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ABSTRACT  Cullin RING ligases (CRLs) are the largest family of cellular E3 ubiquitin ligases 
and mediate polyubiquitination of a number of cellular substrates. CRLs are activated via the 
covalent modification of the cullin protein with the ubiquitin-like protein Nedd8. This results 
in a conformational change in the cullin carboxy terminus that facilitates the ubiquitin transfer 
onto the substrate. COP9 signalosome (CSN)-mediated cullin deneddylation is essential for 
CRL activity in vivo. However, the mechanism through which CSN promotes CRL activity in 
vivo is currently unclear. In this paper, we provide evidence that cullin deneddylation is not 
intrinsically coupled to substrate polyubiquitination as part of the CRL activation cycle. Fur-
thermore, inhibiting substrate-receptor autoubiquitination is unlikely to account for the ma-
jor mechanism through which CSN regulates CRL activity. CSN also did not affect recruitment 
of the substrate-receptor SPOP to Cul3, suggesting it may not function to facilitate the ex-
change of Cul3 substrate receptors. Our results indicate that CSN binds preferentially to CRLs 
in the neddylation-induced, active conformation. Binding of the CSN complex to active CRLs 
may recruit CSN-associated proteins important for CRL regulation. The deneddylating activ-
ity of CSN would subsequently promote its own dissociation to allow progression through 
the CRL activation cycle.

INTRODUCTION
The COP9 signalosome (CSN) is an evolutionarily conserved com-
plex consisting of eight subunits with similarity to the lid of the 26S 
proteasome regulatory particle (Cope and Deshaies, 2003; Wolf 
et al., 2003; Schwechheimer, 2004; Bosu and Kipreos, 2008; Wei 
et al., 2008). Loss of CSN activity as a result of deletion of different 
CSN subunits causes a constitutive photomorphogenic phenotype 
in plants and sterility in Caenorhabditis elegans and is lethal in 
Drosphila and mice (Chamovitz et al., 1996; Freilich et al., 1999; Yan 
et al., 2003; Orsborn et al., 2007; Dohmann et al., 2008). Lethality of 

CSN inactivation in mice is due to cell cycle defects. It has recently 
been shown that Cre recombinase–dependent knockout of CSN5 in 
mouse embryonic fibroblasts leads to multiple cell cycle defects and 
cell death (Yoshida et al., 2010), further emphasizing the essential 
role of CSN. Similarly, in Arabidopsis, CSN is essential for G2-phase 
progression and genomic stability (Dohmann et al., 2008).

The major function of CSN is the proteolytic cleavage of 
the isopeptide bond between the ubiquitin-like protein Nedd8 
and cullin proteins (Lyapina et al., 2001; Cope et al., 2002; 
Schwechheimer, 2004). Cullins function as scaffold proteins for 
the assembly of cullin RING E3 ubiquitin ligases (CRLs) and con-
stitute the largest family of cellular E3 ubiquitin ligases. All of the 
six well-characterized cullin proteins in mammalian cells (Cul1, 
Cul2, Cul3, Cul4a, Cul4b, and Cul5) bind via their C-termini to 
the small RING domain protein Rbx1 or Rbx2, which functions to 
recruit the ubiquitin-charged E2-conjugating enzyme. The cullin 
N-terminus interacts with cullin-specific substrate-receptor sub-
units, usually via adaptor proteins that mediate the interaction 
between cullin and substrate-receptor subunits (Petroski and 
Deshaies, 2005; Bosu and Kipreos, 2008).
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CRLs require the covalent modification of a conserved C-termi-
nal lysine residue with Nedd8. Neddylation activates CRLs by induc-
ing a conformational change in the cullin C-terminus that results in 
increased flexibility of the Rbx1 RING domain, thus imparting mul-
tiple catalytic geometries to the E2-conjugating enzyme and pro-
moting ubiquitin transfer onto the substrate (Duda et al., 2008; Saha 
and Deshaies, 2008; Yamoah et al., 2008). In addition, it has also 
been shown that cullin neddylation promotes the recruitment of 
ubiquitin-charged E2 enzyme (Kawakami et al., 2001; Sakata et al., 
2007). Consequently, CSN-mediated cullin deneddylation leads to 
inhibition of CRL activity in vitro. In contrast to the negative regula-
tion of CRL activity in vitro, there is clear evidence that CSN func-
tions as a positive regulator of CRLs in vivo (Bosu and Kipreos, 2008; 
Wei et al., 2008). Thus loss of function of CSN leads to accumula-
tion of CRL substrates and inhibition CRLs in vivo. A number of 
mechanisms for the positive role of CSN in regulating CRL activity 
have been proposed. It has been shown that CSN prevents the 
autoubiquitination of a number of cullin substrate-receptor subunits 
(Bosu and Kipreos, 2008; Schmidt et al., 2009; and references 
therein). This may be a consequence of cullin deneddylation and 
subsequent inactivation of CRLs in the absence of a bound sub-
strate or of recruiting the CSN-associated deubiquitinating enzyme 
Ubp12/Usp15 to the CRL complex. Ubp12/Usp15 has been shown 
to function to reverse substrate-receptor autoubiquitination (Zhou 
et al., 2003; Hetfeld et al., 2005). Because both Nedd8 conjugation 
and deconjugation are required for CRL function, it has also been 
suggested that in vivo CRLs undergo rapid neddylation and dened-
dylation cycles (Cope and Deshaies, 2003). Based on this, a CRL 
activation cycle has been proposed in which substrate binding to 
the CRL complex induces cullin neddylation, thus leading to CRL 
activation. Upon substrate ubiquitination and dissociation, CSN-
mediated deneddylation completes the activation cycle, which re-
sumes when a new substrate binds.

In addition, CSN may function to regulate the binding of CAND1, 
a protein that interacts with all cullin homologues (Cope and 
Deshaies, 2003; Bosu and Kipreos, 2008). CAND1 interacts exclu-
sively with unneddylated cullin proteins. Binding of CAND1 to cull-
ins is mutually exclusive with the binding of substrate-receptor sub-
units. Thus, by deneddylating cullin proteins, CSN may function to 
promote CAND1 binding and consequently facilitate the exchange 
of substrate-receptor subunits (Lo and Hannink, 2006; Schmidt 
et al., 2009). Alternatively, CSN may compete with CAND1 for bind-
ing to cullin and thus prevent CAND1-mediated CRL disassembly. 
Finally, CSN has also been reported to play a regulatory role by 
promoting the dissociation of polyubiquitinated proteins from the 
CRL complex (Miyauchi et al., 2008).

In this study, we used a mammalian cellular system to investigate 
the importance of the various mechanisms of CSN-dependent CRL 
regulation. We also utilized MLN4924, a mechanism-based inhibitor 
of the Nedd8 E1-activating enzyme (Soucy et al., 2008; Brownell 
et al., 2010). On the basis of our findings, we propose a new model, 
in which CSN binding to CRLs and deneddylation are part of the 
neddylation cycle and regulate CRL activity.

RESULTS AND DISCUSSION
Determinants of substrate-receptor autoubiquitination
It has been suggested that CSN-mediated deneddylation is re-
quired to prevent the autoubiquitination of substrate receptors in 
the absence of a bound substrate. However, not all substrate recep-
tors are subject to autoubiquitination. For the F-box protein family 
of Cul1 substrate receptors in fission yeast, it has recently been sug-
gested that the presence of a proline residue in the N-terminal part 

of the F-box domain determines the affinity of the substrate recep-
tor for Skp1 and Cul1 and the likelihood for CRL-mediated autou-
biquitination (Schmidt et al., 2009). To determine the importance of 
the conserved proline residue in a mammalian system, we substi-
tuted the respective proline with alanine residues in a number of F-
box proteins. As shown in Figure 1A, P101A Skp2 and P63A Fbxo4 
showed markedly reduced Cul1 binding compared with the wild-
type proteins. However, for Skp2, we observed no increase in the 
half-life of the P101A mutant compared with the wild-type protein 
under basal conditions (Figure 1B), suggesting that APCCdh1-medi-
ated Skp2 ubiquitination but not autoubiquitination is normally the 
major mechanism through which Skp2 protein stability is regulated 
(Bashir et al., 2004; Wei et al., 2004). Even when CSN5 was knocked 
down, which is expected to increase autoubiquitination, the de-
crease in Skp2 protein expression after 8 h treatment with the pro-
tein synthesis inhibitor cycloheximide was similar for wild-type and 
P101A mutant Skp2 (Figure 1C). In contrast to Skp2, the proline 
mutant of Fbxo4 was degraded slightly faster under both basal and 
CSN5 knockdown conditions compared with the wild-type protein, 
which was relatively stable (Figure 1C). Indeed, when we treated 
cells with proteasome inhibitor MG-132, we noted the accumulation 
of polyubiquitinated mutant but not wild-type Fbxo4 (Supplemental 
Figure S1A). Given the markedly reduced binding of P63A Fbxo4 to 
Cul1, this ubiquitination is likely to be independent of the Cul1 CRL. 
Indeed, it was not significantly inhibited upon knockdown of Cul1 
CRL adaptor protein Skp1, upon treatment with the Nedd8-activat-
ing enzyme (NAE) inhibitor MLN4924 (Soucy et al., 2008), and upon 
transfection of dominant-negative Cul1 (Figure S1, B and C).

We also determined the significance of the corresponding pro-
line residue in the F-box protein β-TrCP. β-TrCP was subject to 
autoubiquitination under basal conditions based on an increase in 
protein expression upon MLN4924 treatment, while there was a 
smaller increase for Skp2 and no effect for Fbxo4 (Figure S2A). 
Alignment of the N-terminal part of the F-box domain for Skp2, 
Fbxw7α, Fbxo4, and β-TrCP (Figure S2B, according to Schmidt 
et al., 2009) shows the conserved proline residue in position 2 and 
indicates that, unlike other F-box proteins, β-TrCP contains four ad-
ditional amino acids between the conserved LPx and EψxxxIxxxL 
sequences (where ψ corresponds to hydrophobic amino acids). The 
F-box–domain proline in position 2 in Skp2 (and presumably in other 
F-box proteins) is localized at the beginning of α-helix H1 in Skp2 
and makes contact with Cul1 (Schulman et al., 2000; Zheng et al., 
2002). In contrast, in the structure of the Skp1-β-TrCP complex, the 
proline residue is positioned in α-helix H0 and therefore presumably 
does not interact with Cul1 (Wu et al., 2002). Indeed, mutation of 
the proline to alanine (P185A β-TrCP) had no effect on the interac-
tion of β-TrCP and Cul1 (Figure S2C). Based on the structure of the 
Skp1-β-TrCP complex, a likely more accurate alignment would place 
Leu189 and not Leu184 into the position of the conserved leucine 
residue in position 1 of the F-box domain (Figure S2C). To test for 
the importance of the two different leucine residues for binding to 
Cul1, we mutated both amino acids separately to lysine. However, 
both the L184K and L189K mutations in β-TrCP were without sig-
nificant effect on the interaction between the two proteins (Figure 
S2C). In addition to the proline, the negatively charged residue in 
position 4 of the F-box is involved in the interaction with Cul1 (Zheng 
et al., 2002). However, this residue is absent in β-TrCP and is re-
placed by a histidine. We therefore tested whether the aspartate 
that precedes the histidine is involved in the binding of β-TrCP to 
Cul1. However, we observed that the D190A β-TrCP mutant also did 
not show reduced binding. Our results thus suggest that the N-ter-
minal part of α-helix H1 in β-TrCP is not critically involved in the 
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FIGURE 1:  Role of the conserved proline residue in determining F-box protein binding to Cul1 and F-box protein 
stability. (A) HEK293T cells were transfected with the wild-type or proline mutant V5-Skp2 or V5-Fbxo4. Cell lysates 
were subjected to V5 immunoprecipitation and immunoprecipitates were analyzed by Western blotting with Cul1 and 
V5 antibodies. An asterisk (*) denotes a nonspecific band (heavy chain). (B) Cells were transfected with wild-type or 
P101A V5-Skp2 and subjected to chase analysis with 40 μM cycloheximide in which cells were lysed at the indicated 
time points after addition of the protein synthesis inhibitor. The relative amounts of wild-type and P101A V5-Skp2, 
determined by densitometry, are shown in the graph at the right. (C) Cells were transfected with negative control or 
CSN5 siRNA for 3 d and with wild-type or mutant V5-Skp2 or V5-Fbxo4 for the last 2 d. Cycloheximide (40 μM) was 
added where indicated 8 h before cell lysis and cells lysates were analyzed by Western blotting with the indicated 
antibodies. Bottom, quantification of the V5-Skp2 and V5-Fbxo4 abundance by densitometry. The results represent the 
average of two (V5-Skp2) or three (V5-Fbxo4) independent experiments.
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interaction of this F-box protein with Cul1 and that indirect contacts 
via Skp1 are likely sufficient to mediate Cul1 binding.

In conclusion, our results suggest that although the conserved 
F-box proline residue is important for binding of the F-box proteins 
Skp2 and Fbxo4 to Cul1, it is not the sole determinant of binding 
affinity and also does not appear to determine the rate of substrate-
receptor autoubiquitination in mammalian cells. Based on our re-
sults and various other studies, it is evident that not all substrate 

receptors are subject to autoubiquitination. On the contrary, a num-
ber of substrate receptors, such as the Cul2 substrate receptor von 
Hippel-Lindau (VHL) protein and the Cul5 substrate receptor SOCS3, 
are stabilized upon incorporation into CRL complexes (Schoenfeld 
et al., 2000; Kamura et al., 2002; Haan et al., 2003), and this may 
also be true for Fbxo4 (see Figures 1C and S1). Interestingly, even 
though the VHL protein is not subject to Cul2 CRL-mediated autou-
biquitination, knockdown of CSN2 or CSN5 in mammalian cells 
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delays the CRL2VHL-dependent HIF-1α polyubiquitination and deg-
radation (Miyauchi et al., 2008), suggesting that CSN is required for 
functions other than preventing autoubiquitination of substrate-re-
ceptor proteins. Two recent studies in Arabidopsis and Drosophila 
provide further support for this (Djagaeva and Doronkin, 2009; 
Spoel et al., 2009). In these studies, it was shown that the BTB 
(Broad-Complex, Tramtrack, and Bric a brac) proteins NPR1 and 
Kelch, respectively, bind to Cul3 and are subject to autoubiquitina-
tion. Importantly, lack of CSN activity in both Arabidopsis and Dros-
ophila resulted in stabilization and elevation of the protein levels of 
the BTB substrate receptors (Djagaeva and Doronkin, 2009; Spoel 
et al., 2009), suggesting CSN does not inhibit autoubiquitination, 
but functions to promote CRL activity. In our further work, we there-
fore tested a number of hypotheses for a role of CSN in promoting 
CRL activity that is independent of substrate-receptor autoubiquit-
ination prevention.

Hypothesis 1: CSN promotes CRL activity by mediating 
cycles of neddylation and deneddylation
In vivo, both neddylation and deneddylation are required for effi-
cient substrate ubiquitination. Based on this, it has been suggested 
that in vivo CRLs undergo rapid cycles of neddylation and dened-
dylation (Cope and Deshaies, 2003; Bosu and Kipreos, 2008; Wei 
et al., 2008). With the development of the specific inhibitor of cullin 
neddylation MLN4924, it has become possible to determine the in 
vivo deneddylation rates. As shown in Figure 2A, the deneddylation 
rates of endogenous Cul1 and Cul2 in HCT116 cells were relatively 
fast, demonstrating a marked decrease at 5 min after drug addition 
for Cul1 and at 15 min for Cul2, thus confirming results in the study 
by Soucy et al. (2009). The deneddylation rate of Cul1 in other cell 
lines was slightly slower (see Figure 2D), which is likely unrelated to 
the CSN expression level (Figure 2E). Given that it has been sug-
gested that the CAND1 protein promotes cullin deneddylation (Min 
et al., 2005; Chew et al., 2007), we also determined the effect of 
small interfering RNA (siRNA)-mediated silencing of CAND1 on the 
deneddylation rate in HEK293 cells. As shown in Figure 2B, CAND1 
silencing resulted in an increased basal Cul1 neddylation level, indi-
cating that the knockdown of the CAND1 protein was functional. 
However, silencing of CAND1 was without effect on the rate of Cul1 
deneddylation, even when the initial deneddylation rate was moni-
tored during the first minutes after addition of MLN4924 (see Figure 
2B, bottom). This suggests that CAND1 may not function to pro-
mote cullin deneddylation in vivo, possibly due to limiting expres-
sion levels relative to Cul1 (Chua et al., 2011).

In its simplest form, the CRL activation cycle proposes that cull-
ins are neddylated in the presence of a bound substrate and dened-
dylated after polyubiquitination and dissociation of the substrate 
(Cope and Deshaies, 2003; Bosu and Kipreos, 2008). Thus, if such 
CRL activation cycles operate in vivo, then it can be predicted that 
cullin deneddylation only occurs after the substrate has been poly-
ubiquitinated. Hence, if substrate ubiquitination is inhibited, the 
rate of cullin deneddylation should be delayed. To test the hypoth-
esis that cullin deneddylation is coupled to substrate ubiquitina-
tion, it was necessary to acutely inhibit ubiquitination. The only 
commercially available ubiquitination inhibitor, PYR-41, proved to 
be inefficient (unpublished data). As an alternative approach, we 
cotreated cells with the glycolysis inhibitor iodoacetate and the mi-
tochondrial electron transport chain inhibitor myxothiazol to rapidly 
deplete the cellular ATP required for ubiquitination at the step of 
ubiquitin activation by the E1 enzyme. As shown in Figure 2B, com-
bined treatment with iodoacetate and myxothiazol caused a rapid 
decline in the cellular free-ATP concentration, reaching virtually 

zero after 10 min. As expected, the treatment severely compro-
mised cell viability and cells started to detach after about 1 h of 
treatment. However, since deneddylation occurs over a much 
shorter time course, we utilized this approach to determine whether 
substrate ubiquitination is a requirement for CSN-mediated cullin 
deneddylation. Thus we carried out experiments in which we com-
pared the rate of Cul1 deneddylation in the presence of the specific 
neddylation inhibitor MLN4924 with that upon rapid ATP deple-
tion, which leads to the inhibition of both neddylation and ubiquit-
ination (which are both ATP dependent). We did not observe a sig-
nificant difference in the deneddylation rate between the two 
different conditions in all tested cell lines (Figure 2D). Even when 
we preincubated the cells with iodoacetate and myxothiazol for 
5 min prior to the addition of MLN4924 to ensure more ATP deple-
tion during the deneddylation chase period, there was no decrease 
in the deneddylation rate in ATP-depleted cells (Figure S3). To fur-
ther assess any role of substrate ubiquitination in regulating Cul1 
deneddylation, we measured the deneddylation rate upon addi-
tion of MLN4924 in the presence of MG-132 to inhibit the degrada-
tion of polyubiquitinated proteins and under conditions of overex-
pression of the CRL E2-conjugating enzyme cdc34. However, none 
of these manipulations caused a change in the Cul1 deneddylation 
rate (Figure S4, A and B).

Taken together, our results suggest that cullin deneddylation is 
constitutive and not dependent on and coupled to substrate ubiq-
uitination. While various reports have provided evidence that 
substrate binding induces cullin neddylation (Read et al., 2000; 
Bornstein et al., 2006; Sufan and Ohh, 2006; Chew and Hagen, 
2007), our experiments suggest that cullin deneddylation is not 
linked to substrate ubiquitination in the CRL activation cycle. It is 
possible that an activation cycle involving only a smaller subpopula-
tion of active CRL complexes exists in vivo. However, even when 
measuring the rate of deneddylation of Skp2-bound Cul1, which is 
presumably part of an active E3 ligase complex, no difference in the 
deneddylation rates when comparing ATP depletion and specific 
Nedd8 E1 inhibition was observed (unpublished data). We conclude 
that cullin neddylation is highly dynamic in vivo. Furthermore, 
deneddylation appears to be constitutive and independent of 
whether substrates are being polyubiquitinated. This suggests that 
there may be no direct link between substrate polyubiquitination 
and CRL activation cycles.

Hypothesis 2: CSN-mediated cullin deneddylation facilitates 
substrate-receptor exchange
It has been proposed that CSN-mediated cullin deneddylation is 
necessary for efficient exchange of substrate-receptor modules 
(Lo and Hannink, 2006; Schmidt et al., 2009). According to this 
model, deneddylation promotes the binding of CAND1 to cullin 
proteins. CAND1 is known to interact only with unneddylated cul-
lins. Furthermore, binding of substrate receptors and CAND1 to 
cullins is mutually exclusive. Thus binding of CAND1 would lead to 
the release of the substrate receptor. Subsequently, upon CAND1 
dissociation, a new substrate-receptor module can be recruited to 
the cullin protein. This hypothesis has thus far been challenging to 
test due to the difficulty in measuring dynamic rates of substrate-
receptor binding to and dissociation from cullins. We therefore 
planned to use a strategy based on rapidly introducing new sub-
strate-receptor proteins into cells and measuring their rate of as-
sociation with cullin proteins. However, various approaches, in-
cluding transfection of recombinant substrate-receptor proteins 
and transduction using protein transduction domains, did not re-
sult in significant binding of the substrate-receptor proteins to 
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FIGURE 2:  In vivo cullin deneddylation rates in the presence and absence of ongoing substrate ubiquitination. 
(A) HEK293 cells were grown in 12-well plates and 3 μM MLN4924 was added at time zero. Cells were lysed at the 
indicated time points and cell lysates were analyzed by Western blotting with Cul1 and Cul2 antibodies. (B) Cells were 
transfected with negative control or CAND1 siRNA for 3 d. The Cul1 deneddylation rate was determined as in (A). NS, 
nonspecific band that served as a loading control. (C) Cells were cotreated with 1 μM myxothiazol and 2.5 mM 
iodoacetate to rapidly deplete cellular ATP concentrations. ATP concentrations were measured as described in Materials 
and Methods. (D) To measure the Cul1 deneddylation rate in the presence and absence of ongoing substrate 
ubiquitination, HEK293, HCT116, and HeLa cells were treated with either MLN-4924 (3 μM) or myxothiazol (1 μM) and 
iodoacetate (2.5 mM) at time zero. Cells were lysed at the indicated time points and cell lysates were analyzed by 
Western blotting with Cul1 antibody. The Western blots shown are representative of at least three independent 
experiments in each cell line and did not show any consistent difference in the rate at which neddylation occurs. (E) The 
relative expression levels of CSN and Cul1 in HEK293, HCT116, and HeLa cells was compared by Western blotting of 
equal protein amounts of cell lysate with the indicated antibodies.
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cullins in cells. We therefore used a strategy based on induction of 
a substrate-receptor protein using a tetracycline-inducible expres-
sion system. Thus a plasmid encoding for the Cul3 substrate-re-
ceptor SPOP under control of a tetracycline-inducible promoter 

was transfected into HEK293 cells. SPOP expression was induced 
by addition of tetracycline and binding of the substrate receptors 
to Cul3 was determined by coimmunoprecipitation. As shown in 
Figure 3, the SPOP protein was induced upon tetracycline addition 
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in a time-dependent manner and an obvious association between 
SPOP and Cul3 was observed after 2 h, as detected by Cul3-V5 
immunoprecipitation. However, knockdown of CAND1 (Figure 3A) 
or CSN5 (Figure 3B) had no effect on the apparent rate with which 
SPOP bound to Cul3. This suggests that CAND1 binding to Cul3 
upon CSN-mediated deneddylation is not required for the ex-
change of Cul3-bound substrate receptors with SPOP.

Hypothesis 3: CSN prevents CAND1-mediated 
CRL disassembly
In contrast to the mechanism in hypothesis 2, in which CSN-mediated 
deneddylation promotes the binding of CAND1, it is also possible 
that the interaction of CSN with cullins prevents CAND1 binding and, 
subsequently, CAND1-mediated disassembly of the CRL complex. 
To test this hypothesis, we used siRNA to knock down the expression 

FIGURE 3:  Role of CSN-mediated cullin deneddylation in facilitating substrate-receptor exchange. Cells grown in 
60-mm dishes were transfected with negative control or CAND1 siRNA, which was followed after 1 d by transfection of 
Cul3-V5 and FLAG-SPOP (in a tetracycline-inducible plasmid). Three days after siRNA transfection, 1 μg/ml tetracycline 
was added at time zero and cells were lysed at the indicated times; this was followed by V5 immunoprecipitation and 
Western blotting of immunoprecipitates and cell lysates with the indicated antibodies. (B) The experiment was 
performed as in (A), except that cells were transfected with negative control or CSN5 siRNA. NS, nonspecific band.
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of CSN5 and measured the effect on the interaction between Cul1 
and CAND1. As shown in Figure 4, silencing of CSN5 had no effect 
on the amount of CAND1 bound to Cul1. This suggests that CSN 
does not function to prevent binding of CAND1 to cullin proteins.

CSN binds preferentially to active CRLs
We finally considered the possibility that CSN binds to CRLs upon 
their activation by Nedd8. This may be a mechanism to recruit CSN-
associated proteins that are important for CRL function. CSN-de-
pendent cullin deneddylation may then terminate this process by 
causing the dissociation of the CSN complex from the CRL. To test 
this hypothesis, we determined whether cullin neddylation regulates 
CSN binding to cullin proteins in vivo. As shown in Figure 5A, inhib-
iting CRL neddylation with MLN4924 resulted in reduced CSN5 
binding. Similarly, rapid depletion of cellular ATP (by cotreating cells 
with iodoacetate and myxothiazol, as described under Hypothesis 1) 
resulted in markedly reduced CSN5 binding to Cul1 (Figure 5B), 
consistent with reduced affinity of CSN for unneddylated Cul1. Fur-
thermore, when we used the neddylation site mutant of Cul1 
(K720R), basal binding of CSN5 was reduced (Figure 5B). Impor-
tantly, when using the K720R mutant there was no further decrease 
in CSN5 binding upon ATP depletion, indicating that the decrease 
in CSN5 binding to wild-type Cul1 is not due to nonspecific effects 
of the ATP depletion. We have previously reported that preventing 
binding of substrate receptors and substrates to Cul3 by using the 
S53A/F54A/E55A Cul3 mutant (which is unable to bind to BTB sub-
strate-receptor proteins) causes a marked reduction in the neddyla-
tion level (Chew and Hagen, 2007). Consistent with our other results, 
reduced CSN5 binding to the mutant Cul3 was observed, compared 
with wild-type Cul3 (see Figure 6B).

To confirm the preferential binding of CSN to neddylated cullins 
in our cellular system, FLAG-tagged CSN5 was immunoprecipitated 
from HEK293T cell lysates and binding of endogenous Cul1 was 
determined by Western blotting of immunoprecipitates (Figure 5C). 
Only unneddylated Cul1 was detected with wild-type CSN5. In con-
trast, a CSN mutant lacking deneddylation activity (D151N CSN5) 
coimmunoprecipitated approximately equal amounts of neddylated 
and unneddylated Cul1. Given that the neddylated form of Cul1 is 
far less abundant in the cell lysate, it can be concluded that CSN5 
has a preference for binding to neddylated Cul1. The absence of 
neddylated Cul1 in wild-type CSN5 immunoprecipitates is likely due 
to deneddylating activity of CSN. These results are consistent with 
the hypothesis that cullin neddylation promotes binding of CSN.

We next wanted to determine whether the CSN binding is di-
rectly dependent on Nedd8 conjugation of cullins or whether it is an 
indirect consequence of the Nedd8-induced conformational change 
in the CRL C-terminus (Duda et al., 2008). To this end, we used ex-
treme C-terminal deletion mutants of Cul2 and Cul3, which have 
previously been shown to not undergo neddylation and to harbor a 
constitutively active conformation able to support efficient substrate 
polyubiquitination, even in the absence of neddylation in vitro and 
in vivo (Duda et al., 2008; Yamoah et al., 2008; Boh et al., 2011). We 
observed that, compared with the full-length proteins, both C-ter-
minally truncated Cul2 and Cul3 bound more CSN2 and CSN5, 
even though they lacked the modification with Nedd8 (Figure 6A). 
This suggests that it is not the conjugation with Nedd8 itself, but the 
Nedd8-induced conformational change in the CRL complex that 
may be important for CSN binding. To confirm the specificity of the 
increased binding of CSN2 and CSN5 to C-terminally truncated cul-
lins, we mutated the conserved Lys441 and Arg442 residues in the 
four-helix bundle of Cul2 to prevent CSN binding to full-length cullin 
(Chua et al., 2011). Similarly, the K441E/R442E extreme C-terminal 
deletion mutant of Cul2 was unable to bind both CSN2 and CSN5 
(Figure S5A) and lacked activity toward the Cul2 polyubiquitination 
target protein HIF-1α (Figure S5B).

It has been suggested that substrate polyubiquitination pro-
motes CSN recruitment to the CRL complex (Miyauchi et al., 2008). 
Thus it is also possible that the observed preferential binding of the 
CSN complex to active CRLs is a consequence of increased amounts 
of bound polyubiquitinated substrates. To rule out this possibility, 
we introduced the S53A/F54A/E55A mutations into the extreme C-
terminal deletion mutant of Cul3. These mutations in the interaction 
face of Cul3 with BTB proteins have been shown to prevent binding 
of substrate receptors and substrates to Cul3 (Chew and Hagen, 
2007). As shown in Figure 6B, the S53A/F54A/E55A mutations in 
full-length Cul3 caused reduced CSN5 binding, which, as men-
tioned above, is likely due to reduced neddylation levels. In con-
trast, the Cul3 extreme C-terminal deletion mutant showed higher 
basal CSN5 binding that was not reduced upon introduction of the 
S53A/F54A/E55A mutations. Thus CSN binding to Cul3 is not di-
rectly dependent on substrate recruitment and polyubiquitination. 
We therefore conclude that the CSN complex preferentially binds to 
active CRL complexes.

Conclusion: role of CSN and CSN-mediated cullin 
deneddylation in the regulation of CRL activity
The mechanism through which CSN functions as a positive regulator 
of CRL activity in vivo is currently unclear. In this study, we provide 
evidence that CSN-mediated cullin deneddylation is not intrinsically 
coupled to substrate polyubiquitination in the CRL activation cycle. 
It has been proposed that CSN promotes CRL function indirectly by 
inhibiting substrate-receptor autoubiquitination and facilitating 
CAND1-mediated exchange of substrate-receptor subunits. Our re-
sults suggest that these may not be the exclusive functions of CSN. 
As an alternative function, CSN has been reported to promote the 
dissociation of polyubiquitinated substrates from the CRL complex 
in a manner that does not require deneddylation activity (Miyauchi 
et al., 2008). However, it was recently demonstrated by Yoshida 
et al., (2010) that the essential role of CSN in promoting cell cycle 
progression and cell survival is critically dependent on its deneddy-
lation activity. This suggests that the dissociation of polyubiquit-
inated substrates is also unlikely to be the major function of CSN.

Our results indicate that CSN associates preferentially with active 
CRL complexes. This preferred binding may be due to a conforma-
tional change induced by the Nedd8 modification of the cullin 

FIGURE 4:  Role of CSN in preventing CAND1-mediated CRL 
disassembly. Cells were transfected with negative control or CSN5 
siRNA, which was followed after 1 d by transfection of Cul1-V5. Cells 
were lysed 3 d after siRNA transfection, and cell lysates were 
subjected to V5 immunoprecipitation and Western blotting with the 
indicated antibodies.
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important to understand the mechanisms underlying the CRL acti-
vation cycle.

MATERIALS AND METHODS
Plasmid constructs
All plasmids used were previously described (Chew et al., 2007; 
Chew and Hagen, 2007; Boh et al., 2011), with the exception of the 
mammalian expression plasmid FLAG-SPOP and the retroviral 
expression plasmid for FLAG-CSN5. Both SPOP and CSN5 were 

protein. The recruited CSN complex may then exert functions im-
portant for CRL regulation. For instance, CSN may play a role in re-
cruiting critical binding proteins to the CRL complex. CSN has been 
reported to associate with different protein kinases (Uhle et al., 
2003) that may mediate important functions in the CRL activation 
cycle, such as the exchange of substrate-receptor subunits. The 
deneddylating activity of CSN may be important for promoting its 
own dissociation to allow progression through the CRL activation 
cycle. Thus studies on the role of CSN-binding proteins may be 

FIGURE 5:  Preferential binding of CSN5 to neddylated Cul1. (A) Cells with stable expression of FLAG-CSN5 were 
transfected with Cul1-V5 and treated with 3 μM MLN-4924 for 3 h, as indicated. Cell lysates were used for V5 
immunoprecipitation, which was followed by Western blotting. (B) Cells with stable expression of FLAG-CSN5 were 
transfected with wild-type or K720R mutant Cul1-V5 and subjected to 30 min of myxothiazol (1 μM) and iodoacetate 
(2.5 mM) treatment, indicated as ATP depletion, prior to cell lysis. Each condition in this experiment was performed in 
duplicate to ensure consistency of the results. (C) Cells were transfected with wild-type or D151N mutant FLAG-CSN5, 
which was followed by FLAG immunoprecipitation and Western blotting of immunoprecipitates and cell lysates with 
Cul1 and FLAG antibodies.
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cleared by centrifugation before use for 
Western blotting. Equal amounts of protein 
were loaded for Western blot analysis. The 
following antibodies were used: rabbit poly-
clonal anti-Cul2 (51–1800; Zymed Laborato-
ries, San Francisco, CA), rabbit polyclonal 
anti-Cul3 (34-2200; Zymed Laboratories), 
goat polyclonal anti-CAND1 (10672; Santa 
Cruz Biotechnology, Santa Cruz, CA), mono-
clonal anti-α-tubulin (236–10501; Molecular 
Probes, Invitrogen), monoclonal anti-V5 
(AbD Serotec, Kidlington, UK), and mono-
clonal anti-FLAG M2 (Sigma-Aldrich, St. 
Louis, MO). Western blots shown are rep-
resentative of at least two independent 
experiments.

Immunoprecipitation
V5 antibody (2.5 μg), coupled to 20 μl 
of protein G-Sepharose (Amersham Biosci-
ences, GE Healthcare, Waukesha, WI), or 
20 μl of FLAG-agarose (Sigma) was used 
for immunoprecipitations, and 500 μl of 
precleared lysate from HEK293T cells 
transfected in 60-mm tissue culture plates 
was added. The samples were tumbled at 
4°C for 2 h, and the beads were then 
washed four times in 1 ml of NP40 cold ly-
sis buffer (containing 50 mM NaCl, 0.5% 
NP-40, 5% glycerol, 0.5 mM EDTA, 
50 mM Tris, pH 7.5, 1 mM dithiothreitol) 
and once in buffer containing 50 mM 
Tris (pH 7.5). The immunoprecipitated 
proteins were then denatured in SDS sam-
ple buffer and subjected to SDS–PAGE and 
Western blotting. The immunoprecipita-
tion experiments shown are representative 
of at least two independent experiments.

ATP measurements
ATP measurement in intact cells using transfected firefly 
luciferase.  Cells in 12-well plates were transfected for 24 h with 
0.2 μg of a firefly luciferase-pcDNA3 plasmid (under control of the 
cytomegalovirus promoter). Cells were trypsinized and resuspended 
in Krebs buffer. Intracellular ATP concentrations were determined by 
measuring the luminescence of aliquots of cells treated with 
myxothiazol and iodoacetate for various periods of time. Twenty 
microliters of the cells were then mixed with 100 μl of luciferase 
substrate, d-luciferin (Sigma) and used for ATP measurement.

ATP measurement in cell extracts.  Cells in 12-well plates were 
treated with myxothiazol and iodoacetate for different periods of 
time. Perchloric acid (6%) was used to extract the ATP from cells and 
the extract was spun for 1 min. The supernatant was collected and 
neutralized with 1.6 M K2CO3 containing 0.43 M triethanolamine 
buffer. The supernatant was spun for 1 min and used for ATP 
measurement by using the ENLITEN ATP assay system (Promega, 
Madison, WI).

FIGURE 6:  CSN5 binds preferentially to active CRLs. (A and B) HEK293T cells were transfected 
in 60-mm cell culture plates for 2 d with expression constructs for the full-length or extreme 
C-terminal deletion mutants of Cul2 and Cul3, as indicated at the top of each panel. The SFE 
mutant of Cul3 corresponds to the S53A/F54A/E55A mutant of Cul3, which is unable to bind 
to substrate-receptor subunits. The cells were lysed, and the lysates were subjected to V5 
immunoprecipitation (IP), as described in Materials and Methods. Immunoprecipitates and 
aliquots of the cell lysates were analyzed by Western blotting with the indicated antibodies.
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amplified from MGC I.M.A.G.E. clones and subcloned into modi-
fied pcDNA3.1 with N-terminal FLAG tag. FLAG-CSN5 was subse-
quently transferred into the puro-MaRX retroviral expression vector 
(a kind gift from David Beach) and used to generate a stable FLAG-
CSN5–expressing HEK293T cell line, as previously described (Gan 
et al., 2009). For DNA transfections, subconfluent cells were trans-
fected using Genejuice (Novagen, San Diego, CA) according to the 
manufacturer’s instructions.

siRNA-mediated gene silencing
For siRNA transfections, RNAi Max Lipofectamine (Invitrogen, 
Carlsbad, CA) was used as the transfection agent according to the 
manufacturer’s instructions with the following annealed Silencer 
predesigned siRNA duplexes (Ambion, Austin, TX) at a final con-
centration of 25 nM: CAND1: siRNA ID 140584; CSN5: siRNA ID 
214069; negative controls: Silencer negative control siRNA #2 or 
Mdm2 siRNA 122297. Cells were lysed 3 d after siRNA transfec-
tions for Western blot analysis.

Immunoblotting
For immunoblotting, the cells were washed with ice-cold phosphate-
buffered saline and then lysed in Triton X-100-containing lysis buffer, 
as previously described (Culbert et al., 2001). Lysates were pre-
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