
880 | A. F. Savulescu et al. Molecular Biology of the Cell

Nuclear import of an intact preassembled 
proteasome particle
Anca F. Savulescu, Hagai Shorer*, Oded Kleifeld, Ilana Cohen, Rita Gruber, Michael H. Glickman, 
and Amnon Harel
Department of Biology, Technion-Israel Institute of Technology, Haifa 32000, Israel

This article was published online ahead of print in MBoC in Press (http://www 
.molbiolcell.org/cgi/doi/10.1091/mbc.E10-07-0595) on February 2, 2011.
*Present address: Protalix Biotherapeutics, Carmiel, Israel.
Address correspondence to: Amnon Harel (amharel@tx.technion.ac.il).
Abbreviations used: BAPTA, 1,2-bis(o-aminophenoxy)ethane-N,N,N’,N’-tetra 
acetic acid; CP, core particle; FG, phenylalanine–glycine; NLS, nuclear localization 
signal; NPC, nuclear pore complex; RP, regulatory particle.
© 2011 Savulescu et al. This article is distributed by The American Society for Cell 
Biology under license from the author(s). Two months after publication it is avail-
able to the public under an Attribution–Noncommercial–Share Alike 3.0 Unported 
Creative Commons License (http://creativecommons.org/licenses/by-nc-sa/3.0).
“ASCB®,“ “The American Society for Cell Biology®,” and “Molecular Biology of 
the Cell®” are registered trademarks of The American Society of Cell Biology.

ABSTRACT The 26S proteasome is a conserved 2.5 MDa protein degradation machine that 
localizes to different cellular compartments, including the nucleus. Little is known about the 
specific targeting mechanisms of proteasomes in eukaryotic cells. We used a cell-free nucle-
ar reconstitution system to test for nuclear targeting and import of distinct proteasome 
species. Three types of stable, proteolytically active proteasomes particles were purified 
from Xenopus egg cytosol. Two of these, the 26S holoenzyme and the 20S core particle, 
were targeted to the nuclear periphery but did not reach the nucleoplasm. This targeting 
depends on the presence of mature nuclear pore complexes (NPCs) in the nuclear envelope. 
A third, novel form, designated here as 20S+, was actively imported through NPCs. The 
20S+ proteasome particle resembles recently described structural intermediates from other 
systems. Nuclear import of this particle requires functional NPCs, but it is not directly regu-
lated by the Ran GTPase cycle. The mere presence of the associated “+” factors is sufficient 
to reconstitute nuclear targeting and confer onto isolated 20S core particles the ability to be 
imported. Stable 20S+ particles found in unfertilized eggs may provide a means for quick 
mobilization of existing proteasome particles into newly formed nuclear compartments dur-
ing early development.

INTRODUCTION
The distinctive feature of all eukaryotic cells is compartmentaliza-
tion, which is achieved by a set of membrane boundaries and their 
associated translocation machineries. The nuclear border consists of 
the two concentric membranes of the nuclear envelope, which con-
verge at the sites of nuclear pore complexes (NPCs; Hetzer and 
Wente, 2009). NPCs are huge proteinaceous assemblies that form 
gated channels for selective bidirectional traffic between the cyto-
plasm and the nucleus (Weis, 2003; Fahrenkrog et al., 2004). Most 
nuclear transport pathways are mediated by specific shuttling re-
ceptors and are regulated by the small GTPase Ran (Gorlich et al., 
1996). Importin β, the prototypic nuclear import receptor, ferries 

proteins into the nucleus through the use of adaptor molecules, 
such as importin α, or by direct binding of some cargoes. Distinct 
transport pathways are defined by combinations of specific shut-
tling receptors and their adaptors (Fried and Kutay, 2003; Fahrenkrog 
et al., 2004; Harel and Forbes, 2004; Pemberton and Paschal, 
2005).

The 26S proteasome is a highly conserved 2.5 MDa supramo-
lecular assembly that is responsible for the degradation of most cy-
tosolic, nuclear, and endoplasmic reticulum-associated proteins (ER) 
(Glickman and Ciechanover, 2002; Finley, 2009). The proteasome 
holoenzyme is a molecular machine composed of a catalytic 20S 
core particle (20S CP) connected to one or two ATP-dependent 
regulatory 19S complexes (19S RP) (Pickart and Cohen, 2004). Poly-
ubiquitinated proteins are targeted to the 19S RP, which is respon-
sible for their ATP-dependent unfolding and threading through a 
narrow channel into the internal cavity of the 20S CP (Glickman and 
Ciechanover, 2002; Pickart and Cohen, 2004). The 20S CP is com-
posed of four stacked heptameric rings, each made up of seven re-
lated but nonidentical α or β subunits. The β subunits contain three 
types of functional peptidase sites that carry out the degradation of 
substrates inside the internal cavity of the core particle (Glickman, 
2000; Glickman and Ciechanover, 2002; Finley, 2009). Although in 
most studies the 26S proteasome holoenzyme seems to be the 
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RESULTS
Proteasomes associate with functional nuclei reconstituted 
in vitro from Xenopus egg extract
Amphibian eggs contain a large reservoir of nuclear components, 
which are stored for use during the rapid cell divisions that follow 
fertilization. This forms the basis for the use of cell-free systems to 
study nuclear assembly and dynamics (Forbes et al., 1983; Lohka 
and Masui, 1983; Murray and Kirschner, 1989). We used Xenopus 
egg extracts to assemble functional nuclei around templates of de-
membranated sperm chromatin. A typical assembly mixture con-
taining cytosol, membrane vesicles, and chromatin templates leads 
to robust assembly of nuclei within 1 h of incubation. Nuclear enve-
lopes replete with functional NPCs are formed around decondensed 
chromatin, and endogenous nuclear proteins from the extract are 
gradually imported into the reconstituted nuclei. Following assem-
bly, we monitored the redistribution of proteasome subunits be-
tween the nuclear and cytoplasmic compartments. Nuclei were 
separated from cytosol by centrifugation through a sucrose cushion 
and the resulting fractions were immunoblotted with various anti-
bodies. Actin served as a cytosolic marker and was completely ex-
cluded from nuclei, while significant amounts of both histone H3 
and the nucleoporin Nup107 were detected in the nuclear fraction. 
Similarly, α7 (a 20S CP subunit) and Rpn2 (a component of the 19S 
RP) were detected in both the cytosolic and nuclear fractions 
(Figure 1A). Next, nuclear targeting of proteasomes was visualized 
by immunofluorescence staining (Figure 1B). Successful reconstitu-
tion of nuclei was confirmed with an antibody directed against 
Nup358, the major component of the cytoplasmic filaments of the 
NPC. In parallel, immunostaining with the proteasome markers α7 
and Rpn2 indicated that a portion of these endogenous compo-
nents in Xenopus egg extract associates with the reconstituted nu-
clei. The staining pattern suggests that these 20S CP and 19S RP 
components are not merely associated with nuclear envelopes but 
also reach the nuclear interior.

active and primary form, it may exist in a dynamic equilibrium with 
its subcomplexes (20S CP and 19S RP) in different cell types or in 
response to changes in growth conditions (Godon et al., 1998; 
Bajorek et al., 2003; Liu et al., 2006; Tonoki et al., 2009; Tsvetkov 
et al., 2009).

Proteasomes have been localized to many different compart-
ments within eukaryotic cells, including the cytoplasm, specific 
intranuclear locations (the nucleolus, promyelocytic leukemia 
[PML]-nuclear bodies, and chromatin), the nuclear envelope, the 
outer side of the endoplasmic reticulum, and cytoskeletal ele-
ments (Olink-Coux et al., 1994; Palmer et al., 1996; Arcangeletti 
et al., 1997; Reits et al., 1997; Wilkinson et al., 1998; Wojcik,  
1999; Mattsson et al., 2001; Gordon, 2002; Wojcik and DeMartino, 
2003; Girao et al., 2005; Adori et al., 2006; von Mikecz et al., 
2008). Little is known about the dynamic distribution and regu-
lated activity of proteasomes in the context of these different lo-
cations. Equally unknown is the identity of most of the cellular 
factors responsible for targeting and/or anchoring proteasomes 
to specific locations. Nuclear import of newly synthesized protea-
some subunits has been investigated in some detail in yeast. 
These studies suggest that yeast 20S CP components are im-
ported into the nucleus as inactive precursor complexes by the 
importin α/β pathway, possibly aided by additional factors such as 
the maturation factor Ump1 (Lehmann et al., 2002). Additional 
evidence suggests that components of the 19S regulatory com-
plex are imported separately and independently from the 20S CP 
(Wendler et al., 2004; Isono et al., 2007). Thus in yeast the 26S 
proteasome may be assembled inside the nucleus from different, 
independently imported modules. The difficulty in assessing the 
dynamic distribution of proteasomes in living cells stems from the 
high abundance of these particles and their affinity to many differ-
ent cellular substructures. Because proteasomes are essential, 
long-lived complexes, de novo synthesis of proteasomal subunits 
occurs in addition to stable pools of 20S CP and 26S particles and 
adds to this complexity. Although most studies have focused on 
de novo synthesized subunits, work in digitonin-permeabilized 
mammalian cells has suggested that intact proteasome particles 
may be imported into nuclei under some conditions (Wang et al., 
1997; Mayr et al., 1999). At a width of 15–20 nm, import of intact 
20S or even 26S proteasome complexes is potentially possible, 
given that the gated channel of the NPC has been shown to 
expand and to accommodate cargoes with a diameter of up 
to ∼39 nm (Pante and Kann, 2002).

In many arrested cells, such as oocytes and unfertilized eggs 
of various animal species, proteasomes exhibit distinct cytoplas-
mic staining patterns but are excluded from meiotic spindles and 
chromatin. Dramatic changes are observed after fertilization and 
in the early cleavage divisions, with rapid accumulation of protea-
somes inside newly formed nuclei (Ryabova et al., 1994; reviewed 
by Wojcik and DeMartino, 2003). To address the dynamic distri-
bution of intact proteasomes across the nucleocytoplasmic bor-
der, we chose to use a cell-free system derived from Xenopus 
egg extracts. These extracts have been widely used in experi-
mental cell biology because of their ability to maintain specific 
cell-cycle states and to recapitulate in vitro many of the events in 
early embryonic development (Forbes et al., 1983; Lohka and 
Masui, 1983; Murray and Kirschner, 1989; Finlay and Forbes, 
1990; Hirano and Mitchison, 1991; Murray et al., 1996; Harel 
et al., 2003b). Specifically, we used interphase extracts to recon-
stitute nuclei with functional NPCs. We then followed the target-
ing and import of distinct proteasome species into the newly 
formed nuclear compartments.

FIGURE 1: Nuclear targeting of proteasomes. (A) In vitro 
reconstituted nuclei were separated from the surrounding cytosol by 
centrifugation through a sucrose cushion, as described in Materials 
and Methods. Total reaction, cytosolic, and nuclear fractions were 
immunoblotted with specific markers. Note that actin is exclusively 
cytosolic, while a fraction of the histone and nucleoporin markers are 
recruited to nuclei within the time of incubation. The α7 and Rpn2 
proteasome subunits are also significantly recruited to the nuclear 
fraction. (B) Reconstituted nuclei were fixed and processed for 
indirect immunofluorescence. DNA was stained with Hoechst 33258 
(left column). Anti-Nup358 exhibits the typical punctuate rim staining 
of NPC components. Both α7 and Rpn2 antibodies exhibit punctuate 
staining throughout the nucleus. Scale bar, 10 μm.
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corroborated by immunofluorescence stain-
ing with anti-α7 (Figure 2C). An earlier stage 
in assembly is represented by GTPγS-
inhibited intermediates, which contain un-
fused membrane vesicles docked onto chro-
matin. Again the α7 proteasomal marker 
was absent from these isolated intermedi-
ates (Figure 2D). Taken together, our results 
suggest that endogenous proteasomes are 
partially localized to newly formed nuclei. 
This nuclear targeting requires mature nu-
clear envelopes containing NPCs.

Biochemical purification of functional 
proteasome species from Xenopus 
egg extract
Having found that endogenous proteasome 
subunits redistribute to newly formed nuclei 
(Figures 1 and 2), we asked whether they 
enter as mature, functional proteasome 
complexes. Proteasomes in dividing cells 
are usually found as a mixture of 20S CPs 
and 26S holoenzymes. These two molecular 
species are easily resolved by nondenatur-
ing PAGE (“native gels”) (Rechsteiner et al., 
1993; Bajorek et al., 2003). Indeed, we 
found two proteasome species in Xenopus 
interphase egg extract: the slower migrat-
ing 26S holoenzyme doublet, and a faster 
migrating, proteolytically active form that 
appeared to correspond to the 20S CP 
(Figure 3A, extract). These functional pro-
teasomes serve as the source for purifying 
proteasome complexes from egg extract 
(see Materials and Methods, Supplemental 
Figure S1, and Peters et al., 1991). Isolated 
26S proteasome particles retained their pro-
teolytic activity (Figure 3A) and contained all 
the known bona fide proteasome subunits, 
as determined by mass spectrometry analy-
sis (Supplemental Table S1). However, these 
isolated 26S particles did not accumulate 
inside in vitro reconstituted nuclei (unpub-
lished data; see Figure 4). This initial obser-
vation raised the possibility that fully assem-
bled 26S proteasome holoenzymes cannot 
be imported through NPCs. We next at-
tempted to purify the 20S CP using a series 
of biochemical purification steps based on 

established protocols from budding yeast (Supplemental Figure S1 
and Materials and Methods). This process resulted in the isolation of 
the faster migrating form, as determined by native gel analysis (Fig-
ure 3A, right). However, when analyzed by denaturing gel electro-
phoresis, the 20S CP sample contained several additional protein 
bands with apparent molecular masses above the 20S α and β sub-
units (Figure 3B, silver staining, middle column). Mass spectrometry 
analysis identified the 19S subunits Rpn1 and Rpn2, as well as Hsp90 
and importin β, among these components (Supplemental Table S2). 
More stringent conditions, involving salt treatment and hydroxyape-
tite chromatography, stripped off these proteins and yielded typical 
“naked” 20S core particles (Supplemental Figure S1 and Figure 3, A 
and B, 20S lanes).

The observed nuclear localization of proteasomes could be the 
result of an interaction with chromatin prior to nuclear assembly or of 
specific targeting to nuclei after they are fully formed. To differenti-
ate between these possibilities, we used known inhibitors that inter-
fere with the early stages of nuclear assembly (Macaulay and Forbes, 
1996; Harel and Forbes, 2004). As shown schematically in Figure 2A, 
nuclear assembly is a sequential process that can be blocked at dis-
tinct steps by the nonhydrolyzable GTP analog, GTPγS, and the cal-
cium chelator BAPTA, which results in aborted assembly intermedi-
ates lacking mature NPCs and the majority of nuclear pore subunits 
(Harel et al., 2003a). The proteasomal α7 and Rpn2 subunits did not 
associate with BAPTA-inhibited intermediates, which contain fully 
sealed nuclear membranes with no NPCs (Figure 2B). This result was 

FIGURE 2: Proteasome targeting requires mature nuclear envelopes and NPCs. (A) Schematic 
representation of major steps and known chemical inhibitors of the nuclear assembly pathway 
(reviewed by Harel and Forbes, 2004). The addition of GTPγS at t = 0 of nuclear reconstitution 
results in unfused membrane vesicles docked on the surface of chromatin. BAPTA inhibits a 
subsequent step, resulting in aborted assembly intermediates with sealed double nuclear 
membranes, but no NPCs (poreless nuclei). If nuclear assembly is allowed to proceed normally 
and recombinant Impβ 45–462 is later added, mature NPCs are formed, but nuclear transport is 
blocked (plugged pores). (B) Separation of nuclear and cytosolic fractions was carried out as in 
Figure 1A and compared between normal nuclei (left three columns) and BAPTA-inhibited 
intermediates (right three columns). Proteasome markers were missing in BAPTA-inhibited 
nuclear intermediates. (C) Normal (functional) nuclei and BAPTA-inhibited intermediates were 
immunostained with anti-α7 as in Figure 1B. Scale bar, 10 μm. (D) Separated nuclear and 
cytosolic fractions were compared between normal assembly and GTPγS-inhibited reactions. The 
α7 proteasomal marker is absent from the aborted assembly intermediates.
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noblot analysis. The three purified protea-
some preparations (26S, 20S+, and 20S) 
were resolved by nondenaturing (native) 
gels. Loading was normalized based on a 
denaturing (SDS–PAGE) immunoblot with 
anti-α7, a subunit that is present in all three 
particles (Figure 3A, α7 immunoblot). We 
note that the in-gel activity of the 20S+ 
form appears to be stronger than that of 
comparable 20S CPs. All bands showing 
peptidase activity in the native gel were 
identified by the same anti-α7 antibody in 
the nondenaturing immunoblot (Figure 3C, 
left). Anti-Rpn2 reacted with both 26S bands 
and 20S+, indicating that these complexes 
contain Rpn2 as a stably comigrating com-
ponent. No Rpn2 was identified in the 20S 
band (Figure 3C, middle). On the basis of 
the signal intensities of anti-Rpn2 relative to 
anti-α7 in each species, it may be concluded 
that Rpn2 is found at lower levels in 20S+ 
(this is also seen for Rpn2 in the denaturing 
immunoblot in Figure 3B). Anti-Hsp90 re-
acted only with 20S+ (Figure 3C, right) and 
is missing from 26S and 20S. Most impor-
tantly, the alignment of the three nondena-
turing immunoblots shows that α7, Rpn2, 
and Hsp90 are all present in the same na-
tive complex, which corresponds to the 
single proteolytically active band of 20S+. 
In addition, coimmunoprecipitation per-
formed with anti-Rpn2 in unfractionated 
egg cytosol demonstrated that Rpn2 and 
the 20S CP subunit α7 are found in a com-
mon complex, which lacks Rpt1 (Figure 3D). 
Together, our results suggest that Rpn2 and 
Rpn1 (Supplemental Table S2) may associ-
ate with the 20S CP independently of other 
19S RP subunits and that they can form a 
stable particle form that also contains Hsp90 
(see Discussion).

Thus it is possible to biochemically ob-
tain three distinct types of proteasome com-
plexes from egg extract, although it is diffi-
cult to distinguish between them solely by 
in-gel peptidase activity in native gel elec-
trophoresis.

26S and 20S particles are targeted to the nuclear periphery 
while 20S+ is imported through nuclear pores
With three proteasome species in hand, we could label the purified 
particles and introduce them into reconstitution reactions to test 
their nuclear targeting capacity. Each of the purified particles (26S, 
20S+, and 20S) was fluorescently labeled and added into in vitro 
reconstitution reactions after nuclei had fully formed. A large num-
ber of nuclei were examined, in multiple reactions, by epifluores-
cence and confocal microscopy. Each of the three proteasome spe-
cies displayed a consistent targeting behavior, demonstrated by a 
series of optical sections shown for representative nuclei in each 
category in Figure 4. Both the 26S holoenzyme and the 20S CP 
strongly accumulated at the nuclear periphery, giving a punctuate 
nuclear rim but no intranuclear staining. By contrast, the 20S+ 

These results suggest that core particles that are not incorpo-
rated into 26S holoenzymes may associate with other factors to 
yield a stable complex. Specifically, in Xenopus egg extract we re-
port the presence of a 20S-associated molecular species, which we 
refer to here as 20S+. This particle is not easily discerned from the 
20S CP by native gel separation (Figure 3A). Immunoblotting puri-
fied proteasome samples identified both Rpn2 and Hsp90 in the 
20S+ sample, comigrating as a ∼100 kDa band (Figure 3B). By con-
trast, only Rpn2 was detected in 26S complexes. Other 19S regula-
tory complex subunits were missing from the purified 20S+ particle, 
as demonstrated for the Rpt1 ATPase that was detected only in the 
26S holoenzyme (Figure 3B).

To confirm that the components in the 20S+ preparation were 
present as a stable complex, we performed nondenaturing immu-

FIGURE 3: Biochemical purification of three distinct species of proteasome particles.  
(A) Migration of endogenous proteasomes (extract) and purified particles (designated 26S, 
20S+, and 20S) in native gels. Active particles were visualized by the Suc-LLVY-AMC peptide, 
which becomes fluorescent upon proteolytic cleavage in the internal cavity of the proteasome 
core particle. The slower migrating top two bands correspond to single- and double-capped  
26S forms known from yeast extracts and other systems. The 20S+ particle shows higher 
peptidase activity than an equivalent sample of the 20S CP. (B) Silver staining (top) and 
immunoblot analysis (bottom) of samples of the three purified particle preparations, following 
denaturing SDS–PAGE. The blot was probed with antibodies directed against α7 (a 20S CP 
subunit), Rpn2 and Rpt1 (19S subunits), and Hsp90, which is only detected in the 20S+ particle. 
(C) Identical samples of the three purified particle preparations (26S, 20S+, and 20S) were 
loaded for the in-gel peptidase activity assay shown in (A) and in three native gels used for 
immunoblotting. Equal loading based on anti-α7 reactivity in a denaturing immunoblot is shown 
in the bottom strip of (A). The native blots were probed against α7, Rpn2, and Hsp90, all of 
which were detected in the single band of the 20S+ particle. (D) Immunoprecipitation out of 
Xenopus egg cytosol was performed with affinity-purified antibodies generated against the 
central PC-repeat domain of xRpn2, or control rabbit IgG. Rpn2 and α7 were 
coimmunoprecipitated, but Rpt1 was missing, indicating the presence of an endogenous particle 
in the extract containing the 20S CP together with an exposed Rpn2 subunit.
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particle accumulated inside the nucleus, implying that it was im-
ported through NPCs (Figure 4, middle row).

Labeled 20S+ particles were not targeted to BAPTA-inhibited 
(poreless) nuclear intermediates (Figure 5A). This result confirms our 
conclusion from Figure 2 that targeting depends on the presence of 
NPCs rather than being a general feature of nuclear membranes. 
Similarly, labeled 26S and 20S particles did not stain BAPTA-inhib-
ited nuclear intermediates (Supplemental Figure S2). These results 
indicate that all three proteasome species can accumulate at the 
nuclear envelope if nuclear pores are present, and a unique feature 
of 20S+ enables it to be imported and reach the nucleoplasm.

Next we assembled normal nuclei with functional NPCs and sub-
sequently added the recombinant Impβ 45–462 protein. This domi-
nant negative form of importin β is known to irreversibly bind phenyl-
alanine–glycine (FG) repeat nucleoporins in preexisting NPCs and 
block the central pore channel, thus preventing nuclear transport 
(Figure 2A; Kutay et al., 1997; Jaggi et al., 2003). When labeled 20S+ 
particles were introduced to nuclei with plugged pores, we observed 
strong accumulation at nuclear rims but no intranuclear staining (Fig-
ure 5B). This finding suggests that 20S+ particles were no longer 
able to translocate through the pore channel but could still bind to 
the cytoplasmic side of the NPC. To complement the experiments 
performed with fluorescently labeled proteasome particles, we went 
back to the separation of nuclei from cytosol (Figures 1A and 2B). 
Normal nuclei, BAPTA-inhibited intermediates, and nuclei with 
plugged pores were probed for the endogenous α7 subunit, which 
is present in all three types of proteasome particles. The results con-
firm that proteasomes do not cofractionate with nuclei when NPC 

assembly is inhibited by BAPTA and that a 
smaller portion of endogenous proteasomes 
cofractionates with nuclei after plugging the 
NPCs with Impβ 45–462 (Figure 5C).

20S+ is imported in a Ran-independent 
manner
The purified 20S+ particle was the only one 
out of the three proteasome species that 
was imported through NPCs. This suggests 
that a unique feature of 20S+ (e.g., the pres-
ence of associated copurifying proteins) 
confers this ability. Shuttling transport re-
ceptors of the importin β superfamily all 
share an N-terminal Ran-binding domain. 
For import receptors, the binding of RanGTP 
induces cargo release within the target com-
partment, the nucleus (Strom and Weis, 
2001; Fried and Kutay, 2003). Mutant forms 
of the Ran GTPase, which are locked in the 
GTP-bound form, disrupt nuclear import 
pathways by binding the receptors and dis-
sociating import complexes in the cyto-
plasm. To ask whether the import of the 
20S+ particle is mediated by import recep-
tors in one of the canonical pathways, we 
used the RanQ69L mutant, preloaded with 
GTP (Klebe et al., 1995). Nuclei were recon-
stituted in vitro and import of labeled 20S+ 
particles was followed simultaneously with a 
classical nuclear localization signal (NLS) 
substrate, which is imported by the importin 
α/β pathway. Control nuclei exhibited simul-
taneous accumulation of the NLS substrate 

FIGURE 4: Nuclear targeting and import of fluorescently labeled 
proteasomes. Purified 26S, 20S+, and 20S particles were fluorescently 
labeled and added into nuclear reconstitution reactions after the 
assembly of functional nuclei had been completed. Samples were 
fixed and analyzed by confocal microscopy. For each of the three 
particles a representative nucleus is shown, starting with a surface 
(top) view section on the left, and followed by three consecutive 
1-μm-thick confocal sections through the middle of the nucleus. The 
labeled 26S and 20S particles accumulate at the nuclear envelope, 
while the 20S+ particle reaches the nucleoplasm.

FIGURE 5: Nuclear targeting of the 20S+ particle requires functional NPCs. (A) Labeled  
20S+ particles were added into normal reconstitution reactions (functional nuclei), or 
reactions in which NPC assembly was inhibited by BAPTA (poreless nuclei). Samples were 
fixed and analyzed by epifluorescence microscopy; 20S+ staining was not observed in 
BAPTA-inhibited intermediates. (B) Normal reconstituted reactions were split in two 
and 8 μM Impβ 45–462 was added to plug the channel of preassembled NPCs in one sample. 
Labeled 20S+ particles were then added to both samples. Consecutive confocal sections 
through the middle of representative nuclei are shown. The 20S+ accumulated inside normal 
nuclei, but only stained the nuclear envelope when pores were plugged. (C) Nuclear and 
cytosolic fractions were separated and immunoblotted with the α7 proteasomal marker, as in 
Figure 2. Normal nuclei were compared with BAPTA-inhibited nuclei [corresponding to 
poreless intermediates in (A)], and Impβ 45–462 was added after assembly [plugged pores in 
(B)]. The α7 subunit is not detected in the nuclear fraction of BAPTA-inhibited intermediates 
and a smaller portion of α7 cofractionates with plugged-pore nuclei as compared with normal 
nuclei.
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Next we asked whether the isolated + fraction could interact with 
the 20S CP and reconstitute an import-compatible particle. To this 
end, we incubated the unlabeled, concentrated + fraction with la-
beled 20S particles prior to their addition into the import assay. In 
the absence of the additional + components, 20S particles did not 
reach the nucleoplasm in the majority of nuclei tested, reiterating 
our earlier observations. By contrast, when preincubated with the 
concentrated + fraction, a dramatic shift in proteasome distribution 
was observed. About half of the nuclei showed clear intranuclear 
staining of labeled proteasome particles (Figure 7B). This finding 
suggests that components of the unlabeled + fraction were able to 
interact with the 20S particles and drive their import into the nucleo-
plasm.

Different 19S subunits show distinct nuclear 
targeting properties
The Rpn1 and Rpn2 subunits can be targeted to the nucleoplasm 
through mature NPCs, as part of the 20S+ particle. Other 19S com-
ponents are missing from this particle, which raises the question 
whether they might be separately targeted to the nuclear compart-
ment. To begin to address this question, we used a monoclonal an-
tibody directed against the Rpt5 ATPase and checked the localiza-
tion of the endogenous protein in reconstituted nuclei by 
immunofluorescence. Anti-Rpt5 produced a strong intranuclear 
staining pattern in normal nuclei, which was similar to the result 
obtained with the anti-α7 20S CP subunit (Figure 8A; see also 
Figure 1B for the endogenous α7 and Rpn2). Surprisingly, anti-Rpt5 
also strongly stained the poreless assembly intermediates formed in 
the presence of BAPTA (Figure 8A). This was in sharp contrast to the 
lack of staining of poreless nuclei by anti-α7 (Figures 8A and 2C) or 
by labeled 20S+ particles (Figure 5A). This contrast suggests that at 
least the Rpt5 ATPase subunit of the 19S regulatory particle is able 
to reach the nuclear interior by a separate targeting mechanism 
from that of 20S+. Confirming this observation, immunoblots 
showed that α7 and Rpn2 were found only in normal nuclei, whereas 
Rpt5 was detected in the nuclear fraction of both normally assem-
bled and poreless nuclei (Figure 8B).

Taken together, our results suggest that, of the 19S RP subunits, 
at least Rpn1 and Rpn2 can enter the nucleus as part of the 20S+ 
particle, which is imported through active, unplugged nuclear pores. 
Other 19S subunits may be separately targeted, as exemplified for 
the Rpt5 ATPase, which is found in newly formed nuclear compart-
ments even in the absence of mature pores. We propose that the 
import of the 20S+ particle may form the basis for the assembly of 
the full proteasome holoenzyme inside the nucleus.

DISCUSSION
In this study, we use the Xenopus nuclear reconstitution system to 
follow the dynamic distribution of proteasomes across the nucleocy-
toplasmic border. We demonstrate the existence of stable protea-
some particles in egg cytosol and their redistribution following nu-
clear assembly. We purify three distinct populations of proteolytically 
active proteasomes from Xenopus eggs and provide evidence that 
intact particles of one specific type can be imported through NPCs 
into the nucleoplasm.

It is not surprising to find active proteasome particles in extracts 
made from unfertilized eggs, since proteasome activity is essential 
for cell-cycle transitions in early development, long before the acti-
vation of the zygotic transcription program (Newport and Kirschner, 
1982; Murray et al., 1996). Three distinct populations of protea-
somes were obtained from egg cytosol using biochemical purifica-
tion methods. Two of these, the 26S holoenzyme and the 20S CP, 

(red) and 20S+ particles (green) in the nucleoplasm (Figure 6A, top). 
By contrast, nuclei that were preincubated with RanQ69L-GTP 
showed a complete block in classical NLS import but accumulated 
20S+ particles to normal levels (Figure 6A, bottom). The same issue 
was also addressed by the nuclear–cytosolic fractionation approach 
and the addition of GTPγS at a late stage of reconstitution. In this 
case, unlike the addition at t = 0 (Figure 2, A and D), nuclear mem-
brane fusion and NPC assembly are completed, but subsequent 
GTPase functions including the Ran cycle are blocked. Immunoblot 
analysis of the separated fractions did not show a reduction in the 
nuclear fraction of the α7 proteasomal marker following GTPγS ad-
dition (Figure 6B). Thus nuclear import of the 20S+ particle does not 
appear to be regulated by the Ran GTPase cycle.

Reconstitution of an import-compatible proteasome particle
We found one species of proteasome particle, containing the 20S 
CP and additional factors (“20S+”), that was readily imported into 
reconstituted nuclei. To functionally define the factors required for 
nuclear targeting, we collected proteins dissociated from 20S+ core 
particles and further purified them through an additional size exclu-
sion step by gel filtration chromatography (see Materials and Meth-
ods). This isolated “+” fraction still contained multiple components 
including Rpn1, Rpn2, Hsp90, and importin β, but no 20S CP sub-
units (Supplemental Table S3 and Supplemental Figure S1C). We 
first tested whether this isolated + fraction is capable of nuclear im-
port on its own. Fluorescently labeled + fraction components 
strongly accumulated inside reconstituted nuclei and did so in a 
RanGTP-independent manner (Figure 7A). This behavior mirrored 
the targeting behavior of the 20S+ particle (Figures 4 and 6).

FIGURE 6: 20S+ import is not blocked by RanGTP. (A) Reconstituted 
nuclei were preincubated with buffer (control) or 10 μM RanQ69L-GTP 
for 15 min, before the addition of fluorescently labeled 20S+ particles 
and TRITC-NLS-BSA import substrate. Both 20S+ and the NLS 
cargo accumulated in control nuclei (top row; confocal midsection). 
The import of the NLS cargo was blocked in the presence of 
RanQ69L-GTP, while 20S+ particles still accumulated inside the 
nucleus. (B) Nuclear and cytosolic fractions were separated and 
immunoblotted with anti-α7 as in Figure 5C, comparing normal 
nuclei with the addition of 2 mM GTPγS after 1 h of assembly. Both 
reactions were fractionated after 20 min of incubation. The inhibition 
of GTPase functions after nuclear assembly did not affect the nuclear/
cytoplasmic ratio of the α7 proteasomal marker.
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naturally present in egg cytosol, based on 
our immunoprecipitation results (Figure 3D). 
This particle, containing an exposed Rpn2 
subunit, can be isolated from cytosol by 
anti-Rpn2 antibodies. Presumably Rpn2 is 
masked by other, more peripheral subunits 
in the full 26S holoenzyme.

Why would such 20S+ particles be pres-
ent in unfertilized eggs? One possibility is 
that they serve as a reservoir for rapid entry 
into newly formed nuclei after fertilization. 
Indeed when we fluorescently labeled puri-
fied 20S+ particles and introduced them 
into reconstitution reactions, they strongly 
accumulated inside newly formed nuclei 
(Figure 4). By contrast, labeled 26S and 20S 
particles accumulated at the nuclear periph-
ery but did not reach the nucleoplasm. This 
observation suggests that 20S+ may serve 
as a basis for forming a nuclear pool of 26S 
holoenzyme by reassociating inside the nu-
cleus with other 19S subunits. In this sce-
nario, the remainder of the 19S RP subunits 
would be independently imported for as-
sembly onto the 20S+ template. We found 
evidence that at least one 19S subunit, the 
Rpt5 ATPase, is targeted to the nuclear 
compartment before the formation of ma-
ture NPCs (Figure 8) and, therefore, by a 
separate mechanism from 20S+ import.

Preexisting 26S components coming to-
gether within the nucleus may represent a 
distinct pathway from the assembly of new 
proteasomes from de novo synthesized sub-
units. The assembly of the base subcomplex 
of the 19S RP from newly synthesized sub-
units involves four chaperones, each of 
which interacts with one or two of the six Rpt 
ATPases, leading to assembled 26S by more 
than one pathway. According to one model, 

pairs of ATPases, each aided by their dedicated chaperones, dock 
onto the 20S surface accompanied by Rpn2 and Rpn1 recruitment 
to form the base subcomplex (Funakoshi et al., 2009; Kaneko et al., 
2009; Murata et al., 2009). A somewhat distinct model described 
how the 20S itself may serve as a template for base assembly. Aided 
by chaperones, Rpn2 and three ATPases attach to the 20S to form a 
base precursor, which later recruits Rpn1 and the three remaining 
Rpts (Kusmierczyk and Hochstrasser, 2008; Park et al., 2009; Roelofs 
et al., 2009). A separate observation found a stable association of 
the 20S CP with Rpn2 that also included other base and lid compo-
nents yet lacked the ATPases (Hendil et al., 2009). Further work in 
the Xenopus extract system and nuclear targeting data on addi-
tional 19S subunits is needed before a detailed assembly model can 
be proposed and compared with the de novo synthesis scenario.

In vivo, nuclear assembly of the proteasome holoenzyme from its 
components may be required for the resumption of the cell cycle at 
the earliest stages of embryonic development. Intriguingly, high cel-
lular mobility and rapid nuclear import of proteasomes was recently 
reported in fission yeast (Cabrera et al., 2010). Since this was ob-
served in live photobleaching experiments, it presumably reflects 
the mobilization of preexisting proteasome particles. Thus nuclear 
import of intact proteasome particles may also occur alongside 

correspond to typical proteasome conformations identified in many 
other systems (Peters et al., 1993, 1994; Liu et al., 2006). A third 
form, designated here as 20S+, contains the core 20S particle and 
at least two 19S base subunits. This 20S+ species lacks the majority 
of the 19S RP subunits but contains additional copurifying proteins, 
such as Hsp90 and importin β. Similar, though nonidentical, “20S+”-
like species have been purified directly from extracts obtained from 
mammalian cells (Andersen et al., 2009; Hendil et al., 2009) or from 
yeast (Rosenzweig et al., 2008; Zmijewski et al., 2009). One possible 
interpretation of these data is that the isolated 20S+ particle is an 
incomplete purification of the 20S CP. This finding would indicate 
that Rpn1 and Rpn2 interact with the 20S CP more strongly than 
other 19S subunits, and it supports recently published data describ-
ing putative assembly intermediates of the 26S holoenzyme in 
mammalian cells that contain Rpn1 and Rpn2 yet lack most other 
19S RP subunits (Andersen et al., 2009; Hendil et al., 2009). Detailed 
analysis of similar structural complexes in budding yeast indicated 
that Rpn2 and Rpn1 interface directly with the alpha ring surface of 
the 20S CP, forming a stable unit (Rosenzweig et al., 2008). Thus an 
alternative interpretation is that the 20S+ particle represents a sta-
ble proteasome species with its own composition and unique prop-
erties. It is important to note that the 20S+ particle appears to be 

FIGURE 7: Reconstitution of an import-compatible form of the proteasome. (A) The purified + 
fraction was fluorescently labeled and tested in an import assay with reconstituted nuclei, as in 
Figure 6. The labeled + fraction accumulated inside nuclei (right). The addition of RanQ69L-GTP 
blocked the import of TRITC-NLS-BSA cargo, but did not affect the nuclear accumulation of the 
+ fraction. (B) Preincubation of labeled proteasome particles with cytosol prior to their addition 
into nuclear reconstitution reactions did not affect their targeting properties. The 20S+ particles 
were efficiently imported (top row), while 20S particles remained perinuclear (middle row) in the 
majority of nuclei. By contrast, when labeled 20S particles were preincubated with the unlabeled 
+ fraction, about half of the nuclei exhibited substantial intranuclear accumulation together with 
nuclear rim staining (bottom row). The histogram on the right compiles the results of three 
separate experiments, in which individual nuclei were scored as showing either nuclear rim or 
rim + intranuclear staining. Labeled 20S particles were preincubated with cytosol (control) or 
with cytosol supplemented with the concentrated + fraction (reconstitution). Error bars 
represent the SE. Scale bars, 10 μm.
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However, our use of the dominant negative RanQ69L mutant dem-
onstrates that 20S+ import is not directly regulated by the Ran 
GTPase cycle. This does not completely rule out the involvement of 
importin β in 20S+ import, although it probably precludes a simple 
mechanism based on the recognition of classical nuclear localization 
signals through importin α. If 20S+ import was mediated by this 
classical pathway, the RanQ69L mutant would be expected to re-
lease importins from the particle in the cytoplasm and block import. 
Importin β, or other known import receptors, may still be needed for 
translocation through the NPC, whereas a different means is used to 
trigger cargo release. Large cargoes have been suggested to rely on 
the recruitment of multiple transport receptor molecules in gaining 
access through the permeability barrier of the NPC (Ribbeck and 
Gorlich, 2002). Premature release of some receptor molecules from 
a large particle could result in pore clogging and may explain the 
need for a Ran-independent release mechanism. A similar mecha-
nism was previously proposed for Ran-independent import of the 
∼1 MDa U5 snRNP by the snurportin1–importin β heterodimer, 
based on work in digitonin-permeabilized cells (Huber et al., 2002). 
Subsequent work has suggested a different interpretation, involving 
a reduced energy requirement but still depending on Ran (Mitrousis 
et al., 2008). Overall, the examination of large versus small cargoes 
in the canonical transport pathways has pointed to cargo size and 
shape, the number of receptors bound to a specific cargo, and the 
affinities of the receptor–cargo complex for different nucleoporins 
as the main factors affecting the translocation through the NPC 
(Lyman et al., 2002; Ribbeck and Gorlich, 2002). It is unlikely that the 
large 20S+ particle breaks the general rules of passage through the 
selective molecular sieve of the NPC. It is possible, however, that 
this proteasome species forms atypical interactions with transport 
receptors, such as RanGTP-insensitive interactions, or that it inter-
acts directly with nucleoporins.

The nuclear effector of the Wnt signaling cascade, β-catenin, has 
been proposed to shuttle in and out of the nucleus via direct interac-
tions of its arm repeats with the NPC (Fagotto et al., 1998; Yokoya 
et al., 1999; Henderson and Fagotto, 2002). Nuclear export of 
β-catenin was later shown to be enhanced by interactions with 
RanGTP and RanBP3 (Hendriksen et al., 2005). Both Rpn1 and Rpn2 
contain extensive PC repeat domains that are evolutionarily related 
to the arm/HEAT repeats of importin β-like receptors and other pro-
teins (Kajava, 2002). Moreover, yeast Rpn1 and Rpn2 were recently 
shown to form curved α-helical solenoid structures that resemble 
the overall structure of importin β (Effantin et al., 2009). It is tempt-
ing to speculate that the PC repeat domains of these proteins medi-
ate direct interactions with nuclear transport receptors or with the 
NPC itself.

Hsp90, which is consistently detected in preparations of the 
20S+ particle and in the isolated + fraction (Supplemental Tables 
S2 and S3), is another potential interaction partner that is likely 
involved in stabilizing or modulating the proteasome for nuclear 
import. Hsp90 is an abundant component of the 20S+ particle, but 
it is not detected in the 26S proteasome or in the “naked” 20S CP 
(Figure 3, B and C). One hypothesis might be that Hsp90 blocks 
binding surfaces on the 20S CP to halt the normally rapid process 
of holoenzyme assembly and to allow subsequent passage through 
the NPC.

A clear disadvantage of the in vitro nuclear reconstitution sys-
tem, as well as digitonin-permeabilized cells, is that additional 
factors may be recruited to the isolated proteasome particles 
after they are introduced into the system. Specific import factors 
could be recruited to the 20S+ particle at the nuclear envelope 
or at the NPC itself. Nevertheless, our results demonstrate that 

the import of de novo synthesized subunits in diverse eukaryotic 
systems.

As mentioned earlier, labeled 26S and 20S CPs accumulate at 
the nuclear periphery and exhibit punctate rim staining (Figure 4). 
Because these labeled particles do not stain poreless BAPTA-inhib-
ited intermediates, their targeting to normal nuclei suggests docking 
onto mature NPCs. Interestingly, plugging NPCs with Impβ 45–462 
also causes labeled 20S+ particles to produce a punctuate nuclear 
rim staining. This finding implies that the import of the 20S+ particle 
may be a two-step process consisting of docking on the cytoplasmic 
face of the NPC, followed by translocation into the nucleoplasm. 
Taken together, our results suggest that all three species of protea-
some particles can dock onto NPCs, perhaps through a common 
constituent of the 20S CP. Further work is needed to identify the 
potential docking sites for proteasomes, with the best candidates 
being non-FG domains of cytoplasmic-facing nucleoporins.

What mediates the passage of the large 20S+ particle through 
the NPC and into the nucleoplasm? The usual suspects would be 
import receptors of the importin β superfamily, which deliver their 
cargoes into the nucleus and release them upon binding nuclear 
RanGTP. Ran imposes directionality on the transport process by 
binding the receptor molecules and causing irreversible cargo re-
lease on the nuclear side of the NPC (Stewart, 2007). Indeed impor-
tin β was identified in multiple preparations of the purified 20S+ 
particle and the isolated + fraction (Supplemental Tables S2 and S3). 

FIGURE 8: Different 19S subunits show distinct nuclear targeting 
properties. (A) Normal (functional) nuclei and BAPTA-inhibited  
(poreless) nuclei were immunostained with anti-α7 and anti-Rpt5 and 
analyzed by confocal microscopy. Differential interference contrast 
(DIC) images and confocal midsections are shown for all nuclei. The 
20S CP subunit α7 was missing from poreless nuclei, but anti-Rpt5 
strongly stained these nuclear assembly intermediates. (B) Nuclear 
and cytosolic fractions were separated and compared between 
normal and BAPTA-inhibited nuclei, as in Figure 2B. Immunoblotting 
of the separate fractions confirmed that Rpt5 was present in the 
nuclear fraction in both normal and poreless nuclei, while α7 and Rpn2 
only associated with normal nuclei.
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Egg extracts and nuclear reconstitution
Preparation of demembranated sperm chromatin, Xenopus egg ex-
tracts, and fractionation into cytosolic and membrane fractions were 
performed as previously described (Harel et al., 2003b; Rotem et al., 
2009). For biochemical purification of cytosolic components, the 
crude soluble fraction of egg extract was diluted in two volumes of 
buffer A (25 mM Tris, pH 7.4, 10 mM MgCl2, 10% glycerol, 1 mM 
dithiothreitol) and centrifuged for 1 h at 270,000g to remove mem-
branes and large aggregates. Nuclei were reconstituted by mixing 
Xenopus egg membrane vesicles and cytosolic fractions at a 1:20 
ratio, with an ATP-regeneration system and sperm chromatin, as de-
scribed (Harel et al., 2003b). The nuclear assembly inhibitors, 2 mM 
GTPγS (Roche Applied Science, Mannheim, Germany) and 5 mM 
BAPTA (Calbiochem), were added to this initial reconstitution mix-
ture and incubated for 60 min at room temperature. When inhibition 
or analysis was required after the assembly of functional NPCs, nu-
clear morphology was monitored by staining with Hoechst 33258 
(Sigma-Aldrich, St. Louis, MO) after 50–60 min of assembly. Samples 
were also removed for import analysis with tetramethyl rhodamine 
isothiocyanate (TRITC)-labeled NLS-bovine serum albumin (BSA) 
substrate and for staining with mAb414 (Covance, Princeton, NJ)  
(Harel et al., 2003b). Once nuclear and NPC assembly had been 
confirmed, the reconstitution reactions were diluted by the addition 
of two volumes of 1× Egg lysis buffer + sucrose (ELBS; 10 mM 
HEPES, pH 7.6, 250 mM sucrose, 50 mM KCl, 2.5 mM MgCl2) and 
import substrates or labeled proteasome particles were added for 
an additional incubation of 30 min. To inhibit nuclear import or plug 
existing NPCs, 10 μM RanQ69L-GTP or 8 μM Impβ 45–462 was 
added at the time of dilution (60 min) and incubated with the recon-
stituted nuclei for 15 min before the addition of import substrate or 
labeled proteasome particles. For the reconstitution of an import-
compatible form of the proteasome, labeled particles were preincu-
bated with cytosol, or with cytosol supplemented with the concen-
trated + fraction for 20 min in the dark at room temperature, prior to 
their addition to assembled nuclei. The overall dilution factor of la-
beled proteasomes in relation to the nuclei was kept constant in 
these experiments and in the normal import assays. To quantify the 
reconstitution effect, 20–40 nuclei in each category in three sepa-
rate experiments were randomly chosen and individually scored as 
having either an exclusive rim staining pattern or nuclear rim + intra-
nuclear accumulation. For the separation of nuclear and cytosolic 
fractions, 50 μl reactions were overlaid on 300 μl cushions of 0.5 M 
sucrose in ELBS and centrifuged in a horizontal rotor at 11,000g, 
4°C, for 2 min. Complete recovery of nuclei and nuclear intermedi-
ates was verified by Hoechst 33258 staining and visual inspection. 
Normalized samples of the total reaction, cytosolic, and nuclear 
fractions were immunoblotted with specific markers.

Purification of proteasome particles
Amphibian oocytes and eggs are abundant in proteasomes (Peters 
et al., 1993; Peters et al., 1994; King et al., 1995). Purification proto-
cols for Xenopus proteasome particles were developed on the basis 
of yeast protocols (Glickman et al., 1998; Glickman and Coux, 2001) 
and peptidase activity was monitored with the fluorigenic peptide 
N-succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin (Suc-LLVY-
AMC; Biotest, Dreieich, Germany) throughout the procedure. For 
the purification of 26S holoenzyme, the clarified crude soluble frac-
tion of egg extract was filtered through a 0.45 μm filter (Millipore, 
Billerica, MA) and loaded on a 28 ml DEAE Affi-Gel Blue column 
(Bio-Rad, Richmond, CA), washed extensively in buffer A and eluted 
with 150 mM NaCl in buffer A. ATP (0.5 mM; Sigma-Aldrich), was 
added to the starting material and all subsequent buffers. The 

an import-compatible form of the proteasome can be reconsti-
tuted with the aid of the isolated + fraction. Thus some compo-
nents of this functionally defined set of proteins are sufficient 
to confer nuclear import capability on preexisting 20S core par-
ticles. An important future challenge is to define specific roles 
for each of the interaction partners within the 20S+ sphere of 
interactions.

Nuclear import of intact proteasome particles was first sug-
gested to occur by work in digitonin-permeabilized mammalian 
cells (Wang et al., 1997; Mayr et al., 1999). Proteasomes considered 
to be 20S particles were purified by a standard protocol from hu-
man erythrocytes but were not further characterized in these stud-
ies. It is interesting to consider the possibility that these particles 
were in fact more similar to the 20S+ species described in our study. 
The import of proteasomes from the archaeon Thermoplasma 
acidophilum, observed by Wang et al. (1997), remains unexplained 
but may reflect interactions with import factors derived from the 
permeabilized mammalian cells. Interestingly, when authentic 
20S core particles were purified from budding yeast and tested in 
digitonin-permeabilized mammalian cells, they were not targeted 
to the nucleus (Lehmann et al., 2002).

In summary, we have demonstrated differential nuclear targeting 
and import of three distinct types of proteasome particles purified 
from the cytosol of unfertilized eggs. Import of the novel 20S+ par-
ticle hints at a mechanism allowing for the quick mobilization of ex-
isting proteasome particles into newly formed nuclear compart-
ments. This may be typical of early developmental stages, with a 
large pool of existing particles and rapid formation of new nuclei, 
but could also work alongside de novo synthesis of proteasomal 
subunits in other cellular scenarios.

MATERIALS AND METHODS
Antibodies
Commercially obtained antibodies included monoclonal anti-α7 
(PW8110; Biomol, Plymouth Meeting, PA), monoclonal anti-Rpn2 
(PW9270, Biomol), monoclonal anti-Rpt1 (PW8825, Biomol), mono-
clonal anti-Rpt5 (PW8770, Biomol), rabbit anti-Hsp90 (Ab13495; 
Abcam, Cambridge, UK), rabbit anti–histone H3 (9715; Cell Signal-
ing, Beverly, MA) and goat anti-actin (#sc1615; Santa Cruz Biotech-
nology, Santa Cruz, CA). Rabbit immunoglobulin (IgG; Calbiochem, 
La Jolla, CA) was used as a control in immunoprecipitation experi-
ments. Affinity purified anti-xNup107 was a gift from Ulrike Kutay 
(ETH Zurich, Switzerland) and was previously described (Rotem 
et al., 2009). Rabbit polyclonal antibodies against Xenopus laevis 
Rpn2 and Nup358 were generated for this study and affinity puri-
fied as described (Rotem et al., 2009).

Recombinant protein expression and purification
The coding sequence for xRpn2 aa 312–486 (LOC 734707) was in-
serted into pET28A and expressed as a soluble hexahistidine-T7 
tagged protein in the Escherichia coli strain BL21 (DE3) Rosetta. The 
purified protein was used to immunize two rabbits, and antibodies 
were affinity purified as described (Rotem et al., 2009). Similarly, the 
coding sequence for xNup358 aa: SFQPVPSPSKSPTKLNHSRVS-
VGTDEESDVTQEEERDGQYFEPVV (from a partial clone, GenBank 
accession no. CA983354; see also Walther et al., 2002) was inserted 
into pET28A and used to produce and purify polyclonal antibodies. 
The expression of Impβ 45–462 has been described (Harel et al., 
2003a). Histidine-tagged proteins were purified on Ni-NTA resin 
(Qiagen, Chatsworth, CA) according to standard procedures. 
Expression, purification, and loading of RanQ69L with GTP were 
performed as by Rotem et al. (2009).
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Microscopy
Indirect immunofluorescence staining was performed as previously 
described (Harel et al., 2003b; Rotem et al., 2009) with Alexa Fluor 
488-donkey anti–mouse IgG and Alexa Fluor 568-goat anti–rabbit 
IgG (Invitrogen) as secondary antibodies. For the direct visualization 
of TRITC-NLS-BSA and labeled proteasome particles, nuclei were 
fixed in 3% paraformaldehyde and stained with Hoechst 33258. Im-
ages were acquired on an Olympus BX61TRF epifluorescence mi-
croscope equipped with a DP70 digital camera, or a Zeiss LSM 510 
META confocal microscope. Figures were prepared using LSM soft-
ware and Adobe Photoshop.

resulting material was diluted in buffer A, loaded on a 16 ml Q-
Sepharose FF anion-exchange column (GE Healthcare, Waukesha, 
WI), and resolved on a 300 ml linear gradient of 0–1 M NaCl in buf-
fer A. Peak activity fractions were pooled, concentrated, and loaded 
on a Superose-6 gel filtration column (GE Healthcare) and 0.5 ml 
fractions were collected and concentrated in Amicon Ultra-4 micro-
concentrators (10000 MWCO, Millipore). For the purification of 20S 
or 20S+ particles, ATP was omitted from the buffers, and peak activ-
ity fractions eluted from the Superose-6 column were pooled and 
exchanged into phosphate buffer. KCl was added to a final concen-
tration of 0.5 M and incubated with the sample for 1 h at 30°C 
(20S+ purification) or 1 M KCl for 2 h (20S purification). The samples 
were then loaded on a 1 ml ceramic hydroxyapatite (CHT) type I 
column (BioRad), which was subsequently eluted with a 20 ml linear 
gradient of 0–0.4 M potassium phosphate, pH 7.6. Active fractions 
of 0.5 ml were collected and dialyzed against 1× phosphate-buff-
ered saline (PBS), 5% glycerol. Purified proteasome particle prepa-
rations were either used immediately or quick-frozen in liquid nitro-
gen and stored at −80° C for future use.

For the purification of + fraction components, the major silver-
staining band of ∼100 kDa eluting off the CHT hydroxyapatite col-
umn after 1 M KCl treatment of active particle fractions, was fol-
lowed. Fractions that contained this band but did not show peptidase 
activity or the presence of α7 by immunoblotting were pooled, con-
centrated, and loaded on an additional Superose-6 column. Three 
peak fractions from the gel filtration column were concentrated, ex-
changed into 1× PBS, and analyzed by mass spectrometry and func-
tional assays.

Native and denaturing PAGE, immunoblotting,  
and immunoprecipitation
SDS–PAGE and immunoblotting were performed using polyvi-
nylidene fluoride (PVDF; Millipore) and standard techniques. Sil-
ver staining of 10% SDS–PAGE gels was performed with Silver 
Stain Plus (Bio-Rad). Native 4% PAGE was performed as previously 
described (Glickman et al., 1998) and gels were incubated for 
15 min at 30°C with 0.1 mM Suc-LLVY-AMC to visualize protea-
some bands upon exposure to UV light (380 nm). An amount of 10 
μl of unfractionated egg cytosol was loaded for the extract sample 
and samples of the three purified particle preparations were nor-
malized according to the staining intensity of 20S CP bands on 
denaturing gels and of a denaturing immunoblot with anti-α7. Im-
munoprecipitation out of Xenopus egg cytosol was performed es-
sentially as described by Shah et al. (1998), including coupling of 
the antibodies to protein A-Sepharose (GE Healthcare) by dimeth-
ylpimelimidate (Sigma-Aldrich). Affinity-purified antibodies or mi-
crogram-equivalent amounts of control rabbit IgG were used and 
all dilutions and washes were in 1× PBS. Immunoprecipitated pro-
teins were eluted from the beads by the addition of 100 mM 
glycine, pH 2.5, and analyzed by immunoblotting.

Fluorescent labeling of purified proteasome particles
Purified proteasome particles were concentrated to ∼1 mg/ml and 
labeled on exposed amine groups with Oregon Green 488 succin-
imidyl ester (Molecular Probes, Eugene, OR), or TRITC (Sigma-
Aldrich), for 1 h at 4°C. Unreacted dye was quenched with 0.1 M 
ethanolamine, pH 8.0, for 2 h and removed by extensive dialysis. The 
conjugated dye was distributed over multiple subunits in each parti-
cle type, as determined by SDS–PAGE, and the labeled species re-
mained stable as high-molecular-weight particles and retained their 
peptidase activity.
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