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COP9 signalosome (CSN) cleaves the ubiquitin-like protein Nedd8 from the 
Cull subunit of SCF ubiquitin ligases. The Jabl/MPN domain metalloenzyme 
(JAMM) motif in the Jabl/Csn5 subunit was found to underlie CSN's Nedd8 
isopeptidase activity. JAMM is found in proteins from archaea, bacteria, and 
eukaryotes, including the Rpn 1 subunit of the 265 proteasome. Metal chelators 
and point mutations within JAMM abolished CSN-dependent cleavage of Nedd8 
from Cull, yet had little effect on CSN complex assembly. Optimal SCF activity 
in yeast and both viability and proper photoreceptor cell (R cell) development 
in Drosophila melanogaster required an intact Csn5 JAMM domain. We propose 
that JAMM isopeptidases play important roles in a variety of physiological 
pathways. 

SCF ubiquitin ligases (1, 2) regulate cellular 
function through the ubiquitination of numer- 
ous substrates, including p27 and IKBo (3). 
SCF complexes consist of four essential sub- 
units: Cull, the RING-H2 protein Hrtl/Rocl/ 
Rbxl, Skpl, and a substrate-binding F-box 
protein (3). In addition, the ubiquitin-like 
protein Nedd8 is conjugated to Cull. This 
modification (neddylation) is essential in fis- 

sion yeast (4) and stimulates recruitment of 
E2 to SCF ubiquitin ligase (5). 

The COP9 signalosome (CSN), which is a 
highly conserved complex related to both the 
proteasome lid and the eukaryotic initiation 
factor 3, promotes deneddylation of Cull (6, 
7). CSN may also regulate a protein kinase 
that phosphorylates IKBa and p53 (8). CSN 
has been implicated in a diverse range of 

physiological processes, including plant and 
animal development (9-11), transcription 
(12), and signaling (13, 14), but the relation- 
ship between the biochemical and physiolog- 
ical functions of CSN remains unclear. 

Individual deletion of all known de-ubiq- 
uitinating enzymes in Saccharomyces cerevi- 
siae (15) and mutation of a candidate active- 
site cysteine in the Csn5/Jabl subunit of CSN 
had no effect on deneddyation of Cull (15, 
16). Thus, to elucidate the mechanism of 
deneddylation, we sought to identify a motif 
within CSN that might underlie isopeptidase 
activity. Iterated PSI-BLAST analysis (17) 
and sequence alignment revealed a set of 
eukaryotic and prokaryotic Padl/Jabl/MPN/ 
Mov34 domain (hereafter referred to as Jab 1/ 
MPN domain) proteins previously identified 
as homologs of Csn5 and Csn6 (18-20). Al- 
most all prokaryotic Jabl/MPN domains pos- 
sess a His-X-His-X]o-Asp motif (where X 
indicates any residue) accompanied by an 
upstream conserved glutamate (Fig. 1). Al- 
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tional conservation of residues able to chelate 
zinc, we hypothesized that the Csn5 JAMM 
motif comprises a metalloprotease that sus- 
tains Cull deneddylation (22). 

To test this hypothesis, we evaluated the 
sensitivity of CSN-associated deneddylation 
activity to metal chelators (6). Presence of 20 
mM ethylene diamine tetraacetic acid 

Fig. 2. CSN-dependent deneddylation < 
of Cull is sensitive to divalent cation c 
chelators. (A) Deneddylation of S. 

wild-type - + + + -+ + 
pombe Cull is inhibited by both csn5A + + + + + + + 
o-phenanthroline (o-PT) and EDTA. Nedd8 
csn5A S. pombe lysates (6) were incu- Cull 
bated alone (lane 1 and 5) or supple- Cull - 
mented with wild-type (Cull-mycl3) 14 7 
lysates (lanes 2 to 4 and 6 and 7) at B 
30?C for 30 min. For lanes 3, 4, and 7, o o R , ~ ... -c both lysates were preincubated for 5 = o '- o z N5 
min with 0.5% methanol (MeOH) car- psCSN - + + + + + + + 

rier, 1 mM o-PT, or 20 mM EDTA, re- Cdcs d8_ ____ _- 

spectively. Reactions were evaluated by Cdc53 - 

western blot with antibodies to S. 1 2 3 4 5 6 78 

pombe Cull (Pcul). (B) psCSN activity C 667KDa 440KDa 67KDa 
is modulated by metal ion concentra- 
tion, psCSN was incubated for 5 min in . - 
the presence of 0.5% MeOH (lane 2), 1 aCsnl 
mM o-PT (lanes 3 and 5), 1 mM 1,7- o-PT 
phenanthroline (1,7-PT, lane 4), 1 mM 
o-PT plus 2 mM NiCl2 (Ni, lane 6), 1 mM - . _ 
zinc acetate (ZnOAc, lane 7), or 1 mM aCsn5 
NiCI2 (Ni, lane 8) before being mixed o-PT - 
with immunopurified CullNed8 (37). 
The sample in lane 5 was adjusted to 2 
mM NiCL2 after o-PT treatment. (C) o-PT does not disrupt CSN. Pig spleen CSN alone or CSN 
treated with 1 mM o-PT was fractionated by Superose 6 gel filtration. Fractions were analyzed by 
Western blotting with antibodies to either Csnl or Csn5. Size markers are indicated above. 

Fig. 3. Point muta- 
tions within JAMM 
disrupt CSN dened- 
dylating activity but 
not assembly. (A) 
Mutation of either 
the histidine or as- 
partic acid residues 
within CsnS's JAMM 
motif abolishes Cull 
deneddylating activi- 
ty in fission yeast. 
Whole-cell lysates (see 
SOM) from S. pombe 
csn5A strains canying 
empty vector (lane 1) 
or vectors encoding 
FLAGCsn5(wt. lane 2), 
FLAGCsn (H118A), 
FLAGCsnS (H120A), or 
FLAGCsn5 (D131N) 
were analyzed by 
Western blot with an- 
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tibodies to S. pombe Cull (Pcul, top panel) and FLAG (bottom panel). Asterisk denotes a 
nonspecific band. (B) and (C) Mutations in JAMM domain of Csn5 do not abolish CSN assembly. 
Extracts (6) from S. pombe csn5A strains carrying csn1-myc13+ [(B), lanes 2 to 5] or csn2-myc13+ 
[(C), lanes 2 to 5] and expressing FLAG-tagged wild-type or mutant Csn5 proteins were evaluated 
directly by Western blotting with antibodies to the Myc or FLAG tag (top and middle panels), or 
were first immunoprecipitated with antibodies to the Myc tag followed by Western blotting with 
antibodies to FLAG (bottom panel). An untagged control is shown in lane 1. (D) Mutations within 
Rril's JAMM motif abolish Cull deneddylating activity in S. cerevisiae. SKP1MyC9rrilA cells were 
transformed with the Gal-inducible vector pEG(KT) (lane 1), or the same vector encoding GST 
fusions to Rril (lane 2), Rril(H179A) (lane 3), Rri1(H181A) (lane 4), or Rril(D192A) (lane 5). 
Extracts (see SOM) were either analyzed by Western blot analysis with antibodies to GST or were 
first immunoprecipitated with a-myc resin followed by Western blotting with antibodies to Cdc53. 

(EDTA) or 1 mM 1,10-phenanthroline (o- 
PT), but not 1 mM EDTA, blocked the ability 
of wild-type extract to restore Cull deneddy- 
lation activity to csn5A extract (Fig. 2A). 
Moreover, pretreatment of purified pig spleen 
CSN (23), but not substrate (15), with o-PT 
abolished cleavage of immunopurified Cull- 
Nedd8 conjugates (Fig. 2B). Inhibition was de- 
pendent on metal chelation, because the nonch- 
elating o-PT analog 1,7-phenanthroline had no 
effect on activity (Fig. 2B). These data mirror 
those for the LasA metalloproteases (24), sug- 
gesting that CSN's deneddylase activity was 
metal-dependent. Excess nickel added either 
before or after inactivation of psCSN by o-PT 
partially restored activity (Fig. 2B). Restoration 
with zinc was unsuccessful, because CSN, like 
the zinc metalloproteases thermolysin (25) and 
carboxypeptidase A (26), was inhibited by even 
submillimolar levels of free zinc (Fig. 2B). 
Importantly, o-PT had no obvious effect on the 
assembly of the CSN complex as judged by size 
exclusion chromatography (Fig. 2C). Thus, 
CSN-associated deneddylating activity, but not 
complex integrity, required metal ions. 

We next tested whether the JAMM motif 
was essential to sustain proper Cull neddyl- 
ation state in vivo. Schizosaccharomyces 
pombe csn5A extracts contain Cull exclu- 
sively in the Nedd8-modified form, but a 
wild-type pattern of Cull neddylation is re- 
stored upon ectopic expression of FLAGCsnS 
(Fig. 3A) (16). By contrast, FLAGCsn5 pro- 
teins with mutations in the conserved JAMM 
residues accumulated normally and assem- 
bled with Csnlmycl3 (Fig. 3B) and Csn2mYcl3 

(Fig. 3C) but nevertheless failed to comple- 
ment the csn5A phenotype (Fig. 3A). 

Saccharomyces cerevisiae contains both 
neddylation enzymes (27, 28) and the Csn5 
ortholog Rril (6). In rrilA cells, the budding 
yeast Cull ortholog, Cdc53, accumulates ex- 
clusively in a neddylated form (Fig. 3D) (6). 
Although budding yeast lacks obvious or- 
thologs for other CSN subunits, affinity pu- 
rification revealed candidate partners for Rril 
(29), two of which were essential to sustain a 
normal pattern of Cdc53 neddylation as 
judged by immunoblot analysis of deletion 
mutants (fig. S2). To address the function of 
Rril's JAMM motif, we expressed wild-type 
and JAMM point mutant Rril proteins as 
glutathione S-transferase (GST) fusions in 
rrilA cells. Expression of wild-type-but 
not mutant-GST-Rril proteins partly re- 
stored deneddylated Cdc53 (Fig. 3D). 
Thus, despite Rri 1 being the most divergent 
Csn5 ortholog identified to date, its JAMM 
motif was nevertheless required to sustain 
Cull deneddylation. 

To address the physiological significance of 
Rril-associated isopeptidase activity, we delet- 
ed RRI1 in the temperature-sensitive (ts) strains 
cdc53-1, cdc34-2, skpl-12, and cdc4-1. Be- 
cause neddylation of Cull enhances SCF activ- 
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though this motif is not found in all eukary- 
otic Jabl/MPN domain proteins (e.g., Csn6), 
it is conserved in a wide range of them, 
including all Csn5 and proteasome Rpnll 
orthologs (Fig. 1). His-Asp/Glu residues of- 
ten serve as ligands to immobilize a catalytic 
metal ion within the active site of hydrolases, 
including proteases (21). Given the excep- 
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LAA6-LUC (7). However, it has not been es- 
tablished whether this effect was mediated by 
reduced deneddylation or loss of some other 
CSN activity (8). To test the specificity of the 
genetic interactions between mrlA and SCF 
mutants, we expressed wild-type and mutant 
GST-Rril in cdc34-2, milA and skpl-12, milA 

Fig. 4. Functional inter- A 2C 33 
action between SCF and C 
Rril. (A) Deletion of the 
RR1? locus in S. cereisiae cdc53-1 
enhances the tempera- cd53-1. 15 30 45 60 

ture-sensitive pheno- 12 1 

type of mutants defi- cdc34-2 sp 
SP - 

cient in SCF. Strains indi- cdc34-2. A 
cated were grown in cdc4-1 skp-12, - - 

complete media (YP) 
rrilA 

with dextrose (Dex) at 
cdc4-1 

HA 
25?C to mid-log phase, skpl-12 
and serial dilutions of an skpl-12, A 
equal number of ces wild-type 
were spotted onto YP 
Dex plates. Cells were 
grown at 25?C or 33?C, Glucose Galactose Glucose Galactose 
and plates were ana- B 25 C 33?C 25 C 34C 
lyzed after 2 to 3 days -- _ - -- 
growth. (B) Enhance- 
ment of the tempera- Rri1 
ture-sensitive pheno- 
type of cdc34-2 mrilA Rril (H179A) 
and skpl-12 rrilA can Rril (H181A) 

be rescued by overex- Rril (D192A) 
pression of wild-type, 
but not the JAMM mu- cdc34-2, rri1l skp1-12, rrilA 

tant, GST-Rril. cdc34-2 rrlA and skp1-12 milA strains were transfomied with the Gal-indudble vectors 
descibed in Fig. 3D. Strains were grown on YP Dex at 250C, YP Gal at 33?C for cdc34-2 mrA, or YP Gal at 
34?C for skp -12 mlA. (C) Deletion of RRI1 in skp1-12 impairs tumover of Sic1. skp1-12 and skp1-12 rmlA 
cells carrying a GAL-SIC1HA vector were transferred to YP Gal to express Sic1HA following nocodazole-induced 
arrest in mitosis. A chase was then initiated by transfer of the cells to YP Dex to silence the GAL promoter, 
and time points were taken as indicated. Cells lysates (see SOM) were analyzed by westem blot analysis with 
antibodies against the hemagglutinin (HA) epitope. 

Fig. 5. Mutation of 
JAMM in Drosophila 
Csn5 does not rescue le- 
thality or R cell differen- 2 3 4 

tiation defect in csn5dA Csn5 _ - t i a4 Csn5 
animals. (A to H) De- 
veloping eye disk of sec- 
ond/third instar wild- 
type [wt, (A) and (B)], J 
csn5s [A/A, (C) 
and (D)], csnS5Ihs- enot + (%) -h( 
Csn5(D148N) [A/A;hs- CSNSN/+ 36.8 51.2 
D148N, (E) and (F)], and W 32.6 48.8 Can5 csn5/^ ;hs-Csn5 [A/A; 
hs-wt, (G) and (H)] lar- CSNN/Df 30.5 0 
vae were stained for the CS 57 
R cell markers ELAV [(A), 
(C), (E), and (G)] and D/+ 46.3 48 ACsn5 
chaoptin [(B), (D), (F), SN Df + (D148N) 
and (H)]. Genetics and 
rescue experiments, im- Elav Chaoptin 
munohistochemistry, 
and histology were performed as described (11). (I) Westem blot analysis with anti-Csn5 antibodies (Novus) 
of whole-cell extracts from second/third instar larvae of wild-type (lane 1), csn5a/~hs-Csn5(D148N) (lanes 
2 and 4), and csn5w/V;hs-Csn5 (lane 3). For lanes 3 and 4, larvae were heat shocked at 370C for 30 min. Larvae 
were subsequently harvested 60 min after heat shock and lysed as described (see SOM). (J) Lethality of 
csn5A/A cannot be rescued by JAMM mutant Csn5. Percentage recovery of genotypes (see SOM) of adult 
progeny obtained from crossing CSN5-nuU/+ to Df/+; CSN5-transgene (wild-type or D148N mutant). 
Percentages reflect approximately 80 adult progeny scored (see SOM). Abbreviations: CSN5N, CSN5-delete; 
+, wild-type CSN5; Df, deficiency-spanning CSN5 locus; hs, heat-shock (see SOM). 

cells. Galactose (Gal)-inducible expression of 
wild-type GST-Rril, but not JAMM point mu- 
tant GST-Rril, restored growth to both cdc34-2 
rrilA and skpl-12 rrilA at the restrictive tem- 
perature (Fig. 4B). Thus, the genetic interaction 
between SCF mutants and rrilA most likely 
arose from loss of JAMM-dependent isopepti- 
dase activity. Deletion of S. cerevisiae Nedd8 
(aka RUB1) similarly exacerbates the ts growth 
defect of SCF mutants (27), suggesting that 
cycles of neddylation and deneddylation are 
needed to sustain optimal SCF activity. 

To begin to address whether JAMM-de- 
pendent isopeptidase activity underlies the 
myriad physiological functions that have 
been proposed for Csn5 and CSN (8), we 
tested the role of the Csn5 JAMM motif in 
Drosophila melanogaster development. Mu- 
tations in CSN5 in Drosophila result in or- 
ganismal lethality (11). At the cellular level, a 
range of specific defects in photoreceptor 
neuron differentiation have been described 
(11). Transgenic csn5-null (csn5/^) fly lar- 
vae carrying a P-element with wild-type (11) 
or JAMM mutant (D148N) Drosophila CSN5 
cDNAs under the control of the heat shock- 
dependent hsp70 promoter were generated. 
Wild-type Csn5 and Csn5 (D148N) accumu- 
lated to similar levels in third instar larvae 
(31) subjected to periodic heat shocks, 
whereas no Csn5 protein was detected in 
unshocked larvae, confirming that all detect- 
able Csn5 in these animals was transgenic 
(Fig. 51). Small but equivalent fractions of 
wild-type Csn5 and Csn5 (D148N) molecules 
formed CSN complexes upon heat shock- 
induced expression (15). Inefficient assembly 
may be due to heat stress, because our anal- 
ysis of Csn5 in S. pombe (Fig. 3, B and C) 
and Rpnl 1 in S. cerevisiae (32) indicated that 
mutation of the JAMM motif did not prevent 
folding of the Jabl/MPN domain. 

Whereas the lethality of csn5^A animals 
was rescued by periodic heat shock-induced 
expression of a wild-type Csn5 transgene, no 
adult flies were recovered upon equivalent 
expression of Csn5 (D148N) (Fig. 5J). Fur- 
thermore, CSN5-dependent expression of the 
R cell markers Elav and Chaoptin was re- 
stored by expression of wild-type Csn5 (Fig. 
5, G and H), but not Csn5 (D148N) (Fig. 5, E 
and F). These data indicate that the JAMM 
motif is required for an essential develop- 
mental function of Csn5 in vivo. 

Csn5 contains a metal-coordinating JAMM 
motif that was essential for cleavage of Nedd8 
from Cull. Evolutionary and structural consid- 
erations (20) predicted a catalytic role for 
JAMM, and this prediction was supported by 
genetic and biochemical analyses. However, we 
failed to detect Nedd8-directed isopeptidase 
with recombinant Csn5, suggesting an obligate 
role for complex assembly in enzyme activity. 
A JAMM motif in the proteasome lid compo- 
nent Rpnl 1 was likewise required for cleavage 

18 OCTOBER 2002 VOL 298 SCIENCE www.sciencemag.org 

REPORTS 

ity (30), we anticipated that rrlA would sup- 
press the ts growth of SCF mutants. Paradoxi- 
cally, rrlA exacerbated both cell growth (Fig. 
4A) and Sicl turnover (Fig. 4C) defects when 
combined with SCF mutations. 

Cosuppression of Csn5 in Arabidopsis par- 
tially stabilizes the SCF reporter substrate 
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of ubiquitin conjugates from proteasome sub- 
strates (32). There exist other Csn5/Rpnl 1 ho- 
mologs in eukaryotes (Fig. 1) and, by exten- 
sion, we propose the "JAMMIN" hypothesis, 
which posits that eukaryotic JAMM proteins 
are isopeptidases that deconjugate Nedd8 or 
other ubiquitin-like proteins. 

Drosophila sustained by Csn5 carrying a 
JAMM domain mutation arrest development 
as larvae with abnormalities in photoreceptor 
differentiation, suggesting that at least two 
functions associated with Csn5-viability 
and photoreceptor differentiation-require its 
JAMM-dependent isopeptidase activity. Giv- 
en that Csn5 has been implicated in c-jun 
signaling (12), p27 turnover (33), cytokine 
signaling (14), and growth cone-target inter- 
actions (11), it will be interesting to see if 
isopeptidase activity of Csn5 underlies these 
diverse processes as well. 

All neddylated proteins known are mem- 
bers of the cullin family. It is not clear wheth- 
er CSN isopeptidase acts exclusively upon 
cullin-Nedd8 conjugates or cleaves other tar- 
gets. Regardless, given the large number of 
F-box proteins and the potential for substan- 
tial diversity in the substrates for SCF and 
other cullin-based ubiquitin ligases, CSN 
deneddylase activity may play an enormous 
role in cellular regulation. 
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Role of Rpn11 Metalloprotease in 

Deubiquitination and Degradation 
by the 26S Proteasome 

Rati Verma,1 L. Aravind,2 Robert Oania,' W. Hayes McDonald,3 
John R. Yates 111,3 Eugene V. Koonin,2 Raymond J. Deshaies1* 

The 26S proteasome mediates degradation of ubiquitin-conjugated proteins. 
Although ubiquitin is recycled from proteasome substrates, the molecular basis 
of deubiquitination at the proteasome and its relation to substrate degra- 
dation remain unknown. The Rpn11 subunit of the proteasome lid subcom- 
plex contains a highly conserved Jabl/MPN domain-associated metal- 
loisopeptidase (JAMM) motif-EXnHXHX1oD. Mutation of the predicted 
active-site histidines to alanine (rpn11AXA) was lethal and stabilized ubiq- 
uitin pathway substrates in yeast. Rpn 1 AXA mutant proteasomes assembled 
normally but failed to either deubiquitinate or degrade ubiquitinated Sic1 
in vitro. Our findings reveal an unexpected coupling between substrate 
deubiquitination and degradation and suggest a unifying rationale for the 
presence of the lid in eukaryotic proteasomes. 
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Proteolysis by the 26S proteasome proceeds 
by binding of the ubiquitinated substrate pro- 
tein to the 19S regulatory particle, followed 
by its unfolding and translocation into the 
lumen of the 20S core, where it is degraded 
by the action of the 20S peptidases (1-3). At 
some point in this process, the ubiquitin tar- 
geting signal is detached from the substrate. It 
is appealing to envision that this deubiquiti- 
nation is obligatorily coupled to degradation. 
Such coupling would render the targeting 
event irreversible, prevent unproductive turn- 
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over of ubiquitin, and presumably alleviate 
steric blockade of the 20S core entry portal by 
the bulky ubiquitin chain, which is linked by 
isopeptide bonds. When and where substrate 
deubiquitination takes place, the identity of 
the deubiquitinating enzyme (DUB), and 
whether deubiquitination of a substrate is es- 
sential for its degradation by the proteasome 
are unclear (4, 5). 

Budding yeast ubiquitinated S-Cdk inhib- 
itor Sicl (Ub-Sicl) is rapidly degraded by 
purified 26S proteasomes (3, 6) in a reaction 
that recapitulates physiological requirements 
for Sicl proteolysis (7, 8). To investigate 
whether degradation of Sicl is normally ac- 
companied by its deubiquitination, we evalu- 
ated the fate of Ub-Sicl after inhibition of 
26S proteolytic activity. Epoxomicin inhibits 
the proteasome by covalently binding the cat- 
alytically active 3 subunits of the 20S core 
(9). Purified 26S proteasomes were preincu- 
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