A and CSN5B might play
differential roles in a tissue-specific manner, wild-type and csn5b
protein extracts obtained from different organs at various de-
velopmental stages were blotted against a-CSN5 and «-CUL1
antibodies, respectively. As shown in Figure 1E, CSN5A was
detected at high levels in all the organs analyzed, with no
apparent difference being observed between wild-type and
csnbb homozygous plants. Similarly, no significant differences
were observed in the rubylated/unrubylated ratio of CUL1 in
these samples (data not shown). The absence of a biochemical
effect on CUL1 rubylation correlates with the observation that
csn5b null mutants display a wild-type phenotype. In fact, when
grown in the dark, cns5b homozygous seedlings undergo normal
skotomorphogenesis. In normal light growth conditions, csn5b
mutants are fertile and do not exhibit any detectable abnormality
throughout the whole life span (Figure 1F).

CSN5A Is Present in Both CSN and Subcomplex Forms

In gel filtration analyses of Arabidopsis wild-type seedlings, the
CSN5 subunits elute in high molecular mass fractions and
cofractionate with the other CSN subunits. The elution peak is
roughly centered between 450 and 550 kD and corresponds to
the CSN complex (Kwok et al., 1998). Besides the CSN peak,
a portion of CSN5 can be found in a lower molecular mass form of
~100 to 150 kD and cofractionates with a subset of other CSN
subunits, which includes CSN3 (data not shown). The existence
of two discrete CSN5 forms has been shown in mammalian cells,
Drosophila (Oron et al., 2002; Yang et al., 2002), and in fission
yeast (Zhou et al., 2001; Mundt et al., 2002). Whereas the CSN
holocomplex is predominantly nuclear localized, the smaller
CSNS5 forms are cytoplasmic in both mammals (Tomoda et al.,
2002) and Arabidopsis (Kwok et al., 1998). However, the precise
physiological role of CSN5 free-form and its link to CSN bio-
chemical functions are still unclear.

To investigate if the lack of CSN5B could influence the
chromatographic elution properties of the CSN5 complex forms
in vivo, we compared the gel fractionation profiles of wild-type



(data not shown) and csnbb seedlings (Figure 2A). The CSN5A
elution profile of csn5b mutant extracts is identical to that of
the wild type. These data indicate that CSN5B is not required
for the assembly and stability of the CSN5A-containing CSN
holocomplex and that CSN5A participates in the CSN holocom-
plex as well as in the lower molecular mass form.

CSN5A-myc and CSN5B-myc Fusion Proteins Incorporate
Properly into CSN in Vivo

To further define the qualitative and quantitative contributions of
the two CSN5 subunits in the formation of CSN, we expressed
epitope-tagged CSN5A or CSN5B in the csn5b null mutant
background. Both CSN5A and CSN5B were fused in frame to
nine copies of the myc epitope-tag (mycy) at their C termini. The
chimeric CSN5A-myc and CSN5B-myc transgenes, driven by
the 35S promoter of Cauliflower mosaic virus, were transformed
into the homozygous csn5b mutants, and T2 transgenic lines
expressing recombinant CSN5A-myc and CSN5B-myc at com-
parable levels were chosen for further investigation (see Methods
for details; Figures 4C, lane 3, CSN5A-myc, and 4D, lane 2,
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Figure 2. The CSN5A-myc and CSN5B-myc Fusion Proteins Properly
Incorporate into CSN in Transgenic Plants.

Immunoblot analyses of Superose 6 gel filtration fractions obtained from
2-week-old light-grown csn5b (A), csn5b/35S:CSN5A-myc (B), and
csn5b/35S:CSN5B-myc (C) transgenic Arabidopsis seedlings. Column
fractions were subjected to SDS-PAGE and probed with a-myc 9E10,
a-CSN5, a-CSN3, and «-CSN6 antibodies. Fraction numbers are indi-
cated. Lane T contains the total unfractionated extracts. Recombinant
CSN5A-myc and CSN5B-myc cofractionate with other CSN subunits as
CSNCSNsA-mye g CSNCSNSB-mye complexes (elution pick from fractions
12 to 15) that are slightly bigger then the CSN complex containing
untagged CSN5A (CSNCSN3A) (eglution pick from fractions 13 to 16). The
shift is attributable to the presence of the mycg epitope tag in CSN5A-
myc and CSN5B-myc, respectively.
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CSN5B-myc). Protein blot analyses of gel filtration fractions
using a-myc antibody indicate that both CSN5A-myc and
CSN5B-myc fusion proteins elute in high molecular mass frac-
tions (elution peak from fractions 12 to 15; Figures 2B and 2C)
and overlap with other CSN subunits. These results suggest that
the presence of the mycg-tag at the C termini of CSN5A and
CSN5B does not interfere with their ability to efficiently incor-
porate into the CSN complex. Moreover, when ectopically
expressed in transgenic seedlings, both CSN5A-myc and
CSN5B-myc participate in the formation of CSN and the lower
molecular mass form (Figures 2B and 2C). The elution peaks of
the CSN complex and the lower molecular mass form containing
CSN5A-myc (Figure 2B) and CSN5B-myc (Figure 2C) are slightly
shifted toward larger molecular mass fractions compared with
those containing endogenous CSN5A. This shift is likely attribut-
able to the presence of the mycg-epitope that increases the
masses of those CSN5-containing complexes.

CSN5A and CSN5B Are Present within Distinct CSN
Complexes Each Containing Only One Copy of CSN5

We further tested whether both CSN5A and CSN5B can integrate
into the same CSN, or if they participate in the formation of
distinct populations of CSN complexes. In either case, we were
also interested in defining the copy number of the CSN5 subunit
within each CSN complex. To address these questions, we took
advantage of Arabidopsis csn5b plants expressing CSN5A-myc
and CSN5B-myc. First, immunoprecipitation of the CSN com-
plex was performed on protein extracts obtained from csn5b/
35S:CSN5B-myc transgenic seedlings using an a-myc affinity
matrix (Figure 3A). In this line, endogenous CSN5A and recom-
binant CSN5B-myc proteins are both expressed, as shown in
Figure 4D (lane 2). The stringency of the immunoprecipitation
was optimized to purify only the core CSN complex and avoid the
coimmunoprecipitation of secondary interacting proteins as
a result of complex—complex interactions (e.g., CSN-CSN,
CSN-SCFs, or CSN-proteasome; Peng et al., 2003). Under this
stringent immunoprecipitation of CSN, the a-myc matrix could
efficiently pull down the CSN5B-myc fusion protein and copurify
all the other components of the CSNCSN5B-myc  put not the
endogenous CSN5A or other interacting proteins, such as CUL1
(Figure 3A). In control immunoprecipitation experiments, we did
not observe any nonspecific precipitation of the CSN subunits
from wild-type (Figure 3A) or csn5b (data not shown) extracts by
the a-myc matrix. This result indicates that CSN5B-myc and
endogenous CSN5A are present in distinct CSN complexes,
even though they presumably coexist in the same tissue.

We further performed immunoprecipitation of CSN from pro-
tein extracts of csn5b/35S:CSN5A-myc transgenic seedlings.
Again, endogenous CSN5A and recombinant CSN5A-myc pro-
teins in this line are both expressed, as shown in Figure 4C (lane
3). If two or multiple copies of CSN5A were present in the same
CSN complex, we would expect to obtain the copresence of
CSN5A-myc and CSN5A in the same immunoprecipitation. As
shown in Figure 3B, the a-myc beads could pull down the
CSN5A-myc fusion protein and copurify the other subunits of
CSN but not the endogenous CSN5A or the CUL1 subunit of
the SCF complex (Figure 3B). Again, we did not detect any
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Figure 3. The Arabidopsis CSN5A and CSN5B Are Incorporated into Distinct CSN Complexes in Vivo.

(A) Immunoprecipitation of the CSNCSN58 complex from transgenic Arabidopsis csn5b seedlings stably expressing CSN5B-myc. Seedling protein
extracts prepared from 2-week-old wild-type and csn5b/35S:CSN5B-myc transgenic lines were used.

(B) Immunoprecipitation of the CSNCSN5A complex from transgenic Arabidopsis csn5b seedlings stably expressing CSN5A-myc. Seedling protein
extracts prepared from 2-week-old wild-type and csn5b/35S:CSN5A-myc transgenic lines were used.

The immunoprecipitates and the total extracts were subjected to SDS-PAGE and immunoblotted with antibodies against myc, CSN1, CSN2, CSN3,
CSN4, CSN5, CSN6, CSN7, CSN8, and CUL1. Lane T indicates the total protein extracts. Lane IP indicates the immunoprecipitates with a-myc 9E10
antibody immobilized onto Sepharose fast flow beads matrix (9E10 affinity matrix). a-TBP (TATA binding protein) antibody is used as a pull-down

negative control. Data are representative of three independent experiments.

nonspecific precipitation of the CSN subunits from wild-type
(Figure 3B) or csn5b (data not shown) proteins extracts. This
result indicates that CSN5A and CSN5A-myc do not coexist in
the same CSN complex.

Taken together, these data suggest that CSN5A and CSN5B
are present in distinct complexes. In the case of CSN5A, only one
CSN5 subunit seems to be present within each CSN complex.
Thus, at least two forms of CSN exist in Arabidopsis, one
containing CSN5A, and the other one CSN5B. We designate
these complexes as CSNCSN5A gnd CSNCSNSB,

Stable Expression of a Series of Point Mutations within
or Around the Metal Binding Motif of CSN5A and
CSN5B in Arabidopsis

The presence of two distinct CSN complexes (CSNCSN5A gnd
CSNCSNSB) raises a question about their relative contribution
toward the overall CSN function in the regulation of protein
degradation. As a way to define their biological function in vivo,
we created a series of identical point mutations in or surrounding
the JAMM metal binding motif and expressed these mutated
versions as myc-tagged fusion proteins in the csn5b mutant
background. It has been previously shown that point mutations of
either two conserved His residues or an Asp residue within the

putative metal binding motif (EX,HXHX;oD) of the CSN5-JAMM
domain disrupt CSN derubylation activity in yeast without in-
terfering with the assembly of the complex (Cope et al., 2002). In
Arabidopsis, these residues correspond to H142, H144, and
D155 and are conserved in both CSN5A and CSN5B proteins
(Figures 4A and 4B). Site-specific mutagenesis was used to
convert H142 and H144 into Ala (H142A and H144A) and D155
into Asn (D155N) in both Arabidopsis CSN5A and CSN5B sub-
units. Interestingly, a Cys residue (C149) is present within
aconserved stretch of amino acids that exhibit a striking similarity
with the consensus of the Cys box, the catalytic site of the Cys-
based proteases (Hochstrasser, 1996). However, point mutation
of this corresponding Cys residue into Ala in CSN5 failed to
eliminate the derubylation in yeast (Zhou et al., 2001). To test its
importance in Arabidopsis, we mutated the conserved Cys into
Ala (C149A) in both CSN5A and CSN5B subunits. An additional
C149S substitution was introduced into CSN5A. In addition, the
sequence alignment of MPN-containing proteins highlights the
presence of an Asp residue (D175 in Arabidopsis) that is con-
served in CSN5/RPN11 orthologs (Figure 4B). Thus, we also
introduced two different point mutations, converting D175 into
Glu (D175E) and Asn (D175N), respectively, in both CSN5A and
CSN5B proteins. All the single CSN5A and CSN5B amino acid
substitutions are summarized in Tables 1 and 2, respectively.
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Figure 4. Ectopic Expression of the JAMM Point-Mutated CSN5A/
CSN5B Variants in Transgenic Arabidopsis Seedlings.

(A) Graphic representation of the tertiary structure of the JAMM domain
protein AF2198 obtained from Tran et al. (2003). The illustration has been
slightly modified from its original version to point out the positions of the
single CSN5A/CSN5B amino acid substitutions in the context of the
putative tertiary structure of the CSN5 JAMM domain.

(B) Schematic representation of Arabidopsis CSN5A and CSN5B sub-
units and alignment of the JAMM domains of yeast, human, and
Arabidopsis CSN5/RPN11 orthologs. Selected sequences were aligned
using ClustalW and modified manually to ensure correct superposition of
the conserved motif. The metal binding motif within the JAMM domain is
marked by an orange line on top. aa, amino acids.

(C) and (D) Immunoblot analyses of protein extracts obtained from 10-d-
old csn5b transgenic seedlings expressing the complete series of wild-
type and mutated CSN5A-myc transgenes (C) or the complete series of
wild-type and mutated CSN5B-myc transgenes (D). Protein extracts
from 10-d-old wild-type and csn5b seedlings were used as controls. The
protein blots were probed with a-myc and «-CSN5 antibodies. «-RPT5
antibody is used as a loading control.
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As shown in Figure 4, the a-myc antibody detects a single
band of the expected size for the fusion proteins in total extracts
of csn5b null mutant transformed with the complete series of
wild-type and mutated CSN5A-myc (Figure 4C) and CSN5B-myc
(Figure 4D) transgenes (see Methods for details). In addition to
the expression of the CSN5A-myc and CSN5B-myc transgenes,
all the transgenic lines used in this study express endogenous
CSNb5A at a level comparable to that of wild-type plants (Figures
4C and 4D). Transgenic csn5b plants expressing the wild-type
CSN5A-myc and CSN5B-myc transgenes described above were
used as control in all subsequent analyses.

Point Mutations in CSN5A and CSN5B Do Not Interfere with
the Integrity and Stability of CSNCSN5A and CSNCSN5B jn Vivo

To ascertain whether the point mutations in the CSN5A and
CSN5B subunits interfere with their ability to assemble into the
CSNCSN5A gand CSNCSNSB complexes, respectively, we per-
formed cofractionation analyses of the complete series of
mutated CSN5A-myc and CSN5B-myc transgenes. As shown
in Figure 5A, protein blot analyses using a-myc antibody indicate
that all the mutated CSN5A-myc (Figure 5A) and CSN5B-myc
(Figure 5B) fusion proteins elute in high molecular mass fractions
(elution peak from fractions 12 to 15; Figure 5) and cofractionate
with the other CSN subunits (data not shown). This observation is
consistent with previous studies in S. pombe, in which single
point mutations in the conserved His and Asp (Arabidopsis H142,
H144, and D155) do not interfere with the assembly of the yeast
CSN complex (Cope et al., 2002). The results shown in Figure 5
also point out that other single amino acid substitutions in key
residues located inside (C149A and C149S for CSN5A and
C149A for CSN5B) or outside (D175E and D175N for both
CSNS5A and CSN5B) the zinc binding motif of the JAMM/MPN
domain do not appear to alter the ability of the mutated proteins
to assemble into stable CSN complexes. In all cases, protein blot
analyses using the a-CSN5 antibody indicate that endogenous
CSN5A does not cofractionate with the CSN5A-myc and
CSN5B-myc containing CSN complexes (data not shown), in
agreement with the finding that only one subunit 5 is present
within each CSN complex (Figure 3).

Several CSN5A Point Mutations Confer a Partial
Photomorphogenic Phenotype in the Dark

Because all the COP/DET/FUS loci have been originally identi-
fied by virtue of their inability to undergo etiolation in darkness,
we first examined the transgenic lines expressing wild-type and
mutated CSN5A-myc and CSN5B-myc fusion proteins for pos-
sible photomorphogenic phenotypes. Remarkably, four distinct
point mutations of CSN5A (H142A, H144A, C149S, and D175N)
confer a dominant and partial photomorphogenic phenotype to
4-d-old dark-grown csn5b null mutant seedlings (Figure 6A).
However, this phenotype is not present at 100% among the
homozygous progenies, likely because of a different degree of
penetrance of the dominant CSN5A mutations. To test whether
the observed traits correlated with the derubylation activity of
CSN, protein extracts from those 4-d-old dark-grown seedlings
were subjected to immunoblot analysis using a-CUL1 antibody.
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Table 1. Summary of CSN5A Wild-Type and Mutant Proteins Expressed in Arabidopsis csn5b Plants

Original

Amino Converted Myc Fusion Impaired CUL1 Phenotype at Late Penetrance
Transgene Acid Position into in CSN Complex2 Derubylation® Flowering Stage Rate
CSN5A Wild type - - Yes No Wild type -
CSN5A-H142A His 142 Ala Yes Yes Very severe 80-100%
CSN5A-H144A His 144 Ala Yes Yes Severe 60-70%
CSN5A-C149A Cys 149 Ala Yes No Slightly reduced height 10%
CSN5A-C149S Cys 149 Ser Yes Yes Severe 50-60%
CSN5A-D155N Asp 155 Asn Yes Yes Severe 70-90%
CSN5A-D175E Asp 175 Asn Yes Yes Severe 60%
CSN5A-D175N Asp 175 Glu Yes Yes Very severe 80-100%

2The proper assembly of the CSN5A-myc fusion proteins into CSN complex in vivo was evaluated by gel filtration and protein blot analyses.
bThe impaired derubylation activity of CSN was determined by monitoring the in vivo rubylation level of Arabidopsis CUL1.

¢ Wild-type amino acids at each given position.

As shown in Figures 6A and 6B, a striking correlation exists
between the accumulation of rubylated CUL1 (RUB-CUL1) and
the appearance of the photomorphogenic phenotype (e.g., line
csnbb/35S:CSN5A-H144A-myc). Interestingly, when grown in
the light, H142A and D175N T2 lines segregate a variable number
of hyperphotomorphogenic seedlings characterized by the ac-
cumulation of a higher level of anthocyanin in the cotyledons and
petiole, compared with wild-type seedlings grown under the
same conditions (Figure 6C). All the purple seedlings produce
green true leaves after seedling stage. It is important to note that
neither the mutant nor the wild-type CSN5B transgenes caused
any detectable photomorphogenic phenotype.

Most Point Mutations in CSN5A but Not CSN5B Differentially
Affect Growth and Development at the Vegetative Phase

To further dissect the specific role of each point mutation in both
CSN5A and CSN5B subunits, we analyzed the effect of the
dominant negative mutant transgenes at different stages of
Arabidopsis growth and development. At vegetative phase, after
seedling stage but before bolting, all the CSN5A-myc mutant
transgenic lines (with the exception of C149A) have rosettes

smaller than the wild type, with shorter petioles and curled
leaves, as shown in Figures 6D (right) and 6F. Notably, this
phenotype is not present in transgenic plants expressing the
wild-type CSN5A-myc or CSN5B-myc subunits, or any CSN5B-
myc mutants. The curled leaves and short petiole phenotypes
exhibit a different degree of severity, depending on each given
transgene. At this phase, mutation of Cys 149 causes the
weakest effects. In fact, although the CSN5A-C149A mutant
plants do not display any observable phenotype, plants express-
ing CSN5A-C149S exhibit a smaller rosette and shorter petioles
compared with wild-type and csn5b/35S:CSN5A-myc plants
(Figure 7C). The CSN5A-C149S mutation displays a penetrance
of ~60% (e.g., only 60% of the progeny with the transgene
exhibits the phenotype). On the other hand, expression of
CSN5A-H142A-myc and CSN5A-D175N-myc proteins cause
an extremely severe phenotype in essentially 100% of progeny.
Transgenic plants carrying either one of those mutant CSN5A
subunits developed into very small rosettes with extremely short
petioles and unusually curled leaves (Figure 7C). The D155N,
H144A, and D175E mutations in CSN5A exhibit an intermediate
degree of severity (Figure 7C; data not shown) and a phenotypic
penetrance between 60 and 90%.

Table 2. Summary of CSN5B Wild-Type and Mutant Proteins Expressed in Arabidopsis csn5b Plants

Original

Amino Converted Myc Fusion in Impaired CUL1 Phenotype at Late
Transgene Acid Position into CSN Complex? Derubylation® Flowering Stage
CSN5B Wild type - - Yes No Wild type
CSN5B-H142A His 142 Ala Yes No Wild type
CSN5B-H144A His 144 Ala Yes No Wild type
CSN5B-C149A Cys 149 Ala Yes No Wild type
CSN5B-D155N Asp 155 Asn Yes No Wild type
CSN5B-D175E Asp 175 Asn Yes No Wild type
CSN5B-D175N Asp 175 Glu Yes No Wild type

2The proper assembly of the CSN5B-myc fusion proteins into CSN complex in vivo was evaluated by gel filtration and protein blot analyses.
P The impaired derubylation activity of CSN was determined by monitoring the in vivo rubbylation level of Arabidopsis CUL1.

¢ Wild-type amino acids at each given position.
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Do Not Interfere with CSNCSN3A gnd CSNCSN5B Complex Formation in
Vivo.

(A) Protein blot analyses of Superose 6 gel filtration fractions obtained
from 2-week-old light-grown csn5b Arabidopsis seedlings expressing
the complete series of CSN5A point-mutated transgenes. Column
fractions were subjected to SDS-PAGE and probed with a-myc anti-
body. All of the mutated CSN5A-myc variants eluted as CSNCSN5A-myc
complex (elution peak in fractions 12 to 15) as well as in lower molecular
mass forms (fractions 17 to 19).

(B) Protein blot analyses of Superose 6 gel filtration fractions obtained
from 2-week-old light-grown csn5b Arabidopsis seedlings expressing
the complete series of CSN5B point-mutated transgenes. Column
fractions were subjected to SDS-PAGE and probed with a-myc
antibody. All of the point-mutated CSN5B-myc variants eluted as
CSNCSN5B-mye complex (elution peak in fractions 12 to 15) as well as
in lower molecular mass forms (fractions 17 to 18).

The Severity of the Phenotype Caused by Point-Mutated
CSNS5A Proteins Correlates with the Level of in Planta
CUL1 Rubylation

To test whether the dominant phenotype of the transgenic
CSN5A mutant plants could be attributed to the impaired
derubylation activity of the endogenous COP9CSN5A signalo-
some, we examined the AtCUL1 modification pattern of each
transgenic line by protein blot analysis of total protein extracts
(Figures 6G and 6H). To further ascertain whether RUB-CULA1
accumulates as monomer or in the context of SCF complexes,
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the same protein extracts shown in Figures 6G and 6H were
subjected to gel filtration analyses (Figures 6l to 6L). With the only
exception of CSN5A-C149A that does not display any phenotype
at the vegetative stage, all the other CSN5A mutant proteins
interfered to various degrees with the derubylation activity of
endogenous CSNCSNSA - as evidenced by the higher level of
accumulation of RUB-modified CUL1 in the SCF complex
fractions (Figures 6G and 6L). This correlation appears to be
quantitative, in the sense that a higher RUB-CUL1 level cor-
responds with a more severe phenotype. Remarkably, the
corresponding mutations in CSN5B (Figures 6H and 6K) or
overexpression of wild-type CSN5A-myc and CSN5B-myc pro-
teins (Figure 6J) did not affect the derubylation activity of
endogenous COP9CSNSA which is consistent with the absence
of phenotype in those transgenic plants. This is despite the fact
that all those fusion proteins were efficiently incorporated into
CSN complexes in vivo (Figures 2C, 2D, and 5B). In all cases, the
gel filtration profiles indicate that elevated RUB-CUL1 accumu-
lates in the context of SCF complexes but not in the monomeric
form (Figures 61 to 6L).

All Point-Mutated CSN5A-myc (but Not CSN5B-myc)
Transgenes Result in Developmental Defects at the
Reproductive Phase

At the reproductive phase, the phenotype of the transgenic
CSN5A-myc mutant plants becomes even more drastic (Figure
7D), as summarized in Table 1. However, none of the trans-
genic lines expressing the corresponding mutations in the
CSNS5B or control proteins (wild-type CSN5B-myc in Figure 7A
or CSN5A-myc in Figure 7B, left) displayed any notable
phenotype and are virtually indistinguishable from wild-type
plants. At this phase, all of the CSN5A-myc mutant transgenes
result in an evident reduction in the overall plant size (Figure
7). Although the CSN5A-C149A mutation did not cause any
detectable phenotype at vegetative phase, it also resulted in
mild dwarfism at this late stage (Figure 7B). All the other
CSN5A mutations (including C149S) exhibit a severe dwarfism
(Figure 7D), accompanied by an increase in the number of
secondary inflorescences (Figure 8A) and leaves (Figure 8B).
The outgrowth of the secondary inflorescences in wild-type
plants is inhibited by the apical dominance of the primary
shoot apex through the production of the plant hormone
auxin. It has already been shown that plants with reduced
CSN levels have decreased auxin response (Schwechheimer
et al., 2001). Therefore, the phenotypic traits of the transgenic
CSN5A mutant plants likely result from a reduction of the
overall CSN activity at this development stage.

Another striking aspect of the phenotype is a dramatic re-
duction in the internode length and in the size and architectures
of the primary and secondary inflorescences (Figures 8C to 8H).
In fact, whereas in wild-type plants, the secondary branches
emerge at regular intervals from the primary shoot (Figure 8E,
left), transgenic CSN5A mutant plants display a severe disorga-
nization in the whole aerial architecture because of a defectin the
timing of organ initiation and in organ size control (Figure 8E,
right). Moreover, cauline leaves, flower buds (Figure 8G), as well



2992 The Plant Cell

G csnSbICSNSA-myc

H csnSb/CSNSB-myc
r 1
< < =z w Z o
§ § 3§ 8 £ E ¢
E T T o o o o &
-— - — — — — ) g

S S — > o e G —

— — i — — — — — — RPTS

i Fractions J Fractions
16 17 18 16 17 18

WT o :cuu

i — . — UL

CSNSB-MYC e e e 5 CULT

I RPTS

csnSh G (R a— x CUL1 CSNSA-MYC s— - -/1‘3‘-”-‘

] -
232KD 2 32|!( D

K CSN5B-myc fusions L CSN5A-myc fusions

JG&'*'

Fractions Fractions
mutation 16 17 18 mutation 18 17 18
H142A e ¢ CUL1 H142A e < CUL1
- — — -
HIdIA o S <CULT  H144A g Jouut

_ -
C149A — ;- - cuL

DISSN L - - < CULT
D175E | i S ¢ CUL1

— -
D175N s SR o S CULY

C140A R . ¢ CULT

S — >

D155N -—— —
———— CULt

-
D175 R S cuL1

232kD

D175N | e = CUL1

i
232kD

Q-, 199098 2 e,

Figure 6. Dominant Negative Point Mutations in the Arabidopsis CSN5A (but Not CSN5B) Subunit Differentially Affect Photomorphogenesis and Early
Development in a Manner Correlating with Impaired CUL1 Derubylation in Vivo.

(A) Partial photomorphogenic phenotype of 4-d-old dark-grown Arabidopsis csn5b seedlings expressing CSN5A-H144A-myc (right) with the control
4-d-old, dark-grown csn5b seedling expressing CSN5B-H144A-myc (left). The seedling in the left panel displays the same phenotype of 4-d-old,
dark-grown, wild-type seedlings.

(B) Protein blot analyses of protein extracts obtained from 4-d-old csn5b transgenic seedlings expressing the wild-type CSN5A-myc, wild-type CSN5B-
myc, CSN5A-H144A-myc, and CSN5B-H144A-myc. Protein extracts from 4-d-old, dark-grown wild-type and csn5b seedlings were used as controls.
The blots were probed with «-CUL1 antibody. «-RPT5 antibody was used as loading control. The arrowheads indicate the position of rubylated and
unrubylated CUL1, respectively.

(C) Light-grown 6-d-old Arabidopsis csn5b seedlings expressing either CSN5B-H142A-myc (left) or CSN5A-H142A-myc (right). The seedling on the left,
expressing the CSN5B-H142A-myc transgene, displays a phenotype identical to that of the wild type.

(D) Morphology of 3-week-old light-grown csn5b plants expressing either CSN5B-H142A-myc (left) or CSN5A-H142A-myc (right). The plant on the left,
expressing the CSN5B-H142A-myc transgene, displays a phenotype identical to that of the wild type.

(E) and (F) Leaf and petiole phenotypes of csn5b plants expressing either CSN5B-H142A-myc (E) or CSN5A-H142A-myc (F).

(G) and (H) Protein blot analyses of total protein extracts from 3-week-old csn5b plants expressing the wild-type and mutated CSN5A-myc transgenes
(G) or the wild-type and mutated CSN5B-myc transgenes (H). Protein extracts from 3-week-old wild-type and csn5b plants, grown in the same
conditions, were used as controls. The protein blots were probed with a-CUL1 antibody. The a«-RPT5 antibody was used as a loading control. The
arrowheads indicate the position of rubylated and unrubylated CUL1, respectively.

(I) to (L) Protein blot analyses of Superose 6 gel filtration fractions from plants described in (G) and (H). Column fractions were subjected to SDS-PAGE
and probed with a-CUL1 antibody. The CUL1 subunit elutes as high molecular mass form corresponding to the SCF (fractions 16 to 18) according to
a molecular weight roughly centered around 300 kD. The arrowheads indicate the position of rubylated and unrubylated CUL1, respectively.
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Figure 7. Distinct Point Mutations in the Arabidopsis CSN5A Catalytic
Domain Differentially Affect Vegetative and Reproductive Development.

(A) Seven-week-old csn5b Arabidopsis plants carrying 35S:CSN5B-myc
display the wild-type phenotype.

(B) Effect of two different amino acid substitutions on C149 during
reproductive development. Seven-week-old Arabidopsis csn5b plants
overexpressing wild type CSN5A-myc (left), CSN5A-C149A-myc (mid-
dle), and CSN5A-C149S-myc (right).

(C) Comparison of morphological defects of 3-week-old light-grown
plants.

(D) Comparison of the pleiotropic phenotypes of five point mutations in
the CSN5A JAMM domain at reproductive phase (7 weeks old).

as mature flowers (Figure 8l) are smaller in the dominant CSN5A
mutant lines than in wild-type plants, whereas the secondary
inflorescences are drastically altered in their overall size and
structure because of the complete failure of internodes to
elongate (Figures 8D, 8F, and 8H).
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Finally, whereas in wild-type plants, the siliques are spaced at
regular intervals around the inflorescence stem, in CSN5A-myc
mutated lines, the position, orientation, size, and morphology of
the siliques are drastically altered (Figure 8C). In general, all the
lines expressing mutant CSN5A proteins display distinctive
curled leaves (Figures 8J to 8L) and wavy siliques (Figures 8N
to 8P), characterized by the presence of irregular bump and
roughness on their surfaces. These morphological abnormalities
are reflected at the cellular level by a dramatic change in leave
and silique cell shape and length, as shown by scanning electron
microscopy (Figures 8M and 8Q).

Once again, protein blot analyses of transgenic protein ex-
tracts at this developmental stage confirmed the expression of
both the recombinant (CSN5A-myc or CSN5B-myc) and endog-
enous CSN5A subunits in all wild-type and mutated CSN5A/
CSN5B-myc transgenic lines (data not shown). This result
indicates that the phenotype of the transgenic plants described
above results from a dominant negative action of point-mutated
CSN5A proteins and not from a general cosuppression mecha-
nism.

The Initial Characterization of a Recessive csn5a Mutation
Supports an Unequal Role Played by CSN5A and CSN5B
on Plant Development

In our continued effort of screening the available Arabidopsis
insertional mutant collections, a T-DNA insertion line for the
CSN5A locus was identified from a newly released SALK
collection. PCR-based genotyping analyses revealed that the
T-DNA is inserted within the last intron (Figure 9A). Protein blot
analysis of the homozygous mutant plants (Figure 9B) shows
that unlike the wild type, where a single band is present, two
bands are detected in csn5a homozygous mutants (Figure 9C).
In csnba mutants, the larger band is the same size as in wild
type (42 kD), but much less abundant, and should correspond
to the CSN5B subunit. The fast migrating band (~36 kD)
observed only in the csn5a mutants most likely corresponds to
the truncated CSN5A protein (Figures 9A and 9C). Gel filtration
analyses revealed that the wild-type CSN5B protein is assem-
bled into the CSNCSN3B complex in vivo, whereas the trun-
cated CSN5A protein does not cofractionate with the CSN
holocomplex (data not shown).

The segregation analysis indicates that this T-DNA insertion
resulted in a recessive csnba mutation. Only the homozygous
csnb5a mutants exhibit a pleiotropic phenotype, which is strikingly
reminiscent of many aspects of the phenotypes caused by
expression of the dominant CSN5A JAMM point mutations.
Those phenotypes include partial photomorphogenic develop-
ment of dark-grown seedlings (Figure 9E), hyperphotomorpho-
genic development of light-grown seedlings (Figure 9F), curled
and small rosette leaves, dwarfed stature, and the loss of apical
dominance (Figure 9G). The csn5a homozygous mutant plants
also accumulate a higher ratio of rubylated CUL1 compared with
the wild type (Figure 9D). The fact that the csn5b mutant does not
exhibit any observable phenotype, whereas the csnba mutant
does, once again indicates that CSN5A plays a more prominent
role in plant development.
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Figure 8. Multifaceted Developmental Defects of csn5b Plants Expressing Point-Mutated CSN5A Proteins.

(A) Phenotype induced by the dominant mutation CSN5A-D175N in 6-week-old csn5b transgenic plants.

(B) Phenotype induced by the dominant mutation CSN5A-H142A in 6-week-old csn5b transgenic plants.

(C) Primary inflorescences of 6-week-old wild-type (left) and csn5b/CSN5A-D155N-myc (right) plants.

(D), (F), and (H) Secondary inflorescences of 6-week-old wild-type ([D] and [F], left) and csn5b/CSN5A-H144A ([D], [F], right, and [H]) plants.

(E) and (G) Close-up images of primary inflorescences from 5-week-old wild-type (left) and csn5b/CSN5A-C149S-myc (right) plants. Pictures in the

same panel were taken with the same magnification.

(I) Stereomicroscopic images of wild-type (i and iii) and csn5b/CSN5A-D175N-myc (i and iv) flowers at 1 (i and ii) and 3 (iii and iv) d after pollination.
(V) to (M) Scanning electron microscopy images of rosette leaves from wild-type (left) and csn5b/CSN5A-D175N-myc transgenic (right) plants. Pictures

in the same panel were taken with the same magnification.

(N) Stereomicroscopic images of siliques from csn5b/CSN5A-H142A-myc (i), csn5b/CSN5A-D175N-myc (ii), csn5b/CSN5A-C149S-myc (iii), and wild-

type (iv) plants.

(O) Stereomicroscopic images of siliques from wild-type (i) and csn5b/CSN5A-D175N-myc (i) plants.
(P) and (Q) Scanning electron microscopy images of siliques from wild-type (left) and csn5b/CSN5A-D175N-myc (right) plants. Pictures in the same

panel were taken with the same magnification.

DISCUSSION

Arabidopsis Has Distinct CSN Complexes Containing Either
CSN5A or CSN5B as Subunit 5

Arabidopsis is the only species known to have two genes
encoding the subunit 5 of the CSN (Kwok et al., 1998). The
presence of two CSN5 isoforms raises an evident question
concerning their structural and functional distinction and simi-
larity. By the stable expression of CSN5A-myc and CSN5B-myc

fusion proteins in a csn5b null mutant background, we were able
to definitively show that CSN5A and CSN5B are present within
distinct CSN complexes in vivo, which we designated CSNCSN5A
and CSNCSNSB_ respectively.

In the case of CSN5B-myc transgenic plants, the coexistence
of the endogenous CSN5A and the CSN5B-myc in the cell does
not lead to the incorporation of the two proteins into the same
CSN complex, as shown in Figures 2C and 3A. Instead, two
different complexes, CSNCSN5A and CSNCSNSB-mye  gre evidently
formed. This result indicates that CSN5A and CSN5B do not
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Figure 9. Initial Characterization of a Recessive csn5a Insertion Mutant.

(A) Structure of the Arabidopsis CSN5A locus (At1g22920) and graphic
representation of the T-DNA insertion. Exons are represented by blue
(coding region) and gray (untranslated regions) boxes, and introns are
represented by single lines. Arrows schematically represent the location
of the gene-specific primers (5A.1, 5A.2, 5A.3, and 5A.4) and the left
border T-DNA specific primer (LBb1) used for the molecular analyses.
The wild-type and presumed truncated CSN5A proteins are illustrated.
(B) PCR-based genomic analyses of Arabidopsis csn5a homozygous
mutant and wild-type plants. Primers 5A.1 and 5A.2 have been used to
specifically amplify the CSN5A wild-type allele; primers 5A.1 and LBb1
were used to specifically amplify the csnba::T-DNA insertion allele. The
genomic sequence of the EF-1A locus was used as positive control for
the PCR reactions.

(C) and (D) Detection of CSN5 (C) and CUL1 (D) proteins in 2-week-old
csnba homozygous mutant and wild-type Arabidopsis seedlings. Total
proteins were subjected to SDS-PAGE and immunoblot analyses with
a-CSN5 (C) and «-CUL1 (D) polyclonal antibodies. Arrowheads indi-
cate rubylated and unrubylated CUL1, respectively. Equal protein loads
were confirmed using a-RPT5 antibody.

(E) Phenotype of 4-d-old, dark-grown, wild-type and csn5a seedlings.
(F) Phenotype of 4-d-old, light-grown, wild-type and csnba seedlings.
(G) Pleiotropic phenotype of 6-week-old csn5a mutant plant. Six-week-
old wild-type plant is shown as control.
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participate in the formation of the same CSN complex. In the
same way, in the case of CSN5A-myc transgenic lines, the
coexistence of the endogenous CSN5A subunit and the re-
combinant CSN5A-myc in the cell does not lead to the copre-
sence of those two proteins within the same CSN complex, as
shown in Figures 2B and 3B. Indeed, once again, two distinct
complexes, CSNCSN5A gnd CSNCSNSA-mye gre formed. This last
finding indicates that the CSN complex does not contain two or
more copies of the same CSN5A subunit. This conclusion might
have general implications for the structural relationship between
multiple CSN isoforms in other organisms.

Arabidopsis CSNCSN5A gnd CSNCSNSE Play Unequal
Roles in Development

The fact that CSN5A and CSN5B have so far escaped the
saturation screens aimed to identify CSN loss-of-function mu-
tants led to the assumption of a functional redundancy of those
two CSN5 isoforms (Serino and Deng, 2003). However, two CSN5
genes have been reported only in Arabidopsis and in other
members of the plant kingdom, but not in fission yeast, Drosophila,
and in all the vertebrates so far analyzed. This raises the question
of why plants would need two CSN5 subunits. Besides showing
their participation in distinct CSN complexes, in this study, we
presented genetic and biochemical evidences of the unequal
roles played by those two subunits in the overall CSN functions.

An evaluation of CSN5A protein levels in different organs at
selected developmental stages (Figure 1E) reveals that CSN5A is
by far the predominantly expressed subunit in all organs ana-
lyzed. This observation is consistent with the microarray analyses
of the expression level of those two CSN5 genes in more than 17
organ types. In all cases, CSN5A is expressed at a significant
higher level in all the tissues and cell types examined (our
unpublished data). The same conclusion can also be reached
by examining the expression profiles of CSN5A and CSN5B ob-
tained from Geneinvestigator (http://www.genevestigator.ethz.
ch), which collected hundreds of microarray expression data
sets. In all the organs and conditions so far reported, CSN5A is
consistently expressed at a much higher level than CSN5B. On
this basis, it is reasonable to assume that between the two
Arabidopsis CSN5 subunits, CSN5A plays the major role. This
assumption is clearly supported by the fact that the complete
loss of the entire CSN5B subunit (homozygous csn5b insertion
line) does not result in any obvious morphologic and biochemical
defect (Figure 1), whereas, on the contrary, the deletion of 29
amino acids at the C-terminal of CSN5A results in a severe
pleiotropic phenotype (Figures 9E to 9G), similar to those of
the CSN5A mutant transgenic plants, even in the presence of
wild-type CSN5B protein (Figure 9C). The latest observation
implies that CSN5A and CSN5B are not functionally equal.

This notion is also consistent with the fact that all the point
mutations in key residues within or around the CSN5A metal
binding motif exert a dominant negative effect on plant de-
velopment, whereas the corresponding point mutations in
CSN5B do not, as summarized in Figure 10. The fact that all
the mutated CSN5A-myc and CSN5B-myc forms are properly
integrated into full-size CSN as well as in smaller subcomplexes
in vivo (Figure 5) suggests that either the mutated CSNCSN5A-myc
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Figure 10. Schematic Summary of the Effects of Different CSN-Related Arabidopsis Lines on CUL1 Rubylation Level and Growth Phenotype.

(A) Protein blot analyses of protein extracts from 10-d-old Arabidopsis seedlings. The blots were probed with a-CUL1 antibody. The «-RPT5 antibody
was used as a loading control. The arrowheads indicate the positions of rubylated and unrubylated CUL1, respectively. A null csn mutant (fus6-17)
accumulates only rubylated CUL1. CSN5A transgenic plants expressing point mutations in the CSN5A JAMM domain accumulate mainly rubylated
CUL1 (e.g., csn5b/CSN5A-H142A), whereas the corresponding point mutations of CSN5B protein (e.g., csn5b/CSN5B-H142A) or the csn5b null
mutation do not affect CUL1 rubylation level.

(B) to (F) Diagrams illustrate the activity of the CSN complexes and the phenotypic effects of their mutations on plant development. The point mutations in
the JAMM domains of CSN5A or CSN5B were labeled with a starlet. Although the complete loss of the entire CSN5B subunit does not cause any obvious
morphological defect under normal growth conditions (cf. [B] and [C]), single point mutations in CSN5A are sufficient to induce severe developmental
defects (E). The pleiotropic phenotype of the dominant CSN5A mutations correlates with the accumulation of mainly rubylated CUL1, as shown in (A). The
corresponding point mutations in CSN5B do not negatively affect growth and development (D) or the rubylation status of CUL1 (A). The complete loss of

function of CSN in a null csn mutant (F) causes lethality after seedling stage and accumulation of CUL1 exclusively in the rubylated form (A).

complexes or the subcomplexes containing mutated CSN5A-
myc can interfere with the function of the endogenous CSNESN5A,
Conversely, the mutated CSNCSNSB-mye complexes, or the sub-
complexes containing mutated CSN5B-myc, are not capable of
interfering with the activity of the endogenous CSNCSN5A, These
observations once again imply unequal roles for CSN5A and
CSNS5B in the regulation of Arabidopsis development. The de-
tailed characterization of our recently identified csnb5a homozy-
gous mutant, as well as the double csn5a csn5b mutant,
will provide useful information about the precise role of the
CSN5A and CSN5B subunits in specific cell types or regulatory
pathways. However the observations that csn5b null mutants are
perfectly viable, fertile, and do not display any obvious abnor-
malities indicate that the CSNCSN5A per se is sufficient to sustain
all the functions attributed to the CSN. On the other hand, the
formation of a truncated CSN5A protein results in a pleiotropic
phenotype that is less severe than the phenotype reported for the
null csn mutants (Wei et al., 1994a; Serino and Deng, 2003). This
suggests that even if CSNCSNSB glone is not able to sustain the
normal plant development, its activity might be responsible for
the lack of a lethal fusca phenotype in the csnba mutants.

Both the Residues within and around the Metal Binding Motif
of CSN5A Play Critical Roles in CSN’s Derubylation Activity

On the bases of their diverse degree of penetrance and severity,
we could infer a different level of strength to each CSN5A amino
acid substitution. We noted that C149A has a relatively minor
effect on the overall plant size and does not interfere significantly
with CUL1 derubylation at vegetative phase, which is in agree-
ment with previous findings in yeast, where C149A did not
eliminate the deneddylation activity of CSN5 (Zhou et al., 2001).
However, we show that mutation of this Cys into Ser (C149S)
causes a small rosette/short petiole phenotype at vegetative
phase (Figure 7C) and leads to a higher level of accumulation of
rubylated CUL1. Both mutations result in an observable pheno-
type at the later reproductive phase, even though the conversion
of Cys into Ser has a more severe effect, as shown in Figure 7B.
On the bases of the JAMM crystal structure (Figure 4A, modified
from Tran et al. (2003), the conserved Cys lays on a hydrophobic
groove on the protein’s surface close to the catalytic zinc ion and
could potentially be involved in substrate binding. Similarly, point
mutations of D175 into Asn (D175N) and H142 into Ala (H142A)



trigger a severe phenotype (Figure 7C), defining these two amino
acid substitutions with the best penetrance. Whereas H142 is
one of the three residues involved in the coordination of the
catalytic zinc ion (H142, H144, and D155), D175 lays at the 3’
edge of the JAMM domain, within a loop located on the opposite
site of the tertiary structure of the active metalloprotease center
(Figure 4A). The observation that mutations in the other two
residues involved in the coordination of the zinc ion (H144A and
D155N) have less penetrance than D175N clearly indicates the
very critical role played by this aspartic residue in the regulation
of the proteolytic activity of CSNCSN5A, Taken together, our data
point at the existence of a specific mechanism by which only
point mutations in CSN5A can interfere with the derubylation
activity of endogenous CSNCSN5A complex.

A Tight Correlation between CSN’s Derubylation Activity
and Its Ability to Modulate Arabidopsis Development

By monitoring the rubylation status of CUL1, we could establish
a strong correlation between the increased levels of rubylated
cullin and the appearance of the pleiotropic phenotype in all
transgenic plants examined (Figure 10). It is important to note
how all the major aspects of the pleiotropic phenotype of the
point-mutated CSN5A lines described in this study are strikingly
similar to those exhibited by CSN5 cosuppression lines
(Schwechheimer et al., 2001), which was caused by a drastic
decrease in the cellular CSN level. In fact, all the salient features
of the CSN5A mutated plants are remarkably similar to the crucial
aspects of the CSN5 cosuppression lines, including a partial
dark-grown photomorphogenic phenotype, curled small rosette,
and a notable increase in the number of secondary inflores-
cences accompanied by a general reduction in plant size and
internode length. The CSN5 cosuppression plants preferentially
accumulate rubylated CUL1 and have been shown to be im-
paired in the degradation of PSIAAG, a candidate substrate of the
SCFTR! E3 ligases (Schwechheimer et al., 2001). Thus, the
reduction of the cellular CSN5 levels in those transgenic lines
leads to a decreased auxin response, similar to loss-of-function
mutants of the E3 ubiquitin ligase SCFT'R'. The observation that
the phenotype of the transgenic CSN5A mutant lines is also
remarkably similar to that of the csnba C-terminal deletion
mutant (Figure 9) further supports the notion that CSNCSN5A
plays the major role in the regulation of SCFT'R! and that the
expression of point-mutated CSN5A subunits causes a dominant
negative effect on the activity of the endogenous CSNCSN5A,
Finally, the fact that the severity of the phenotype of those
transgenic plants correlates with the extent of accumulation of
rubylated CUL1 reveals a clear link between the derubylation
activity of CSN and its ability to modulate plant development.
However, it is important to point out that the CUL1 derubylation
defects do not always correlate with the severity of the csn
mutant phenotype. Arabidopsis plants containing a mutant CSN
complex with N-terminal deletion in CSN1 (CSNCSN1-C231) djs-
played a wild-type pattern of CUL1 rubylation. Nevertheless, the
CSN1-C321 mutation was lethal and exhibited severe gene
expression defects (Wang et al., 2002). On the other hand, in S.
pombe, although deletion of all of the CSN subunits resulted in
hyperrubylation of Pcu1, only Acsn1 and Acsn2 display growth
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defects (Zhou et al., 2001; Mundt et al., 2002). Those observa-
tions would imply that there are other essential activities of CSN
independent from the derubylation of cullins.

Although CSNCSN5A plays a major role in the auxin-mediated
response possibly through the regulation of SCFTR', many
aspects of the pleiotropic phenotype described in Figure 8
(including a reduction in the flower size and changes in leaf and
silique morphologies) cannot be solely explained by impaired
SCFTR! functions. Because the Arabidopsis genome encodes
~700 F-box containing proteins (Serino and Deng, 2003), an
impressive number of combinatorial possibilities could account
for the formation of hundreds of alternative CUL1-based SCF E3
ligase complexes. Thus, a combination of defects in multiple SCF
ligases could potentially influence a tremendous amount of
cellular pathways and eventually lead to the pleiotropic pheno-
type observed in the transgenic lines. This notion is supported by
the fact that several E3 ligases, including SCFTR' (Gray et al.,
1999), SCFCO! (jasmonic acid response; Xu et al., 2002), and
SCFUFO (flower development; Samach et al., 1999; Zhao et al.,
2001) are known to interact with CSN in vivo (Schwechheimer
et al., 2001; Feng et al., 2003; Wang et al., 2003). This is also
consistent with the observation that transgenic plants with
reduced RBX1 levels (Gray et al., 2002; Schwechheimer et al.,
2002) share a remarkable number of morphological defects with
the CSN5A mutated plants described in this study, suggesting
that the CSNCSNSA might be involved in the regulation of several
types of RBX1-based E3 ligases.

Many aspects, if not all, of the developmental defects ob-
served in transgenic plant carrying point mutations in the JAMM
domain of CSN5A are strikingly similar to that observed in
transgenic plants overexpressing a dominant negative version
of ECR1 (del Pozo et al., 2002). Because ECR1 encodes a subunit
of the heterodimeric RUB-activating enzyme (E1), the dominant
version of ECR1 negatively affects the rubylation pathway,
resulting in a reduction of the RUB conjugation to CUL1. The
astonishing similarity between ECR1 and CSN5A dominant
negative lines points out that cycles of rubylation/derubylation
are required for the proper functions of the SCF ubiquitin ligases
in vivo and once again indicates that CSNCSN5A js the major
player in the derubylation of Arabidopsis CUL1.

METHODS

Plant Materials and Growth Conditions

The wild-type Arabidopsis thaliana plants used in this study are the
Columbia-0 ecotype. The T-DNA Insertion lines in CSN5A and CSN5B
were identified in the Salk collection (lines Salk_027705 for CSN5A and
Salk_007134 for CSN5B, mistakenly reported as insertion in CSN5B and
CSN5A, respectively). The homozygous insertion lines were isolated
through PCR-based genotyping and named csn5a and csn5b. All the
transgenic lines used in this study were obtained by direct transformation
of the wild type and mutated recombinant CSN5A and CSN5B proteins
into the csn5b homozygous background. The fus6-7 mutant has been
described previously (Castle and Meinke, 1994; Miséra et al., 1994;
Pepper et al., 1994; Wei et al., 1994b). The Arabidopsis seeds were
surface sterilized and the plants grown on solid 1X MS medium supple-
mented with 1% sucrose or on a mixture of 1:1 soil:vermiculite under long-day
conditions (16 h light/8 h dark) in a controlled environment chamber at 22°C.
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Site-Specific Mutagenesis and Generation of the Wild-Type and
Mutated CSN5A-myc and CSN5B-myc Transgenic Plants

The full-length open reading frame (ORF) of CSN5A and CSN5B were
amplified by RT-PCR from wild-type Arabidopsis seedlings, subcloned
into pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA), and sequenced.
The RT-PCR reactions have been performed as previously described
(Gusmaroli et al., 2002), The following gene-specific primers have been
used for the amplification of CSN5A and CSN5B cDNAs: CSN5A forward
primer 5-TCGGTACCATGGAAGGTTCCTCGTC-3’; CSN5A reverse
primer 5'-ACCAAGGCCTCGATGTAATCATG-3’, containing an in-frame
Stul fragment for the generation of the (myc9) epitope tagged
CSN5A-myc ORF; CSN5B forward primer 5'-GAGGTACCATGGAGGG-
TTCGTCGTC-3’; CSN5B reverse primer 5'-AGAGCAAGGCCTATATG-
TAATCATAG-3’, containing an in-frame Stul fragment for the generation
of the (myc9) epitope tagged CSN5B-myc ORF. PCR-based site-specific
mutagenesis has been performed to introduce single amino acid sub-
stitutions in the JAMM/MPN domain of CSN5A (H142A, H144A, C149A/S,
D155N, and D175E/N) and CSN5B (H142A, H144A, C149A, D155N, and
D175E/N), according to the instruction manual (QuickChange site-
directed mutagenesis; Stratagene, La Jolla, CA). Each single amino acid
substitution in the complete series of mutated CSN5A and CSN5B pro-
teins were then confirmed by sequencing.

A mycg epitope tag with an in-frame 5’-Stul site has been amplified,
sequenced, and subsequently subcloned in frame to the complete series
of wild-type and mutated CSN5A and CSN5B transgenes in pCR2.1
TOPO vectors. The fusion ORFs were then inserted into the plant binary
vector pBIN19 under the control of the 35S promoter of Cauliflower
mosaic virus. For stable transformation, the DNA constructs were electro-
porated into the Agrobacterium tumefaciens strain GV3101 (pMP90).
Arabidopsis csn5b homozygous plants were transformed using Agro-
bacterium-mediated floral deep infiltration method. Transgenic plants
were selected using kanamycin (100 png/mL) (Sigma, St. Louis, MO) and
gentamicin (150 pg/mL) (Sigma). The stable expression of the wild-type
and mutated CSN5A-myc and CSN5B-myc versions was examined by
protein blots in ~20 independent T1 resistant lines for each construct and
further confirmed in their T2 progenies. The T2 progenies of transgenic
lines expressing similar levels of recombinant proteins were subsequently
chosen for further studies.

Protein Extraction, Gel Filtration Chromatography, and
Immunoblot Analyses

Arabidopsis tissues were homogenized in extraction buffer EB1 contain-
ing 50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 10 mM MgCl,, 2.5 mM EDTA,
1mMDTT, 10% glycerol, 0.1% Nonidet P-40, and freshly added protease
inhibitors phenylmethylsulfonyl fluoride (PMSF) (1 mM) (Sigma) and 1X
complete cocktail (Roche Molecular Biochemicals, Indianapolis, IN),
phosphatase inhibitors B-glycerophosphate (60 mM), NazVO, (50 mM),
and NaF (10 mM), and the metalloprotease inhibitor o-PT (2 mM). The
homogenates were microcentrifuged twice for 15 min, and the super-
natants were filtered through 0.2-m filters (Gelman Sciences, Ann Arbor,
MI). The protein concentrations in the supernatants were determined by
Bradford assays. For gel fractionation analyses, 300 pg of total proteins
were loaded onto a Superose 6 (HR10/30) gel filtration column (Amer-
sham Pharmacia Biotech, Piscataway, NJ). The column was equilibrated
with 250 mL of EB1 added with 1 mM PMSF (Sigma), 1X cocktail of
inhibitors (Roche Molecular Biochemicals), 25 mM B-glycerophosphate,
10 mM NazgVO,4, 5 mM NaF, and 2 mM o-PT. The proteins were eluted in
the same buffer at a flow rate of 0.2 mL/min. All the procedures were
performed at 4°C. Fractions of 0.5 mL were collected starting from the
onset of the column void volume (7.0 mL) and finishing at 20 mL (26
fractions). Fractions were concentrated using StrataClean Resin (Stra-

tagene) as previously described (Kwok et al., 1998). Equal volumes of
each fraction were boiled for 5 min in 2 SDS sample buffer (Staub et al.,
1996), separated by 8% SDS-PAGE, and transferred onto polyvinyledene
diflouride immobilon membrane (Millipore, Bedford, MA). For direct
immunoblot analyses of plant extracts, tissues were homogenized in
extraction buffer EB1 as described above. Protein concentrations were
determined by Bradford assays, and 20 g of total proteins were loaded
onto 8-12-15% SDS-PAGE and immunoblotted onto Immobilon mem-
brane. In all cases in which equal loading of the samples was required, the
same samples or the blots were probed with «-RPT5 to confirm the equal
loading. The a-myc antibody is the monoclonal anti-9E10-myc peptide
(Saijo et al., 2003). The antibody against the CSN subunits, CUL1, RPT5,
and TBP, have been previously described: CSN1 (Staub et al., 1996),
CSN2 (Serino et al., 2003), CSN3 (Peng et al., 2001a), CSN4 (Serino et al.,
1999), CSN5 (Kwok et al., 1998), CSN6 (Peng et al., 2001b), CSN7 (Karniol
et al.,, 1999), CSN8 (Wei et al., 1994a), CUL1 (Wang et al., 2002), RPT5
(Kwok et al., 1999), and TBP (Schwechheimer et al., 2001).

In Vivo Coimmunoprecipitation Analyses

For coimmunoprecipitation analyses, Arabidopsis tissues were homog-
enized in IP buffer containing 50 mM Tris-HCI, pH 7.5, 500 mM NaCl,
5 mM EDTA, 5% glycerol, and 0.1% Nonidet P-40 (IP1) and added with
1 mM PMSF and 1X complete cocktail of protease inhibitors. After
centrifugation, the supernatants were filtered through 0.2-pm filters
(Gelman Sciences, Ann Arbor, Ml) and the protein concentrations de-
termined by Bradford assays. For pull-down assays, 1 mg of total proteins
were incubated with 30 pL of monoclonal a-myc 9E10 immobilized onto
Sepharose fast flow beads (9E10 affinity matrix) (Covance, Berkeley, CA)
overnight at 4°C on rotary shaker. The matrix beads were washed three
times with the IP1 buffer added with 1 mM PMSF and 1X complete
cocktail of protease inhibitors and twice with 20 mM Tris-HCI, pH 7.5,
150 mM NaCl, and 5% glycerol. All the wash steps were performed at 4°C
for 10 min on rotary shaker followed by centrifugation at 1500 rpm. The
immunoprecipitated proteins were subsequently eluted from the beads
by competition with the 9E10 myc peptide (Covance) or released by
boiling in 2X SDS sample buffer. The protein blot analyses of the
immunoprecipitates have been performed as described above.

Scanning Electron Microscopy

Plant material was fixed overnight in a mixture of 3:1 ethanol:acetic acid
by gentle shaking at 4°C, subsequently incubated in ethanol 70% for 24 h
at 4°C, washed twice in ethanol 70% (1 h each), and then gradually
dehydrated in an ethanol series of 70-75-80-85-95 and 100%. The
dehydrated samples were dried overnight in liquid carbon dioxide
(Polaron, Watford, England), gold covered in a sputter coater (Nanotech,
Manchester, UK), and then observed under an ISI-SS40 scanning
electron microscope (Cleaner Image, Belle Mead, NJ).
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