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Short Communication
Proteasomes are responsible for the ubiquitin-dependent 
degradation of proteins during cell proliferation. Their 26S 
holo-enzymes are composed of multiple subunits arranged 
in a proteolytic core particle and a regulatory particle which 
recognizes the substrates by covalently attached poly-ubiquitin 
chains. Proteasomal substrates are short-lived and if not 
eliminated are prone to aggregation [1]. Among these substrates 
are improperly folded nascent polypeptides as well as many 
other proteins regulating cellular processes such as cell cycle 
progression [2]. In yeast, about thirty strains are available 
expressing individual proteasomal subunits as fusions with the 
green fluorescent protein (GFP) [3]. Each GFP fusion protein 
replaces the endogenous subunit, thus is a suitable reporter 
on proteasome localizations. The scientific community was 
surprised by the results of subsequent in vivo localizations that 
revealed proteasomes to primarily localize to the nucleus of yeast 
cells grown to logarithmic phase. Transiently expressed GFP-
tagged versions of mammalian subunits which are adequately 
incorporated into the proteasome showed a major nuclear 
localization as well [4] confirming early proteasome localizations 
in cancer cell lines [5]. The question arose as to where 
misfolded and aggregation-prone proteins might be degraded. 
If proteasomes are mainly nuclear, would enough proteasomes 
be present in the cytoplasm for the degradation of misfolded 
cytoplasmic proteins? Certainly, the quality and not the quantity 
of proteasomes will account for proteolytic activity. Kiran 
Madura stated that proteasomes are hardly active in the nucleus 
[6], while Yasushi Saeki and his co-workers reported that yeast 
cells proliferate even if cytosolic proteasomes are diminished [7]. 
Intriguingly, proteasomes can be imported as inactive precursor 
complexes into the nucleus, leaving uncertainty to which extent 
nuclear proteasomes are proteolytically active [8]. Late steps of 
their maturation [9] may take place at the nucleoplasmic basket 
of the nuclear pore, where Esc1, Ecm29 and Sts1/Cut8 coordinate 
the assembly and anchorage of nuclear proteasomes [10]. In 
parallel, nuclear import of active holo-enzymes exists as well 
[11] and prevails when inactive precursor complexes are not yet 
available upon exit from quiescence with the resumption of cell 
proliferation [12].

The intracellular dynamics of proteasome substrates are even 
more confusing than the movements of proteasomes between 
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the nucleo- and cytoplasm. The dynamics of proteasomes and 
their substrates can be thoroughly studied in yeast, since yeast 
division occurs through closed mitosis, where the nuclear 
envelope remains intact. Evidence is found in the literature that 
nuclear substrates exit the nucleus and cytoplasmic substrates 
enter the nucleus for proteasomal degradation [13-15). The 
polyubiquitination of misfolded cytosolic proteins is mainly 
achieved by two ubiquitin ligases, the cytoplasmic Ubr1 ligase 
and the nuclear San1 ligase. For poly-ubiquitylation through 
San1 a cytoplasmic protein has to be imported into the nucleus. 
Also the size of the substrate seems to determine where it is 
degraded. Cytosolic proteins with a molecular mass of around 
60 kDa, the diffusion barrier of the nuclear pore complex, are 
susceptible for San1-mediated proteasomal degradation, while 
higher molecular mass proteins remain in the cytoplasm [16].

Growth under stress either by heat shock or nutrient deprivation 
triggers the reorganization of multiple cellular components [17]. 
Upon heat shock many proteins are sequestered into stress 
granules, though proteasomes are not found within stress 
granules [18]. When glucose is depleted and the ATP level is 
decreased, yeast cells arrest cell cycle progression and enter 
quiescence, alternatively named stationary or G0 phase. With 
the transition from proliferation to quiescence proteasomes exit 
the nucleus and accumulate in motile and reversible cytoplasmic 
storage granules [19]. Almost nothing is known about the 
proteolytic function of proteasome storage granules. At least 
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aberrant nascent polypeptides will rarely emerge as potential 
substrates, since quiescent cells reduce the synthesis of new 
proteins [17]. 

A recently published work by Rong Li and co-workers revealed 
a fascinating protein degradation pathway named MAGIC 
(mitochondria as guardian in cytosol). Under heat stress 
conditions mitochondrial proteases were found to be involved 
in the degradation of cytosolic proteins prone to aggregation, 
when proteasomes are mainly sequestered into granules [20]. 
The inhibition of proteasomes had only a minor effect on the 
degradation of these substrates, while blocking mitochondrial 
import resulted in the aggregation of cytoplasmic substrates. Also 
the timely dissolution of cytosolic protein aggregates required 
mitochondrial import and proteases [21]. 

Mitochondrial import of nuclearly encoded proteins which 
are synthesized by ribosomes in the cytoplasm usually contain 
N-terminal presequences, which form in the canonical sense 
a net positively charged amphipathic helix [22]. The general 
entry gate for precursor proteins into the mitochondria is the 
TOM translocase in the outer mitochondrial membrane. To 
bridge the intermembrane space between the outer and inner 
mitochondrial membrane the precursor protein is handed over 
to the TIM translocase embedded in the inner mitochondrial 
membrane, which allows the translocation of the precursor 
protein into the mitochondrial matrix. Heat shock proteins assist 
the unfolding and refolding of the translocating precursor protein. 
The N-terminal presequence is cleaved off by the mitochondrial 
processing protease, once it arrives in the matrix (for review see [23]. 

Both nuclearly and mitochondrially encoded proteins form 
the mitochondrial proteome which is monitored by a protein 
quality control system. Especially under stress conditions 
and upon the formation of reactive oxygen species, aberrant 
proteins arise at the inner mitochondrial membrane and within 
the mitochondrial matrix. To maintain mitochondrial functions 
damaged proteins must be degraded. The mitochondrial protein 
degradation machinery relies on i-AAA, m-AAA, LON protease 
and the mitochondrial ortholog of ClpX/ClpP (for review see [24]. 
These proteases require ATP to degrade unfolded substrates. 
Since ATP is generated within mitochondria, it is not limiting 
under healthy conditions. However, during aging mitochondria 
dysfunctions accumulate and cause a vicious cycle of disturbed 
protein homeostasis linked with the onset of neurodegenerative 
diseases [25].

With regard to mitochondrial import of aggregation-prone 
cytoplasmic proteins, it remains magic how these proteins pass 
the outer and inner mitochondrial membrane for degradation. 
Though mitochondrial proteases claim the territory which 
proteasomes monopolized so far in the degradation of these 
cytoplasmic proteins, particularly under stress conditions, the 
mechanism of the mitochondrial uptake of aberrant cytosolic 
proteins remains elusive. In the nucleus however, proteasomes 
and San1 ubiquitin ligase appear to be abundant and able to 

achieve the degradation of aggregation-prone nuclear proteins 
even under stress conditions [26,27].

The model depicts a section into a yeast cell showing the 
dynamics of proteasomes upon the transition from proliferation 
to quiescence. On the upper left corner a proteasome storage 
granule is shown as a densely packed membrane-less spherical 
organelle within the cytoplasm. On the lower right corner the 
nucleoplasm is shown with barrel shaped proteasome holo-
enzymes. One proteasome is in the process of passing the 
nuclear basket of the nuclear pore to exit the nucleoplasm. Few 
proteasomes are stuck in the central plug of the nuclear pore, 
while others already arrived at the cytoplasmic filaments of 
the nuclear pore and migrate towards the proteasome storage 
granule. Nuclear pores are depicted as craters embedded into 
the double membrane of the nuclear envelope. For simplification 
only proteasomes are shown. In reality the nucleo- and cytoplasm 
is crowded with proteins (Figure 1).
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Figure 1 The model depicts a section into a yeast cell showing 
the dynamics of proteasomes upon the transition 
from proliferation to quiescence. On the upper left 
corner a proteasome storage granule is shown as a 
densely packed membrane-less spherical organelle 
within the cytoplasm. On the lower right corner the 
nucleoplasm is shown with barrel shaped proteasome 
holo-enzymes. One proteasome is in the process of 
passing the nuclear basket of the nuclear pore to exit 
the nucleoplasm. Few proteasomes are stuck in the 
central plug of the nuclear pore, while others already 
arrived at the cytoplasmic filaments of the nuclear pore 
and migrate towards the proteasome storage granule. 
Nuclear pores are depicted as craters embedded into 
the double membrane of the nuclear envelope. For 
simplification only proteasomes are shown. In reality 
the nucleo- and cytoplasm is crowded with proteins.
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