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ABSTRACT Subunit composition and architectural structure of the 26S proteasome lid is 
strictly conserved between all eukaryotes. This eight-subunit complex bears high similarity to 
the eukaryotic translation initiation factor 3 and to the COP9 signalosome (CSN), which to-
gether define the proteasome CSN/COP9/initiation factor (PCI) troika. In some unicellular 
eukaryotes, the latter two complexes lack key subunits, encouraging questions about the 
conservation of their structural design. Here we demonstrate that, in Saccharomyces 
cerevisiae, Rpn5 plays dual roles by stabilizing proteasome and CSN structures indepen-
dently. Proteasome and CSN complexes are easily dissected, with Rpn5 the only subunit in 
common. Together with Rpn5, we identified a total of six bona fide subunits at roughly stoi-
chiometric ratios in isolated, affinity-purified CSN. Moreover, the copy of Rpn5 associated 
with the CSN is required for enzymatic hydrolysis of Rub1/Nedd8 conjugated to cullins. We 
propose that multitasking by a single subunit, Rpn5 in this case, allows it to function in differ-
ent complexes simultaneously. These observations demonstrate that functional substitution 
of subunits by paralogues is feasible, implying that the canonical composition of the three 
PCI complexes in S. cerevisiae is more robust than hitherto appreciated.

INTRODUCTION
In eukaryotic cells, the ubiquitin proteasome pathway is responsible 
for the removal of the majority of intracellular proteins. The 26S pro-
teasome is a 2.5-MDa protein machine built from >33 different com-
ponents. Fourteen of these subunits form the barrel-shaped prote-
olytic core also known as the 20S catalytic core particle (CP), whereas 
the remainder assemble into the 19S regulatory particle (RP) 

(Glickman et al., 1998b; Finley, 2009), capping the CP on one or 
both sides (Bohn et al., 2010). The RP serves to regulate proteolysis 
by the CP and can be further dissected into two distinct substruc-
tures known as the “lid” and the “base.” The base contains a ring of 
six homologous ATPase subunits of the AAA family (Rpt1–6), two 
α-helical solenoid structures (Rpn1 and Rpn2) (Rosenzweig et al., 
2008; Effantin et al., 2009), and two Ub receptors (Rpn10 and Rpn13) 
(Elsasser et al., 2004; Mayor et al., 2005; Husnjak et al., 2008). The 
base interfaces with the outer surface of the CP via direct interac-
tions of the ATPases and Rpn2 subunits (Rosenzweig et al., 2008; 
Besche et al., 2009b; Tomko et al., 2010).

The lid is the most peripheral part of the proteasome. This sub-
complex is composed of eight essential RP non-ATPase subunits 
(Rpn3, Rpn5–9, and Rpn11–12) (Glickman et al., 1998a; Fu et al., 
2001) and an additional nonessential subunit, DSS1/Sem1, that is also 
found with other complexes (Baillat et al., 2005; Wei et al., 2008b; 
Wilmes et al., 2008; Faza et al., 2009; Pick et al., 2009). The structural 
organization of the lid has been studied by yeast two-hybrid, electron 
microscopy, tandem mass spectrometry (MS/MS), mutagenesis, and 
affinity purification (Kapelari et al., 2000; Fu et al., 2001; Sharon et al., 
2006; Isono et al., 2007; Fukunaga et al., 2010). An interesting 

Monitoring Editor
Thomas Sommer
Max Delbrück Center for 
Molecular Medicine

Received: Aug 2, 2010
Revised: Jan 13, 2011
Accepted: Jan 19, 2011

MBoC | ARTICLE



912 | Z. Yu et al. Molecular Biology of the Cell

property of the lid is its close homology to two other cellular com-
plexes: the COP9 signalosome (CSN) and eukaryotic translation initia-
tion factor 3 (eIF3) (Pick et al., 2009). The canonical version of these 
three so-called PCI complexes (proteasome, CSN, and eIF3) consists 
of six subunits bearing the hallmark PCI domain alongside two sub-
units carrying an MPN (Mpr-1–PAD1–N-terminal) domain. The only 
known biochemical role ascribed to the lid is the deubiquitination 
activity of the MPN+ metalloenzyme, Rpn11 (Maytal-Kivity et al., 
2002b; Verma et al., 2002; Yao and Cohen, 2002). Likewise, the CSN 
also harbors metalloprotease activity ascribed to Csn5, a paralogue 
of Rpn11 (Cope et al., 2002; Ambroggio et al., 2004). In accordance, 
the substrates of these two enzymes are also close paralogues: 
ubiquitin conjugates for Rpn11 and conjugates of the ubiquitin-like 
modifier Nedd8/Rub1 to cullins for Csn5 (Lyapina et al., 2001).

Functional CSN complexes exist in single-celled eukaryotes in-
cluding protozoa, molds, fungi, and yeasts (Mundt et al., 1999; 
Maytal-Kivity et al., 2002a; Wee et al., 2002; He et al., 2005; Rosel 
and Kimmel, 2006; Busch et al., 2007). Whereas CSN-encoding 
genes are strictly essential in metazoans (Wei et al., 2008a), loss of 
subunit CSN mutants in many unicellular eukaryotes are viable, 
displaying phenotypes in circadian clock, cell-cycle, pheromone re-
sponse, and fruit body formation (Mundt 
et al., 1999; Maytal-Kivity et al., 2002a; He 
et al., 2005; Rosel and Kimmel, 2006; Busch 
et al., 2007). Moreover, in several of these 
species, fewer CSN subunits have been 
identified (Chang and Schwechheimer, 
2004). For instance, the budding yeast 
Saccharomyces cerevisiae contains the most 
divergent CSN-like complex, with only one 
clear orthologue (Csn5/Rri1), and up to five 
additional subunits (Wee et al., 2002; May-
tal-Kivity et al., 2003) (see also Supplemen-
tal Table S1). The third PCI complex, eIF3, 
also diverges in S. cerevisiae from its canon-
ical version in multicellular eukaryotes, dif-
fering in both composition and size 
(Hinnebusch et al., 2004; Pick and Pintard, 
2009). Interestingly, one of the CSN compo-
nents in yeast, Csn11/Pci8, was found asso-
ciated to eIF3 subunits, fulfilling the role of 
eIF3e/Int6 (Shalev et al., 2001). A single pro-
tein functioning independently in similar 
complexes may potentially explain the 
seemingly lower number of dedicated PCI 
subunits identified in this organism. Know-
ing that several CSN subunits were found in 
association with Rpn5, a PCI subunit of the 
proteasome lid (Uetz et al., 2000; Maytal-
Kivity et al., 2003; Gavin et al., 2006; Krogan 
et al., 2006; Collins et al., 2007), we specu-
lated whether proteasome subunits double 
up as components of the CSN in budding 
yeast in order to maintain a close-to-canoni-
cal composition.

Here we chart the associations of Rpn5 
with the CSN and characterize CSN-related 
phenotypes for RPN5 mutants. We found 
that in budding yeast, this proteasome lid 
subunit is also a bona fide component of 
the CSN required for cullin-derubylation. 
Partitioning of Rpn5 between two related 

complexes implies that the budding yeast CSN complex is closer 
to the canonical structure than has been appreciated and sheds 
light on the common evolutionary origins of PCI-containing 
complexes.

RESULTS
Molecular weight (MW) distribution of extraproteasomal 
Rpn5 depends on CSN integrity
Proteasomes are easily fractionated by glycerol density centrifuga-
tion from whole cell extract into high-MW particles comprising the 
26S holocomplex and the separate CP and RP subcomplexes 
(Matiuhin et al., 2008). 26S were identified in fractions 6–10 by im-
munoblotting for subunits and by peptidase activity of the CP 
(Figure 1A). In contrast to other proteasome subunits, Rpn5 was also 
found in a lower MW peak (around fraction 4). This second pool of 
Rpn5 does not represent intact 19S RP or lid subcomplexes as most 
other proteasome subunits were not detected. Trace amounts of 
Rpn1 and Rpn12 also appeared in low-MW fractions, though their 
migration pattern differed from that of Rpn5. Notably, the distribu-
tion of Csn9 (monitored as a genomically tagged Csn9-Myc13) 
overlapped with the lower MW pool of Rpn5 (Figure 1B).

FIGuRE 1: Rpn5 fractionates in two peaks; only one of them is attributed to proteasomal 
activity. Whole cell extracts of WT (A) or Δcsn5 (C) were fractionated by glycerol gradient. 
Proteasome distribution was determined by immunoblots for different subunits (top) or by 
in-gel peptidase activity (bottom) to follow different proteolytically active proteasome 
structures. Nondenaturing gels identify RP2CP (two RPs and one CP) and RPCP (one RP  
and one CP) in fractions 7–9, and CP (free CPs) migrating primarily in fractions 6–7. (B) A WT 
strain expressing Csn9-Myc13 serves as a control to mark migration of CSN subunits relative  
to proteasome. (D and E) Interactions of Csn9 with Rpn5 were verified by immunoprecipitation 
with Rpn5 (D) or with Csn9-Myc13 (E) and blotting with anti-Myc (for Csn9), anti-Rpn5,  
or anti-Rpn2 (for proteasome).
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integrity and CSN function begets the question whether CSN and 
the proteasome lid are linked via Rpn5.

Derubylation defect in rpn5-1 mutant is uncoupled from 
proteasome structure
Unlike components of ScCSN, each of the lid subunits is essential, 
though loss-of-function temperature-sensitive mutants are known to 
cause proteasome defects at the restrictive temperature. We com-
pared gross proteasome structure and CSN function in a panel of 
published temperature-sensitive mutants in genes coding for all lid 
PCI subunits (Bailly and Reed, 1999; Takeuchi and Toh-e, 1999; 
Isono et al., 2005, 2007). 26S proteasomes in whole cell extract from 
each strain showed a variability of migration patterns reflecting the 
severity of each mutation on proteasome steady-state stability 
(Figure 3A). A number of faster migrating proteasome species 
(marked by asterisks in Figure 3A) accumulated in rpn5-1, yet most 
dramatic alterations were observed in rpn3-7, rpn7-3, and rpn9ΔC, 
which completely lack proper doubly-capped RP2CP. As a side note, 

To uncover a possible link between the fractionation patterns of 
Rpn5 and CSN, we fractionated whole cell extract from a Δcsn5 
strain, which is defective in CSN integrity (Maytal-Kivity et al., 2002a, 
2003). In this strain Rpn5 was detected only in the high-MW pool, 
correlated with proteasome activity (Figure 1C). Interestingly, no 
changes in migration pattern of Rpn1 or Rpn12 were noticeable in 
Δcsn5 relative to wild-type, pointing to a unique relationship be-
tween Rpn5 and the CSN. Furthermore, a direct interaction of Rpn5 
with CSN components was verified by coimmunoprecipitation of 
Rpn5 with Csn9-Myc13 and vice versa (Figure 1, D and E). It is worth-
while to point out that, whereas Rpn5 pulled down proteasome sub-
units alongside CSN components (Figure 1D), immobilized Csn9 
associated with Rpn5 but not with Rpn2 (Figure 1E) or with other 
proteasome subunits (Supplemental Table S4).

Rpn5 contributes to both proteasome and CSN
The fractionation pattern of Rpn5 was also altered in rpn5 mutants. 
Rpn5 was detected only in the high-MW proteasome-containing 
fractions from extracts of rpn5-1 (Figure 2A), 
a mutant expressing a C-terminally trun-
cated Rpn5 (Supplemental Figure S1A). In-
terestingly, the Rpn5-1 protein could still in-
tegrate into the proteasome, although this 
mutation influenced integration of other 
subunits (such as Rpn12, Rpn7, and Rpn10), 
which were either substoichiometric or 
harder to detect in proteasome fractions 
(Figure 2A and unpublished data). Simulta-
neously, the very same Rpn5 mutation af-
fected CSN migration toward lower MW 
fractions (Figure 2B), probably due to loss of 
interaction between the mutant Rpn5 and 
Csn9 (Figure 2, C and D).

Removal of Rub1 (also called Nedd8) 
from cullins requires the intact CSN complex 
with its catalytic subunit Csn5; therefore dis-
ruption of complex integrity was found to 
impair derubylase activity (Lyapina et al., 
2001; Maytal-Kivity et al., 2002a; Wee et al., 
2002; Wei et al., 2008a; Chamovitz, 2009; 
Kato and Yoneda-Kato, 2009). Indeed, de-
termination of CSN composition in budding 
yeast was based in part on derubylation de-
fects in loss-of-function mutants (Lyapina 
et al., 2001; Cope et al., 2002; Maytal-Kivity 
et al., 2002b; Wee et al., 2002). Having 
found that Rpn5 intimately associates with 
the CSN in budding yeast, we wished to 
confirm whether Rpn5 plays a role in derub-
ylation. Therefore we tested two mutants of 
RPN5 (rpn5-1 and rpn5Δc; Supplemental 
Figure S1A) (Isono et al., 2007; Ben-Aroya 
et al., 2010) for derubylation defects (Figure 
2E). Indeed, both rpn5 mutants contained 
Cdc53 exclusively in its Rub1-conjugated 
form, mimicking the behavior of csn5 null 
(Figure 2E, top) and of other CSN mutants 
(Maytal-Kivity et al., 2002b; Wee et al., 
2002). These same mutants also induce pro-
teasome structural defects (Figure 2E, bot-
tom). That the C-terminal domain (CTD) of 
Rpn5 is required for both proteasome 

FIGuRE 2: C-terminal mutations on Rpn5 display defects in CSN and proteasome. Whole cell 
extract of rpn5-1 was fractionated by a glycerol gradient and monitored for (A) proteasome 
distribution as in Figure 1. (B) CSN distribution was determined by following Csn9 in an rpn5-1 
strain expressing Csn9-Myc13. (C and D) Coimmunoprecipitation of Rpn5 and Csn9 is abolished 
in rpn5-1. WT or rpn5-1 strains expressing Csn9-Myc13 were lysed and immunoprecipitated 
using anti-Myc (C) or anti-Rpn5 (d). Coimmunoprecipitation of Rpn2 was tested in either case to 
confirm presence of proteasome. (E) Status of Cdc53 rubylation was tested in WT or Rpn5 
mutants (rpn5-1, rpn5ΔC) with Δrub1 and Δcsn5 serving as control for unrubylated and rubylated 
conformations of Cdc53, respectively. Derubylation defects of Cdc53 were analyzed in total 
protein extracts of cells grown in log phase by blotting with anti-Cdc53 to visualize the extent of 
Cdc53 modification by Rub1. (F) Proteasomal structure defects observed in rpn5 mutants. 
Rapidly lysed whole cell extracts from WT or Rpn5 mutants (rpn5-1, rpn5ΔC) were resolved by 
nondenaturing PAGE and proteasome visualized by in-gel peptidase activity. WT proteasomes 
are found as a mixture of RP2CP and RPCP (see also Figure 1). Proteasomes in rpn5 mutants 
migrate faster (marked asterisk), pointing to a structural defect due to missing subunits (see A). 
Higher levels of free CP (visualized upon proteolytic activation in the presence of 0.02% SDS; 
bottom) also accumulate in rpn5.
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Csn4 that serves as a dedicated subunit for the CSN complex (Sup-
plemental Table S1A, Supplemental Figure S1B, and Pick et al., 
2009). Because Csn4 is apparently absent from the S. cerevisiae ge-
nome (Supplemental Table S1A, Supplemental Figure S1B), we 
tested whether AtCSN4 can complement rpn5-1 defects in Cdc53-
Rub1 hydrolysis. As this was not the case (Figure 4B), we propose 
that subunit interactions within each complex diverged to the extent 
that they are not easily interchangeable despite their common evo-
lutionary origins (Scheel and Hofmann, 2005; Pick et al., 2009).

CSN and proteasome copurify with Rpn5
To distinguish between the two activities associated with Rpn5, we 
affinity isolated Rpn5 and compared the proteolytic and derubyla-
tion activities of copurifying complexes relative to those of other 
affinity-isolated proteasome or CSN preparations. Calmodulin-based 
affinity-purified Rpn5-CBP-A2 efficiently isolated active proteasome, 

it should be mentioned that Rpn9ΔC contains the first 120 amino 
acids and was previously referred as Δrpn9 (Takeuchi et al., 1999). 
The differences between mutants were accentuated when taking 
into account levels of free 20S CP, visualized upon activation by low-
level SDS (Figure 3A). Accumulated 20S CP probably reflects limit-
ing availability of properly assembled 19S RP due to the mutations 
in 19S RP components. The same strains were examined for the 
rubylation status of Cdc53 (Figure 3B). In this test, rpn5-1 was the 
only proteasome mutant to contain only the rubylated form of 
Cdc53, just like the Δcsn5 control. This observation alone does not 
preclude the possibility that other alleles of proteasome mutants 
may exist, that show altered derubylation due to direct or indirect 
effects on cullins function. However this comparison does indicate 
that proteasome and derubylation defects are uncoupled (Table 1).

Like the majority of proteasome subunits, Rpn5 is highly con-
served across phyla; indeed, RPN5 from Arabidopsis complements 
viability of rpn5 null in budding yeast (Yang et al., 2004). Compro-
mised Rpn5, as an essential component of the lid, leads to protea-
some defects in yeasts as well as in plants (Isono et al., 2007; Sha 
et al., 2007; Book et al., 2009). Therefore we wished to know whether 
rescue of RPN5 mutants by AtRPN5 is due to correction of protea-
some and/or CSN-related defects. We found that the transgenic 
gene products of AtRPN5 incorporate properly into the yeast pro-
teasome complexes (Figure 4A). By contrast, AtRPN5 was unable to 
complement the role of ScRpn5 in CSN-related derubylation 
(Figure 4B). The result obtained with AtRPN5 effectively uncouples 
the role of Rpn5 in proteasome structure from its role in CSN-asso-
ciated derubylation (Table 1). This may stem from the fact that Ara-
bidopsis (as do other multicellular organisms) contains a separate 

FIGuRE 3: Uncoupling between proteasome and CSN activities.  
(A) Overnight cultures of WT or loss-of-function mutants (rpn3-4, 
rpn3-7, rpn5-1, rpn5ΔC, rpn6-1, rpn7-3, rpn9ΔC, and rpn12-1) were 
shifted to restrictive temperature (37°C) for 8 h. (A) Rapidly lysed 
native extracts were resolved by nondenaturing PAGE and 
proteasome visualized by in-gel peptidase activity. Free CP is 
visualized upon proteolytic activation in the presence of 0.02% SDS 
(bottom). (B) Denatured extracts were resolved by SDS–PAGE and 
probed with anti-Cdc53 to visualize the extent of Cdc53 modification 
by Rub1 (bottom). Ratio of Cdc53-Rub1 vs. Cdc53 was quantified 
using ImageJ v1.40f software, and mean levels of three independent 
immunoblots are shown with SD error bars (top).

FIGuRE 4: Arabidopsis Rpn5 complements yeast proteasome but not 
CSN. Arabidopsis AtRpn5a, AtRpn5b, and AtCsn4 were expressed in 
Δrpn5 or rpn5-1 mutants. Both proteasome structure (A) and 
rubylation status (B) were examined. Expression of either AtRPN5 
gene maintained viability and complemented normal proteasome 
migration properties. (B) Expression of neither AtRPN5 nor AtCsn4 
genes was able to correct derubylation defects associated with rpn5 
mutants.

Phenotype

Genotype Cdc53 deRubylation Proteasome integrity

wild-type + +

Δcsn5 − +

Δrpn5[AtRpn5a] − +

Δrpn5[AtRpn5b] − +

rpn3-4 + −

rpn3-7 + −

rpn7-3 + −

rpn9ΔC + −

rpn5-1 − −

rpn5ΔC − −

Summary of proteasome and CSN-related phenotypes of strains and mutants 
analyzed in this study. Cdc53 (Cullin-1) is normally found as a mixture of ruby-
lated and unrubylated forms; strains in which no deRubylation was observed 
are marked as (−). Likewise, strains showing impaired 26S proteasome structure 
in whole cell extract are marked as (−).

TABLE 1: Categorization of mutants in PCI subunits based on 
proteasome and CSN related phenotypes.
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Proteasome peptidase activity was found only in higher MW frac-
tions, whereas derubylation activity, typical of CSN, was found in 
lower MW fractions (Figure 6A). All 26S proteasome subunits were 
identified in fractions containing proteasome activity, whereas a few 
19S RP—including detached lid, but no 20S CP—subunits were 
found in the lower MW fractions with the CSN activity (Figure 6, B 
and C). Interestingly, both activity peaks contained Rpn5. Subjecting 
the glycerol gradient–resolved fractions 4 and 8 to MS/MS analysis 
confirmed the separation of CSN subunits, in accordance with their 
peaks of activity (Figure 6C and Supplemental Table S5). Neverthe-
less, the procedure to isolate CSN via Rpn5 was unable to fully re-
move lid and other trace 19S RP subunits, which is reasonable given 
that Rpn5 is a lid subunit (Figure 6C). Nevertheless, as affinity-puri-
fied proteasome using tagged 19S RP subunits other than Rpn5 
(e.g., Rpt6, Rpn8, or Rpn6) were not competent for derubylation 
(Figure 5, B and C), we conclude that derubylation is not an inherent 
property of 26S holoenzyme.

Isolated CSN in budding yeast contains Rpn5  
as a core component
Using Csn10 we had already generated proteasome-depleted com-
plexes capable of derubylation activity (Figure 5, A and B). To enrich 
this core derubylase, we subjected Csn10 affinity-purified samples 
to an additional density fractionation (in this case Csn9 was also 
tagged to facilitate CSN identification). Fractionation once again 
identified derubylation activity in fractions 3–5 (Figure 7A); however, 
no proteasome subunits were carried along, with the sole exception 
of Rpn5 (Figure 7B). MS/MS sequencing of subunits found in the 
starting affinity-purified sample (Supplemental Figure S3A, right 
lane) confirmed the presence of all CSN components required for 
derubylation activity (Csn5, Csn9, Csn10, Csn11, and Csi1) along-
side Rpn5 and additional copurifying factors, the majority of them 
ubiquitin-system related (Supplemental Table S6). However, the 
highly enriched CSN sample was devoid of all proteasome subunits, 
leaving Rpn5 as the sole CSN component.

Calculating stoichiometry between subunits, by using total spec-
tral counts and the APEX software, determined that Rpn5 and Csn10 
(the subunit used for the pullout) were at a 1:1 ratio. Other core CSN 
subunits are also at a similar stoichiometry (Figure 7C). A quick look 
at the list of copurifying factors identifies eIF3a and eIF3b, which 
were documented to physically interact with Csn11 (Shalev et al., 
2001; Maytal-Kivity et al., 2003), suggesting that links between 
these two sister PCI complexes may be of biological significance. 
Interestingly, although our results show that derubylation of Cdc53 
is attributed to a CSN-complex containing Rpn5, no traces of SCF or 
other CRLs (cullin-related E3 ligases) were found with CSN, suggest-
ing a fleeting association under these conditions. On the other 
hand, Ubp3 and its partner Bre5 enriched along with CSN, hinting 
at a possible link to membrane-associated intracellular trafficking 
(Cohen et al., 2003) and to CSN-associated deubiquitinating activity 
as have been documented for mammalian CSN (Hetfeld et al., 
2005b).

DISCUSSION
In this study we find that, at least for budding yeast, CSN and pro-
teasome complexes are independent, each containing its own copy 
of Rpn5 and carrying out nonredundant functions. Rpn5 incorpo-
rates into each complex through a carboxyl terminal domain of the 
PCI region (CTD; Figure 8). While the lid is a highly conserved com-
plex maintaining strict composition and architecture among all eu-
karyotes, the CSN in unicellular eukaryotes shows some diversity in 
composition (Supplemental Table S1), and attempts to characterize 

mostly as intact doubly capped 26S holoenzyme (Figure 5A). We 
note that the CBP-A2 tag tended to cleave posttranslationally from 
Rpn5, yielding a heterogeneous population of Rpn5-CBP and Rpn5-
CBP-A2 (Supplemental Figure S2). Similar proteasomes were affinity 
prepared using tagged Rpt6, whereas no proteolytic activity was 
measured for affinity-isolated Csn10-related complexes. Protea-
some composition obtained via Rpn5 or Rpt6 tags followed a similar 
pattern to that of conventionally purified 26S proteasome, although 
the affinity-purified samples were enriched in 19S RP subunits rela-
tive to 20S CP (Supplemental Figure S3, A and B), reflecting the 
higher levels of doubly capped 26S and proteolytically inactive 19S 
RP (Supplemental Figure S3). As an aside, it is interesting that Blm10, 
which is abundant in conventionally purified proteasomes, is lacking 
from Rpn5 affinity-purified proteasomes, probably due to the lower 
amounts of free CP in the affinity-purified sample (Supplemental 
Figure S5A). Proteasomes were likewise efficiently isolated from N-
terminally tagged Rpt6 (Figure 5A and Supplemental Figure S3A). 
By contrast, active proteasome did not copurify with affinity-isolated 
Csn10-CBP-A2 (Figure 5A).

Although eluate isolated via Csn10 did not contain active pro-
teasomes (Figure 5A), it did harbor derubylation activity, the hall-
mark enzymatic property of intact CSN (Zhou et al., 2001; Hetfeld 
et al., 2005a; Menon et al., 2005). Using this procedure, we found 
that complexes associated with Rpn5 from S. cerevisiae also display 
canonical CSN behavior (Figure 5B). CSN is clearly distinguishable 
from proteasome samples isolated via a variety of proteasome sub-
units (Figure 5, B and C), none of which contained any measurable 
derubylation activity. The interesting exception is Rpn5, which 
uniquely links both activities: peptidase activity (Figure 5A) and 
derubylation activity (Figure 5B).

Now was the opportunity to determine whether the two enzy-
matic activities cohabitate on the same Rpn5-associated complex or 
whether they may be attributed to two separate spheres of Rpn5 
interactions. Here the affinity-isolated Rpn5 sample was further frac-
tionated by glycerol gradient and each fraction tested indepen-
dently for both derubylation and peptidase activity (Figure 6A). 

FIGuRE 5: Derubylation activity associated with affinity-purified 
Rpn5, but not with other proteasome subunits. Native whole cell 
extracts of WT cells expressing endogenous levels of CBP-A2-Rpt6, 
Rpn5-CBP-A2, or Csn10-CBP-A2 were fractionated by calmodulin 
affinity purification. (A) Eluates were tested for proteasome by in-gel 
peptidase activity in full extracts or purified proteins. (B and C) 
Eluates were also tested for capacity to derubylate Cdc53-Rub1 
conjugates by mixing with whole cell extract prepared from Δcsn5 
cells. After incubation, reactions were arrested and resolved by 
SDS–PAGE and monitored for Cdc53 modification.
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(Tsuge et al., 2001; Dessau et al., 2008). In contrast, some differ-
ences emerge for Rpn5 in its capacity as a proteasome lid subunit 
wherein Rpn5 damaged at its C terminus is still able to associate 
with lid, although the resulting complex appears less stable and 
lacks some subunits, including Rpn12 (Isono et al., 2007; Figure 2). 
One implication may be that PCI domains provide a structural basis 
for assembly of neighboring subunits in PCI complexes. We note 
that of the panel of published mutants encoding for PCI subunits of 
the lid (Bailly and Reed, 1999; Takeuchi and Toh-e, 1999; Isono 
et al., 2005, 2007), rpn3-7 and rpn7-3 seem to display the most 
dramatic defects (Figure 3A). This may not be a coincidence as both 
Rpn7 and Rpn3 are documented to interact with each other and to 
form a minicomplex that detaches easily from intact lid (Fu et al., 
2001; Sharon et al., 2006; Isono et al., 2007; Pick et al., 2009; Fuku-
naga et al., 2010). Interestingly, a mutation in Rpn12, the third com-
ponent of this minicomplex, does not exhibit the same severe struc-
tural defect (Figure 3A), although Rpn12 itself seems to be a lid 
subunit affected by a mutation in Rpn5 (Figure 2A). However, con-
clusions must be taken cautiously as even two different mutations in 
the same subunit leading to similar metaphase arrest phenotypes 
(Bailly and Reed, 1999) exhibit very different effects on proteasome 
conformation (e.g., rpn3-4 and rpn3-7; Figure 3).

One open question is whether multitasking is an inherent prop-
erty of Rpn5 or unique to budding yeast. Our results show that ec-
topic expression of heterologous Rpn5 (AtRPN5a and AtRPN5b) in 
yeast complemented proteasome structure but did not rescue the 
role of Rpn5 in derubylation (Table 1). Neither did AtCSN4 
complement rpn5-1 (Figure 4B). The divergence of the CSN complex 

it in budding yeast have been particularly elusive. Isolating a CSN as 
a stable and enzymatically functional entity in budding yeast 
(Figure 7) serves to complete the comparison of CSN from different 
sources, determine core properties common among the divergent 
versions, and distinguish CSN from its homologue, the proteasome 
lid. As it happens, the CSN in budding yeast is required (Figures 2 
and 3) and sufficient (Figure 7) for Cul1/Cdc53 derubylation. No 
traces of CSN subunits or of derubylation activity were detected 
with purified 26S proteasome holoenzymes, suggesting that—at 
least in yeast—CSN is not part of the 26S proteasome and does not 
serve as an ersatz lid. These results correlate with exhaustive MS/MS 
analysis of proteasome from mammals, Arabidopsis thaliana, S. 
cerevisiae, and Schizosaccharomyces pombe that have not found 
traces of CSN with conventionally or purified proteasomes (Verma 
et al., 2002; Fang et al., 2008; Besche et al., 2009a; Sha et al., 2009). 
However, due to their similar properties and propensity to copurify 
(Figure 6), we cannot rule out that CSN may interact with lid, espe-
cially when detached from 26S proteasome holoenzymes. It may 
even be possible that lid influences cycles of rubylation/derubylation 
(Figure 3), either directly (via the catalytic subunit of Rpn11) or 
indirectly (via shared associations with CSN or its partners).

Association between Rpn5 and CSN components has been doc-
umented in budding yeast and even mapped to a direct interaction 
with Csn9 (Maytal-Kivity et al., 2003; Collins et al., 2007). We now 
add that incorporation of Rpn5 into ScCSN is dependent on the C-
terminal segment of its PCI domain (Figures 1, 2, and 8). PCI do-
mains of CSN subunits such as CSN7 or CSN1 in other model sys-
tems have also been documented to drive their assembly into CSN 

FIGuRE 6: Dissecting Rpn5-containing complexes into CSN and proteasome. Affinity-purified Rpn5-CBP-A2 complexes 
described in Figure 5 were further fractionated by glycerol gradient. (A) Fractions were subjected for in-solution 
peptidase activity (left). Each fraction was tested for derubylation as described for Figure 5 (right). Asterisks mark peak 
of derubylation activity. (B) Proteasome subunit distribution was analyzed by immunoblotting. (C) Samples of starting 
material for the glycerol gradient fractionation (CBP eluant) as well as peak of proteasome activity (fraction 8) and peak 
of CSN activity (fraction 4) were subjected to deep sequencing by liquid chromatography (LC)-MS/MS. Identified CSN 
or proteasome subunits are marked in the table according to assigned subcomplex. Detailed information from MS/MS 
analysis is provided in Supplemental Table S5.
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separate and distinctive functions (Pick et al., 2009). Orthologues of 
all their subunits are highly conserved among multicellular organ-
isms, yet in some fungi, and particularly so in S. cerevisiae, only a 
subset of PCI proteins in complexes other than the proteasome lid 
have been positively identified (Maytal-Kivity et al., 2002a, 2003; 
Wilmes et al., 2008; Faza et al., 2009). This poses the question: How 
do these complexes carry out their functions while lacking core sub-
units? Extreme divergence of subunits may account for some seem-
ingly “missing” subunits; that is, they are not truly lacking but sim-
ply hard to identify by bioinformatics alone. In S. pombe, for 
example, the two eIF3 subunits eIF3f and eIF3m were originally an-
notated upon bioinformatics alone as csn6 and csn7b, respectively 
(Zhou et al., 2005). However, some proteins may be truly missing in 
a stripped-down organism. It has been estimated that since the 
split from common ancestors with other fungal branches, S. cerevi-
siae appears to have lost ∼300 genes, and ∼300 more genes have 
diverged beyond expectation (Aravind et al., 2000). Specifically, in 
the case of CSN, out of the six PCI subunits, three have been iden-
tified as extremely diverged paralogues (Csn11 appears instead of 
Csn1, Csn10 replaces Csn2, and Csn9 functions as Csn7; Supple-
mental Table S3). Two additional PCI subunits (Csn3 and 8) may be 
missing from ScCSN as they are part of the easily detachable mini-
PCI complex (Wilmes et al., 2008; Faza et al., 2009; Pick et al., 2009; 
Fukunaga et al., 2010) and an orthologue of Csn8 has not been 

in budding yeast is apparently reflected in the inability of ortho-
logues to complement the role of ScRpn5 in its capacity as a CSN 
subunit. Taken together, these observations uncouple the two ac-
tivities of ScRpn5. Nevertheless, functional redundancy between 
CSN and RPN paralogues may be maintained in other contexts. For 
instance, resolving proteasome subunits from plant extracts identi-
fied a unique population of AtRpn5 in a low-MW fraction lacking 
most other proteasome subunits (Book et al., 2010). We now show 
that this fraction also contains CSN subunits (Supplemental Figure 
S4). This population mimics the behavior in budding yeast described 
herein. Interestingly, it was recently found that a loss-of-function mu-
tant of one of the duplicated RPN5 genes in plants, AtRPN5a, causes 
partial photomorphogenic defects in darkness, which is reminiscent 
of the hallmark CSN mutants (Book et al., 2009). It is hard to under-
stand how Rpn5 might contribute to the CSN in this organism be-
cause Arabidopsis contains a bona fide Csn4 subunit (Supplemental 
Table S1; Wei et al., 2008a). One explanation could be that isoforms 
of Arabidopsis CSN and lid genes (Supplemental Table S1) play mu-
sical chairs to generate multiple versions of related complexes to 
enhance diversity (Yang et al., 2004), in an analogous manner to the 
overlapping roles of mammalian proteasome and immunoprotea-
some subunits (Kloetzel, 2001).

Complexes of the PCI family—proteasome lid, eIF3, and CSN—
have apparently diverged from a common ancestor yet fulfill 

FIGuRE 7: Proteasome-depleted CSN complex contains Rpn5 and displays derubylation activity. Affinity-purified 
Csn10-CBP-A2 complexes described in Figure 5 were further fractionated by glycerol gradient. (A) Derubylation activity 
in each fraction was analyzed as was explained for in Figure 5. (B) Immunoblots confirm comigration of Rpn5 and CSN 
subunits. (C) Samples of starting material for the glycerol gradient fractionation (CBP eluant) as well as peak of CSN 
activity (fraction 4) were subjected to deep sequencing by LC-MS/MS. Identified CSN or proteasome subunits are 
marked in the table according to assigned subcomplex. Detailed information from MS/MS analysis is provided in 
Supplemental Table S6. (D) Stoichiometry was calculated using label-free APEX quantification. APEX-calculated 
abundance values for each protein were divided by the APEX abundance value calculated to CSN10 to determine the 
stoichiometric ratios relative to CSN10. Mean values of two independent MS/MS runs are shown in the table.
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product was directly transformed into WT, a CSN10-CBP-A2–tagged 
strain, Δcsn5, or rpn5-1 mutants.

An N-terminally tagged Rpt6 strain (CBP-A2-Rpt6) was gener-
ated by ligating a DNA fragment of CBP-A2 followed by the RPT6 
open reading frame into the YCPlac111 vector under the RPT4 pro-
moter. The CBP-A2-RPT6 plasmid was transformed into a deletant 
of rpt6 covered by WT RPT6 on a URA3-marked plasmid and shuf-
fled with 5-FOA.

Antibodies
The following antibodies were used to identify proteasome sub-
units: anti-Rpn1 and anti-Rpn2 (Rosenzweig et al., 2008); anti-Rpn11 
and anti-Rpt2 (this work); anti-Rpn12, anti-Rpn8, and anti-Rpn5 (gifts 
from Dan Finley); anti-α7 (Affinity Biomol/Enzo, Farmingdale, NY); 
and anti-Myc, anti-HA, anti-CBP, and anti-Cdc53 (Santa Cruz 
Biotechnology, Santa Cruz, CA).

Preparation of cell extract
Immunoblots. Cultures were incubated overnight at 30°C. Where 
indicated, temperature was shifted to 37°C for an additional 8 h to 
induce restrictive temperature-sensitive phenotypes. Cells were 
harvested, washed twice with double-distilled water (DDW), 
resuspended in 20% trichloroacetic acid (TCA), and mechanically 
broken with glass beads and continuous vortex for 5 min. Cell 
suspensions were collected and TCA concentration was adapted to 
10% final. Proteins were precipitated by centrifugation, and pellet 
was dissolved in 5× Laemmli sample buffer followed by a pH 
adjustment with Trisma base. Samples were normalized to initial cell 
density (by OD), resolved by SDS–PAGE, and transferred to a 
nitrocellulose membrane for immunoblotting.

Native-PAGE or glycerol gradient fractionation. Cultures were 
grown overnight and washed twice with DDW and once with chilled 
buffer A (25 mM Tris [pH 7.4], 10 mM MgCl2, 10% glycerol, 1 mM 
ATP, and 1 mM dithiothreitol [DTT]). Pellet was resuspended in two 
volumes of buffer A and lysed using glass beads at 4°C. Native 
lysates were clarified by centrifugation at 16,000 × g for 15 min.

Glycerol gradient fractionation
Density-based fractionation of whole cell extract or of calmodulin-
purified complexes by glycerol gradient centrifugation was used to 
separate between protein complexes.

Yeast. Clarified lysates were loaded on a 12-ml 10–50% glycerol-
enriched buffer A. Tubes were spun by swinging bucket rotor (SW41) 
at 134,000 × g for 20 h, and 1-ml fractions were collected.

Arabidopsis. Total protein was extracted from green 
Arabidopsis seedlings grown in liquid GM for 10 d. Plants were 
frozen in liquid nitrogen, pulverized, and ground in 1.25 volumes 
of buffer B (20 mM Tris-HCl, pH 7.5, 10% glycerol, 2 mM ATP, 
5 mM MgCl2, 1 mM DTT, 10 mM phosphocreatine, and 1 mg/ml 
creatine phosphokinase). Protein extracts were filtered through 
cheesecloth and clarified for 20 min at 30,000 × g. Clarified 
extract was loaded on 10–40% glycerol gradient in buffer B and 
centrifuged at 100,000 × g for 18 h at 4°C. Then 0.75-ml fractions 
were collected for analysis.

Protein purification and immunoprecipitation
Proteasome purification. As published (Glickman et al., 1998b).

Anti-Myc affinity purification. First, 5 μl anti-Myc antibody was 
added to 1 ml clarified lysates supplemented with complete 
protease inhibitors (Roche, Basel, Switzerland), 0.2% NP-40, and 

found in most other single cellular organisms (Supplemental Table 
S3). As to the sixth PCI subunit, Csn4, we provide evidence for an-
other strategy whereby an organism can get by with a limited rep-
ertoire of subunits—by utilizing a single protein as a subunit in two 
separate complexes. The closest paralogue on the same PCI 
branch, Rpn5 in this case (Supplemental Figure S1), replaces the 
ostensibly missing Csn4 (Supplemental Figure S4). Functional pro-
miscuity due to their shared evolutionary origins may have allowed 
some organisms to lose CSN4 and retain Rpn5. This is the first ex-
ample of a subunit shared between CSN and lid, yet in this respect 
Rpn5 may reflect a wider phenomenon. For example, eIF3 and CSN 
in S. cerevisiae may also share Csn11/Pci8 (Shalev et al., 2001), 
Csn7 in C. elegans may be replaced by eIF3m/Cif1 (Luke-Glaser 
et al., 2007), and in fission yeast a mutation in eIF3e/int6 is partially 
rescued by Rpn5 (Sha et al., 2007). Finding three eIF3 subunits 
(eIF3a, eIF3b, and Tif31) with affinity-purified CSN (Supplemental 
Table S6) may also point to links between subunits of the three PCI 
complexes. Notably, the rump eIF3 in S. cerevisiae appears to lack 
some of the components found in the larger, more complex ver-
sions in multicellular eukaryotes (Burks et al., 2001; Zhou et al., 
2008). Some missing subunits of well-conserved complexes in 
S. cerevisiae or other organisms may simply have been replaced by 
their next of kin.

MATERIALS AND METHODS
Yeast media and growth conditions
Yeast cells were grown under standard growth conditions at 30°C 
unless otherwise indicated. Yeast strains and plasmids used in this 
study are listed in Supplemental Tables S2 and S3.

Yeast strains
Wild-type (WT) or deletion strains were purchased from EURO-
SCARF (Frankfurt, Germany). All genomically C-terminal TAP-tagged 
strains (calmodulin-binding peptide followed by two immunoglobu-
lin G–binding domains of protein A; termed herein CBP-A2) were 
purchased from Open Biosystems (Huntsville, AL).

Cloning
Csn9 was tagged in different background strains as follows. CSN9-
Myc13 was generated through a PCR-based gene modification 
using the pFA6-13Myc-His3MX6 (Longtine et al., 1998). The PCR 

FIGuRE 8: Model describing participation of ScRpn5 in lid and CSN. 
The CTD of the PCI region of Rpn5 is critical for complex integrity of 
both complexes. Removal of Rpn5 CTD leads to CSN disassembly and 
is sufficient to abolish all measurable derubylation activity. Some 
proteasome subunits are improperly integrated into lid containing 
mutated Rpn5, although other intralid interactions are maintained for 
Rpn5 lacking its CTD and are sufficient to confer partial proteasome 
structure and cellular viability.
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300 mM NaCl and kept on ice for 2 h. Next, 20 μl slurry protein 
A/G beads (Stratagene/Agilent, Santa Clara, CA) were added and 
samples rolled at 4°C for 1 h. Beads were washed twice with 
binding buffer and bound proteins eluted by addition of Myc 
peptide (1 mg/ml).

Immunoprecipitation. Whole cell extract was concentrated with 
15% polyethylene glycol 3350 and pellet resuspended in 
phosphate-buffered saline (PBS) containing 0.4% Triton X-100. 
Then 3 μl anti-Rpn5 antibodies and 30 μl slurry protein A/G beads 
were added for 3 h. Beads were washed four times with PBS buffer 
containing 0.1% Tween 20 and proteins dissolved in 5× Laemmli 
sample buffer.

Calmodulin-based affinity purification. Isolation of Rpn5 
utilized the calmodulin binding properties of the CBP-A2 tag 
because the tag tended to cleave posttranslationally from Rpn5, 
yielding a heterogeneous population of Rpn5-CBP and Rpn5-
CBP-A2. Cells harvested from 1 l dense cultures in a stationary 
phase were resuspended in CBP binding buffer (50 mM Tris [pH 
7.4], 250 mM NaCl, 10 mM MgCl2, 2 mM CaCl2, 2 mM ATP, 1 mM 
DTT, and 10% glycerol) and lysed by French press. Clarified 
lysates were rolled with calmodulin beads (GE Healthcare, 
Waukesha, WI) for 3 h at 4°C and washed with 20 volumes of 
binding buffer. Bound proteins were eluted in elution buffer (same 
as the binding buffer, but containing 2 mM ethylene glycol 
tetraacetic acid instead of 2 mM CaCl2).

Biochemical activities and assays
Derubylation assay. Protein samples were incubated at 30°C with 
whole cell extract prepared from Δcsn5 in buffer A. Aliquots were 
collected at indicated time points and quenched by mixing with 
SDS sample buffer. Rubylation status of Cdc53 was detected by 
immunoblotting with anti-Cdc53.

Peptidase activity. Proteasome peptidase activity was studied 
either in solution or in native PAGE using the substrate succinyl-
LLVY-7-amido-4-methylcoumarinfluorescent peptide (Bachem, 
Bubendorf, Switzerland) as previously published (Glickman et al., 
1998b; Glickman and Coux, 2001).
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