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The COP9 signalosome is an evolutionary conserved multiprotein complex of 
unknown function that acts as a negative regulator of photomorphogenic 
seedling development in Arabidopsis. Here, we show that plants with reduced 
COP9 signalosome levels had decreased auxin response similar to loss-of- 
function mutants of the E3 ubiquitin ligase SCFTIR'. Furthermore, we found that 
the COP9 signalosome and SCFTIR1 interacted in vivo and that the COP9 
signalosome was required for efficient degradation of PSIAAG, a candidate 
substrate of SCFTIR'. Thus, the COP9 signalosome may play an important role 
in mediating E3 ubiquitin ligase-mediated responses. 

The COP9 signalosome is a multiprotein 
complex that was discovered during the char- 
acterization of the photomorphogenic cop1 
detlfus mutants from Arabidopsis (1, 2). The 
COP9 signalosome is required for the protea- 
some-mediated degradation of HY5, a posi- 
tive regulator of photomorphogenesis (3), 
and each of its eight subunits is related to one 
of the eight subunits that form the "lid" sub- 
complex of the 26s proteasome (2, 4). Thus, 
it may be that the COP9 signalosome is in- 
volved in protein degradation via the ubiq- 
uitin-proteasome pathway (2, 5). 

We generated transgenic Arabidopsis plants 
with reduced levels of the COP9 signalosome 
subunit CSNS (JAB1 or AJH)using the anti- 
sense and cosuppression strategy (Fig. 1A) (6 
8). In the copldetlfus mutants that affect indi- 
vidual subunits of the COP9 signalosome, loss 
of one subunit results in loss of the entire 
protein complex (2), and similarly, the reduc- 
tion of CSN5 in the CSNS transgenic plants 
leads to a reduction of COP9 signalosome lev- 
els (Fig. 1A). At the physiological level, this is 
reflected by the photomorphogenic phenotype 
of the dark-grown CSNS transgenic seedlings 
(Fig. 1, A and B) (6). 

'Department of Molecular, Cellular and Developmen- 
ta l  Biology, Yale University, New Haven, CT 06520- 
8104, USA. 2Section of Molecular and Cellular Biolo- 
gy, University of California, Davis, CA 95616, USA. 
3Plant Biotechnology Institute, National Research 
Council, Saskatoon SK S7N OW9, Canada. 4Division of 
Biology, California Institute of Technology, Pasadena, 
CA 91125, USA. 'Institute for Molecular and Cellular 
Biology, Section of Molecular, Cellular, and Develop- 
mental Biology, University of Texas, Austin, TX 
78712, USA. 

*These authors contributed equally t o  this work. 
?To whom correspondence should be addressed. E-
mail: xingwang.deng@yale.edu 

On the basis of the pleiotropic phenotype of 
the copldet1fi.s mutants, it has been suggested 
that in addition to photomorphogenesis, many 
other developmental processes may be affected 
in these mutants (9). Because the lethal pheno- 
type of mutants that affect subunits of the COP9 
signalosome has so far prevented insightful de- 
velopmental studies, we used the weaker non- 
lethal phenotype of the CSNS transgenic plants 
to study COP9 signalosome-mediated process- 
es in plant development. The most striking phe- 
notype of adult CSN5 transgenic plants was a 
strong increase in the number of secondary 
inflorescences(8 to 12 compared to 3 to 4 in the 
wild type) accompanied by a general reduction 
in plant size and internode length (Fig. 1, C 
through E). The outgrowth of secondary inflo- 
rescences in wild-type plants is inhibited by the 
phytohormone auxin, which is produced in the 
shoot apex of the primary inflorescence, in a 
physiological process known as apical domi- 
nance (10). Because the CSN5 transgenic plants 
had lost apical dominance, these plants may 
have become insensitive to the inhibitory auxin 
signal. The CSNS transgenic plants also had 
strongly reduced cell size and wavy leaf mor- 
phology, phenotypes that are observed in a 
number of auxin-response mutants, notably the 
group of a r  mutants (Fig. 1, F through H) 
(11-14). 

We examined auxin-related phenotypes in 
the CSNS transgenic plants in more detail. 
Whereas root growth in wild-type seedlings 
is inhibited by exogenous auxin application, 
CSN5 transgenic seedlings were more resis- 
tant to auxin (Fig. 2, A and B). Furthermore, 
CSN5 transgenic seedlings had fewer lateral 
roots, reduced root hair elongation, and re- 
duced gravitropism response when compared 
to the wild type (Fig. 2, C through E). These 

physiological responses are known to be con- 
trolled by auxin and are affected in a quali- 
tatively similar manner in the auxin-response 
mutants axrl-3 and tirl-1 (Fig. 2, A through 
E) (11, 15). 

The AUXIIM genes form a gene family 
that encodes short-lived regulatory proteins 
(16, 17). Auxin triggers the rapid and specific 
transcription of most members of the AUX/ 
IAA gene family (1 7). The induction of these 
genes is reduced in several auxin-response 
mutants and was also compromised in the 
CSN5 transgenic plants (Fig. 2F) (17, 18). 
Thus, it is likely that similar molecular mech- 
anisms form the basis of the auxin-reponse 
phenotypes observed in the CNS5 transgenic 
plants and other auxin mutants. 

Proper auxin response in Arabidopsis is me- 
diated by the E3 ubiquitin ligase SCFTIR1 (15). 
Molecular and genetic evidence suggests that 
AUX/IAA proteins are SCFTIR1 substrates 
(19). The rapid turnover of AUX/IAA proteins 
by SCFTIR1 appears to be an integral feature of 
auxin response (16), and their increased half- 
life in the SCFTIR1 loss-of-function mutants is 
the basis of their auxin phenotype (19, 20). To 
test whether the COP9 signalosome was in- 
volved in regulating the turnover of AUXiIA.4 
proteins, we used a transgenic line that express- 
es the luciferase reporter in frame with PSL4.46, 
an AUXIIAA from pea (20). Using luciferase 
activity as a measure of PSIAA6 abundance, 
we found that the PSIAA6LUC degradation 
rate was reduced in protein extracts prepared 
from CSNS transgenic lines compared to those 
from the wild type (Fig. 2G). At the same time, 
the stability of a native luciferase protein was 
not affected, indicating that it was the PSIAA6 
moiety that specifically promoted the degrada- 
tion of PSIAA6LUC. Because protein degrada- 
tion appears to be a common feature to most 
AUX/IAA proteins (16), it is likely that the 
COP9 signalosome may also be required for 
their degradation and that increased AUXIIAA 
levels cause the auxin-response phenotype of 
the CSN5 transgenic plants. 

The fact that the COP9 signalosome and 
SCFTIR1 were required for AUXAA.4 protein 
degradation, and recent evidence that the cullin 
subunit of SCF-type E3 ubiquitin ligases from 
other eukaryotes can interact with the COP9 
signalosome (24, prompted us to investigate a 
physical interaction between the COP9 signal- 
osome and SCFTIR1. Indeed, we observed co- 
purification of the SCFTIR1 subunit AtCULl in 
immunoaffinity-purified fractions of the COP9 
signalosome (Fig. 3A). In a reciprocal experi- 
ment, an AtCULl antibody imrnunoprecipi- 
tated the COP9 signalosome and the SCFTIR1 
subunit ASKl (Fig. 3B). Finally, immunopre- 
cipitation of TIR1, the F-box domain subunit 
that confers substrate-specificity to SCFTIR1 
(IS), yielded the entire COP9 signalosome in 
addition to the SCFTIR' components AtCULl 
and ASKl (Fig. 3C), suggesting that the COP9 

www.sciencemag.org SCIENCE VOL 292 18 MAY 2001 1379 

http:PSL4.46


Fig. 1. CSN5 transgenic plants had a 
photomorphogenic phenotype in 
the dark and reduced apical domi- 
nance. (A) lmmunoblot with protein 
extracts from a wild-type and a 
CSN5 transgenic (CSN5 tg) seedling 
using CSN5 and CSNl antibodies (6, 
27, 28). Seedlings from CSN5 anti- 
sense and cosuppression lines with 
similar phenotypes had similar im- 
munoblot profiles; the result from a 
representative CSN5 antisense line 
(line JlL1 #20) is shown here. The 
reduction of CSNl expression is an 
example for a reduction of COP9 
signalosome levels (2, 28). The 
TATA-box binding protein (TBP) blot 
served as a loading control. (B) Sev- 
en-day-old dark-grown wild-type 
(left) and CSN5 t g  (antisense JlL1 
#20, right) seedlings. (C) Four- 
week-old wild-type plant. (D) Four- 
week-old CSN5 t g  plant (antisense 
line JlL1 #20). (E) Eight-week-old 
CSN5 t g  plant (cosuppression line 
X1#7). All plants are Columbia 
ecotype. Bar in (C) and (E) is 5 cm 
and in (D) is 2 cm. Arrows in (D) and 
(E) indicate secondary inflores- 
cences. (F) Leaves from a Cweek- 
old wild-type (left) and a CSN5 t g  
plant (cosuppression line X1#7, 
right). (C and H) Toluene blue- 
stained (0.01%) longitudinal section 
of stems from wild-type (C) and 
CSN5 t g  (cosuppression line X1#7) 
(H) plants. Sections were taken from 
3-week-old plants at the midpoint 
of their primary inflorescence. Both 
images were taken at the same 
magnification. 
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signalosome and SCFTIR1 interact in vivo. In 
the yeast two-hybrid system, we detected direct 
interactions between AtCULl and CSN2, as 
well as between the SCFTIR1 subunit AtRBXl 
and the COP9 signalosome subunits CSN 1 and 
CSN6 (Fig. 3D). 

AXRl is a component of an enzyme cas- 
cade that conjugates the ubiquitin-related 
protein RUBl to the AtCULl subunit of 
SCFmR1 (22). A recent observation suggests 
that the COP9 signalosome promotes RUBl 
deconjugation (21). Indeed, we found that 
Arabidopsis COP9 signalosome mutants 
preferentially accumulated RUB 1-conjugated 
AtCUL1, whereas wild-type extracts con- 
tained unmodified and RUB1-modified At- 
CULl (Fig. 3E). Thus, the essentially antag- 
onistic steps of AXR1-mediated RUBl con- 
jugation and its subsequent COP9 signalo- 
some-promoted deconjugation are both 
required for proper auxin response and act 
together toward the degradation of SCFmR1 
substrates (Fig. 2). The requirement of AXRl 
and the COP9 signalosome for proper auxin 
response was further confirmed in a genetic 
interaction study. When we introduced a 
CSN5 cosuppressing transgene (csn5 tg) into 
a homozygous axrl-3 mutant background, 
the auxin-response phenotypes of the axrl-31 
csn5 tg seedlings were enhanced compared to 
the parents (Fig. 4A). Furthermore, axrl-31 
csn5 tg plants had reduced fertility (Fig. 4B), 
a phenotype that was observed in neither of 
the parent lines but in a strong mutant allele 
of AXRl (II),  suggesting a synergistic genet- 

Fig. 2. Auxin-response phenotypes of CSN5 transgenic seedlings. (A) Nine- 
day-old wild-type (left) and CSN5 transgenic (right) seedlings. The asterisk 
indicates the position of the root tip at the time of transfer to  auxin- 
containing media. (B) Relative root growth of seedlings on 2,Cdichloro- 

- Bil:B/ cfm H 60 
phenoxyacetic acid (2,CD)-containing medium compared to  root growth 
on unsupplemented medium (100%). Wild type, black bars; CSN5 t g  
(antisense line JlL1 #20), dark-gray bars; tir7-7, light gray bars; axr7-3, 

!: 
0.01 0.1 . 0.5 

white bars (29). (C) Number of lateral roots and (D) images of roots from 
12-day-old seedlings. All images were taken at the same magnification. wt, 

lil wild-type; csn5, CSN5 transgenic (antisense line JlL1 #20). (E) Root tip 
reorientation in degrees after a change in the gravitropic vector by 90". 0, 
wild-type; a, CSN5 t g  (antisense line JlL1 #20); 0, tir7-7; U, axr7-3. 
Experimental procedures from (A) to  (E) are as previously described (7 7). (F) q ~ @  Northern hybridization of 25 ~g total RNA prepared from wild-type and 
CSN5 t g  plants with AUXIIAA probes as indicated (30, 37). (C) The 
PSIAA6LUC degradation rate is reduced in CSN5 transgenic plants (37). 0, 8 16 24 
PSIAA6LUC in wild-type background; a, PSIAA6LUC in CSN5 transgenic Tim (hn) 

(antisense line JlL1 #20) background; 0, LUC in wild-type background; U, 
LUC in CSN5 transgenic (antisense line JlL1 #20) background. 

Tlme (mln) 
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Fig. 3. COP9 signalosome and SCFTIR1 interact in vivo and COP9 signalosome mutants accumulate 
preferentially RUB1-modified AtCULl (37). (A) Silver-stained gel of an immunoaffinity-purified 
COP9 signalosome from cauliflower (CSN subunits are indicated, left lane) (28). lmmunoblots of 
the purified COP9 signalosome were probed with CSNl and AtCULl antibodies (75, 27). Asterisks 
show the position of CSNl and AtCUL1, respectively, indicates the osition of the RUB1- 1 conjugated AtCULl. (B) The AtCULl antibody coimmunoprecipitates SCFT' ' components and the 
COP9 signalosome. Arabidopsis seedling extract (total) was used for immunoprecipitation with the 
AtCULl antibody (AtCULl IP) and the corresponding preimmune serum (control IP) followed by an 
immunoblot analysis. Four COP9 signalosome subunits that coimmunoprecipitated with AtCULl 
are shown. (C) MYC-tagged TIR1 protein immunoprecipitates SCFTtR1 subunits and the COP9 
signalosome (75). (D) Arabidopsis CSN1, CSNZ, and CSN6 interact with AtCULl and AtRBXl in the 
yeast two-hybrid interaction assay (28). (E) COP9 signalosome loss-of-function mutants accumu- 
late preferentially RUB1-modified AtCUL1. lmmunoblot with seedling protein extracts: wild-type, 
wt; CSN5 transgenic seedlings (antisense line JlL1 #20), csn5 tg; COP9 signalosome null-mutant, 
cop9-7; COP1 mutant, cop7-6 (37). All techniques are as described in (28). 

Fig. 4. Genetic interaction between AXR7 and 
the COP9 signalosome (37). A weak CSN5 
transgenic line (cosuppression line X1#7, no 
seedling phenotype but apical dominance phe- 
notype) was crossed to the axr7-3 mutant. (A) 
Root growth inhibition was reduced in the 
axr7-3Icsn5 tg plants compared to the parent 
lines. Wild-type, black bars; a n 5  tg, dark gray 
bars; axr7-3, light gray bars; axr7-3Icsn5 tg, 
white bars. (B) The axr7-3Icsn5 tg plants have 
reduced fertility. Mature inflorescences of 
7-week-old wild-type (Col), axr7-3, a n 5  tg, 
and axr7-3Icsn5 tg plants are shown. 

some, and the combination of the resulting 
defects could account for the severe and 
pleiotropic phenotype of these mutants. ic interaction between mr l -3  and the CSNS 

transgene cosuppression. Interestingly, stud- 
ies centered around the ubiquitin-like modi- 
fication SMT3 have revealed a parallel ob- 
servation that yeast mutants deficient in 
SMT3 conjugation have similar phenotypes 
to mutants with defects in SMT3 deconjuga- 
tion (23). 

The conjugation of RUBl to cullins pro- 
motes ubiquitin-chain formation (24), and it 
could be that RUBl conjugation and decon- 
jugation cycles are important for this process. 
Next to a possible biochemical role, the 
RUBl modification could also be essential 
for the physical interaction between the 
COP9 signalosome and SCFTIR' and thereby 
regulate the nucleo-cytoplasmic distribution 
of SCFTIR'. This hypothesis is based on the 
finding that the COP9 signalosome is re- 
quired for the light-dependent nucleo-cyto- 
plasmic distribution of the putative E3 ubiq- 
uitin ligase COPl (25). 

We demonstrate a specific interaction 
between the COP9 signalosome and 

SCFTIR', and show that the COP9 signalo- 
some is required for protein degradation in 
the context of auxin response. However, in References and Notes 
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SCF ubiquitin ligases control various processes by marking regulatory pro- 
teins for ubiquitin-dependent proteolysis. To illuminate how SCF complexes 
are regulated, we sought proteins that interact with the human SCF com- 
ponent CUL1. The COP9 signalosome (CSN), a suppressor of plant photo- 
morphogenesis, associated with multiple cullins and promoted cleavage of 
the ubiquitin-like protein NEDD8 from Schizosaccharomyces pombe CUL1 in 
vivo and in vitro. Multiple NEDD8-modified proteins uniquely accumulated 
in CSN-deficient 5. pombe cells. We propose that the broad spectrum of 
activities previously attributed to  CSN subunits-including repression of 
photomorphogenesis, activation of JUN, and activation of p27 nuclear ex- 
port-underscores the importance of dynamic cycles of NEDD8 attachment 
and removal in biological regulation. 

SCF ubiquitin ligases consist of at least four 
subunits: CULl and HRTl (also known as 
ROC1 or RBXI), which harbor a core ubiq- 
uitin ligase activity; a variable F-box pro- 
tein that serves as a substrate receptor; and 
SKP 1, which links the two modules togeth- 
er (1). SCF activity is stimulated in vitro by 
attachment of the ubiquitin-like protein 
NEDDS (that is, "neddylation") to CULI, 
but the physiological role and dynamics of 
this modification are poorly understood (2-
5). It is not known whether there are other 

'Department of Biology, 'Howard Hughes Medical 
Institute. California lnstitute of Technologv. Pasade- 
na, CA 91125, USA. 3Protein & Peptide GGup. Euro- 
pean Molecular Biology Laboratory, Meyerhofstrasse 
1, 69012 Heidelberg, Germany. 4Department of Mo- 
lecular, Cellular and Developmental Biology, Yale Uni- 
versitv, post Office BOX 208104, New Haven, CT 
06526, USA. 5Department of Cancer Cell Biology, 
Harvard School of Public Health, 665 Huntington 
Avenue, Boston, MA 021 15, USA. 

*Present address: Max Planck lnstitute of Molecular 
Cell Biology and Genetics, Pfotenhauerstrasse 108, 
01307 Dresden, Germany. 
?To whom correspondence should be addressed. E-
maik deshaies@caltech.edu 

forms of SCF regulation at play in vivo, or 
whether there are additional SCF subunits 
yet to be discovered. 

To address these questions, we expressed 
Myc,-tagged forms of two human proteins, 
the F-box protein hSKP2 and COOH-termi- 
nally truncated hCULl (A692-752; hereafter 
called CUL 1 AC), from retroviral vectors in 
NIH 3T3 cells. SCF complexes were purified 
from these cells on anti-Myc beads (6) and 
evaluated by SDS-polyacrylamide gel elec- 
trophoresis (PAGE) and silver staining (Fig. 
IA). Bands corresponding to specific inter- 
acting proteins were excised 
matrix-assisted laser desorption/ionization 
mass s~ectrometw and nanoeiectrosDrav tan- -
dem mass (7-9). 

L 

The SKP2 (6) and CULIAC 'On-

tained a rich harvest of associated proteins. 
Analysis of CULIAC eluates (Fig. 1A) yield- 
ed S U ~ ,  H R T ~ ,  and a number of ~ ­
proteins, as expected. Unexpectedly, all eight 
subunits ( C S N ~  to C S N ~ )  of the c o p 9  sig- 
nalosome (CSN) were also found asso-
ciated with CULlAC, The -500-kD CSN 
was originally discovered in Arabidopsis 
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thaliana as a suppressor of photomorphogen- 
esis (11). CSN subunits have significant se- 
quence homologies to components of both 
the lid subcomplex of the 26s proteasome 
and the translation initiation complex eIF3 
(12-14), but the biochemical function of 
CSN remains elusive. 

To address the specificity of CSN-
CULlAC interaction, we tested other SCF 
subunits and other cullins to see whether they 
also bound CSN. Flag-tagged CSNl was 
transfected into HeLa cells, purified on anti- 
Flag beads, and analyzed by SDS-PAGE and 
Western blotting (Fig. IB). CSNS associated 
with Flag-CSNI, as did HRT1, SKP 1, and 
SKP2. Although CSN complex was purified 
in association with CULIAC, Flag-CSN1 
also bound full-length endogenous CUL1. 
Moreover, a direct comparison revealed that 
CULIAC and CULl bound CSNl with equal 
efficiency (6). CUL2 and CUL3 were re-
trieved in Flag-CSN1 eluates (Fig. IB), and 
preliminary data suggest that CUL4 and 
CUL5 also bound CSN (15). Because CSN 
binds all cullins, it might be a global signal 
integrator that radiates its output onto various 
associated ubiquitin ligases to modulate their 
activity. 

To further define the SCF-CSN interaction, 
we performed a comprehensive two-hybrid 
analysis of SCF and CSN subunits (6).Where-
as SKPl did not interact with any CSN 
subunit, CULl interacted strongly with 
CSN2 and weakly with CSN6. Conversely, 
HRTl interacted weakly with the NH,-ter- 
minal domain of CSNl and moderately 
with CSN6. Thus, COP9 signalosome inter- 
acts with the conserved catalytic core of 
SCF primarily via the CSN2 and CSN6 
subunits. 

To probe the functional relation between 
CSN and SCF, we turned to Schizosaccharo- 
myces pombe; S. pombe contains a high mo- 
lecular weight CSN-like complex, and the 
fission yeast CSNl homolog Caal (16) is 
required for proper S phase progression (17). 
b ~ ~First, we sought to confirm that the fission 
yeast CULl homolog Pcul interacts with S. 
pombe CSN. Strains whosepctll+ and caul+ 
chromosomal loci were modified to encode 
proteins tagged with multimerized Myc 
epitopes were transformed with a plasmid 
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