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ABSTRACT: Organelles like mitochondria, chloroplasts or the 
endoplasmic reticulum (ER) are essential subcompartments of 
eukaryotic cells that fulfill important metabolic tasks. Organellar 
protein homeostasis is maintained by a combination of specific 
protein biogenesis processes and protein quality control mechanisms 
that together guarantee the functional state of the organelle. Based 
on their endosymbiontic origin, mitochondria and chloroplasts 
contain internal protein quality control systems that consist of a 
cooperative network of molecular chaperones and proteases. In 
contrast, the ER employs the main cytosolic degradation machinery, 
the proteasome, for the removal of damaged or misfolded proteins. 
Here we present and discuss recent experimental insights into the 
molecular mechanisms underlying organellar protein quality 
control processes. 
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INTRODUCTION 

Protein quality control (PQC) is a major biochemical process that contributes 
to cellular protein homeostasis and to the maintenance of cellular functions 
under normal and stress conditions. In general, PQC comprises a multitude of 
complex and interdependent biochemical reactions that contribute to the 
functional integrity of proteins, ranging from the support of protein 
(re)folding, the protection against aggregation and the specific proteolytic 
removal of terminally damaged polypeptides. Although these processes are 
already important for cellular growth at normal conditions, environmental 
stress leads to an increased number of inactive, denatured or damaged 
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polypeptides that makes a functional PQC essential for the survival of the 
cell. A characteristic feature of many human diseases is the accumulation of 
non-functional or misfolded proteins, indicating that PQC systems are 
defective or overwhelmed under these conditions. Understanding the 
mechanisms of PQC in particular in pathological situations is therefore 
essential for the development of diagnostic and therapeutic procedures. 

Cells have evolved a dedicated proteinaceous machinery, consisting of 
molecular chaperones and proteolytic enzymes that catalyze PQC reactions. 
In that respect, PQC is essentially a two-step process. First, damaged and/or 
misfolded polypeptides are recognized and bound by different types of 
molecular chaperones to be stabilized and potentially refolded. If this fails, 
terminally damaged proteins will be transferred to special, ATP-dependent 
proteases where they are degraded as a second step. In order to avoid 
unspecific proteolysis, the active sites of the PQC proteases reside in the 
interior of large oligomeric protease complexes that are usually not accessible 
to substrate proteins. Hence, the degradation of damaged polypeptides usually 
requires specific biochemical mechanisms to target substrate polypeptides for 
proteolysis. In the majority of PQC reactions, chaperones and proteases 
cooperate closely at the functional level or even form stable oligomeric 
complexes. In certain cases, chaperone and proteolytic activities even reside 
on the same polypeptide chain.  

The complex organization of eukaryotic cells leads to specific problems 
concerning PQC in subcellular compartments. The best-characterized 
eukaryotic PQC machinery, the ubiquitin-proteasome system resides in the 
cytoplasm and is largely responsible for the degradation of soluble cytosolic 
proteins.1 However, phospholipid membranes that surround subcellular 
structures like the endoplasmic reticulum (ER), mitochondria or chloroplasts 
are by default impermeable for macromolecules such as proteins. Only two 
ways exist to overcome the problem of this physical separation between most 
organellar proteins and the major cellular protease: i) either the organelles 
contain their own independent PQC components or ii) specific machineries 
exist that make organellar proteins accessible to degradation by the 
proteasome. Interestingly, both mechanisms have been adopted by eukaryotic 
cells. Organelles with an endosymbiontic origin like mitochondria and 
chloroplasts have retained at least some of their original set of PQC enzymes 
that are closely related to their bacterial ancestors.2, 3 In contrast, the ER 
couples an internal PQC system with the degradation of non-functional 
proteins by the proteaseome.4, 5 To date, the major components of cellular 
PQC systems have been identified. However, important mechanistic questions 
remain largely unanswered. i) How do PQC machineries distinguish between 
functional and damaged polypeptides? ii) How is the decision between repair 
(refolding) or proteolytic removal of damaged proteins made? iii) What are 
the molecular mechanisms of the individual reactions in PQC pathways? 
These questions have to be answered for each single subcellular system in an 
eukaryotic cell. 
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MITOCHONDRIA 

As essential eukaryotic organelles, mitochondria have important metabolic 
functions, e.g. TCA cycle, fatty acid metabolism, Fe/S-cluster assembly and 
they are the main energy source of the cell. Maintaining mitochondrial 
function is therefore indispensable for the life of a cell. Malfunction of 
mitochondria has been shown to be involved in neurodegenerative diseases 
and aging processes.6 Mitochondria also play an important role in the 
regulation of cell death by apoptosis. The functional and structural integrity 
of mitochondrial proteins is sustained by an endogenous PQC system (Fig. 1). 
At the frontline of damage control, chaperones of the Hsp60, Hsp70 and 
Hsp100 families assist in protein import, folding, prevention of aggregation, 
disaggregation and degradation. If refolding to the active conformation fails, 
damaged proteins are handed over to proteases of the AAA family (ATPases 
associated with a variety of cellular activities). Proteases or peptidases have 
been identified in the mitochondrial matrix, the inner membrane and the 
intermembrane space indicating that all mitochondrial subcompartments 
possess its own conserved proteolytic system. 

Most of the mitochondrial proteins are encoded in the nucleus and have to 
be imported post-translationally.7 Most of these proteins contain N-terminal 
targeting sequences that need to be cleaved off after import by one of various 
processing peptidases: MPP (mitochondrial processing peptidases), MIP 
(mitochondria intermediate peptidase) or IMP (inner membrane peptidase) 
depending on the subcompartment they are addressed to.8 Only unfolded 
proteins can be translocated through the membrane transport pores of 
mitochondria. Newly imported proteins are kept in a soluble form by binding 
to mitochondrial chaperones to assist their folding process. Due to multiple 
folding and refolding processes as a consequence of the import reaction, 
mitochondrial proteins have a relatively high intrinsic probability of being 
misfolded. Exceeding chaperone capacities under stress conditions induces 
additional denaturation events and leads to the accumulation of damaged 
polypeptide.  

The vanguard of damage control: chaperones  
A prominent role in the mitochondrial PQC system has been demonstrated so 
far for Hsp70 and Hsp100 family members. Mitochondrial Hsp70 (mtHsp70) 
binds with high affinity to hydrophobic segments within unfolded or 
denatured proteins. MtHsp70 is part of the ATP-dependent import motor 
(PAM) and binds to the newly arriving polypeptide chains in the matrix.9 In 
addition, mtHsp70 plays a critical role in the subsequent folding of the 
imported protein to its active conformation. Under stress conditions, mtHsp70 
as an abundant mitochondrial chaperone can either protect proteins from 
aggregation or makes them accessible to degradation by the protease 
Pim1/Lon.10  
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The bacterial ClpB is involved in disaggregation and conferment of 
thermotolerance.11 Even though bacterial ClpB structure and function is well 
understood, less is known about the function of Hsp100 chaperones in 
mitochondria. The mitochondrial member of the Hsp100/ClpB family is 
Hsp78, which forms a homo-oligomeric complex in the matrix 
compartment.12 Initially, Hsp78 has been shown to be necessary for 
adaptation of mitochondria to heat stress.13 To confer thermotolerance, the 
main task of Hsp78 is to maintain mtHsp70 in a soluble state.14 Cooperation 
between mtHsp70 and Hsp78 is necessary for the resolubilization of 
aggregated proteins under in vivo conditions. The function of Mcx1, a 
mitochondrial Hsp100/ClpX homolog has not be established so far.15 
Interestingly, cooperation of Hsp78 with the mitochondrial matrix protease 
Pim1 was reported to be required for the degradation of damaged 
polypeptides in the matrix compartment, a function that was not anticipated 
from the studies of its bacterial homolog.16 

The ultimate destination: mitochondrial proteases 
Protein degradation is an essential part of the mitochondrial PQC system but 
also necessary for general protein turnover in adaptation to different 
environmental conditions. The mitochondrial matrix as the main hydrophilic 
subcompartment contains two major proteases (Lon/Pim1 and ClpP). Lon is a 
highly conserved matrix protease of the AAA family.17, 18 Lon has been 
shown to be involved in three major functions in mitochondria: i) ATP-
dependent proteolysis, ii) chaperone-like function that facilitates protein 
complex assembly19 and iii) maintenance of mitochondrial DNA.20 
Proteolytic activity of Lon is tightly coupled to ATP hydrolysis. The serine 
protease Lon consists of two large protein domains: a N-terminal ATPase and 
a C-terminal protease domain and was described as a ring-shaped soluble 
protein. In general, Lon is not only important under normal environmental 
conditions but also highly over-expressed after heat stress.17 It is also 
important for defense against oxidative stress because it was found to degrade 
oxidized proteins.21 So far it is not clear what targets a protein for degradation 
by Lon. Lon was reported to degrade various imported model proteins that 
have to contain an unstructured N-terminal segment of certain length (< 60 
aa) because of its limited unfolding activity.22, 23 Human Lon (hLon) is 
expressed tissue specifically and reduced expression level of Lon results in 
caspase activation and apoptosis in fibroblasts.24 However proteomic studies 
comparing wild type and protease-deficient mitochondria in yeast revealed 
new insights in Pim1 substrate recognition.25  

For ClpP, the other main protease in the mitochondrial matrix, no 
homolog was found in yeast. So far functional aspects of eukaryotic ClpP are 
mostly unknown. Studies of the bacterial homolog showed that ClpP is the 
proteolytic subunit of a proteasome-like structure composed of two face-to-
face assembled heptameric rings. The chaperone components ClpX and ClpA 
form hexamer ring structures on top and at the bottom of ClpP and are 
described as regulatory factors exhibiting ATPase activity. Either ClpX or 
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ClpA are necessary for substrate binding, unfolding and translocation of the 
substrate into the proteolytic chamber formed by the ClpP subunits.26 In 
mammals not much is known about ClpP substrates, however it is involved in 
stress response in mitochondria and like Lon protease seems to have 
chaperone function.27  

The mitochondrial inner membrane contains two membrane-integrated 
proteases that are facing their proteolytic domains to opposite sides of the 
inner mitochondrial membrane: the i-AAA protease into the intermembrane 
space and the m-AAA protease into the matrix.28  

The i-AAA protease complex is formed by six subunits of the protein 
Yme1, each containing one transmembrane domain. The ring-shaped i-AAA 
complex contains hydrophobic amino acid residues in the central pore that are 
probably the binding sites for membrane proteins exposing unfolded 
domains.29 Substrate recognition is accomplished by two distinct substrate 
binding sites: conserved helices at the N-terminus or an other helix-loop-helix 
structure at the C-terminal end of the proteolytic domain.  

The m-AAA protease is part of a large multi-subunit complex composed 
of the Yta10 and Yta12 proteins in yeast and paraplegin in mammals. The m-
AAA is highly homolog to the FtsH protease in bacteria.30 The FtsH protease 
carries an ATPase and a proteolytic domain on one polypeptide chain, similar 
to the Lon protease. FtsH-type proteases form large ring-shaped hexameric 
protein complexes that are integrated into cellular membranes.31 However, 
their proteolytic activities reside in the hydrophilic part of the complex. It is 
postulated that the proteolytic degradation of membrane proteins by proteases 
of this type encompasses an extraction step of substrates that is initiated at 
exposed soluble segments. Inactivation of the human m-AAA protease causes 
hereditary spastic paraplegia (HSP). The molecular basis for HSP might be 
the missing processing of MrpL32 (a ribosomal protein) by the m-AAA.32 
The m-AAA together with a third protease of the inner membrane (rhomboid) 
was found to process newly imported Ccp1.33 The mammalian homolog of the 
yeast rhomboid protease Pcp1 is PARL (presenilin-assiciated rhomboid-like 
protein). PARL was reported to be a regulatory link between PQC and 
morphology in mitochondrial. Phosphorylation and cleavage of PARL can 
change mitochondrial morphology and induce fragmentation.34 Oma1, a 
recently found membrane embedded metalloprotease with overlapping 
activities to m-AAA was described to degrade misfolded inner membrane 
proteins35 and could be a novel component of the PQC system in the inner 
mitochondrial membrane. 

Only little is known about the proteolysis system in the intermembrane 
space. Two oligopeptidases: Mop112/ PreP and Prd1/ Neurolysin and the 
serine protease HtrA2/Omi have been identified. Mop112 is a 
metallopeptidase of the pitrilysin family. Deletion of the peptidase in yeast 
leads to less peptide release from mitochondria. Its human homolog PreP was 
described as a peptidasome because it degrades unstructured peptides or 
presequences. Surprisingly, human PreP was found in the mitochondrial 
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matrix.36 Prd1 (saccharolysin or neurolysin) is another metallopeptidase with 
overlapping function to Mop112. Both are involved in peptide degradation, 
debris from proteolysis of chambered proteases in the mitochondrial matrix 
and the inner membrane.37 HtrA2/Omi is a serine protease of the IMS and 
homolog to the bacterial DegP. So far no protease substrates could be 
identified in eukaryotes. Interestingly it has been shown to be exported into 
the cytosol where it seems to be involved in initiating apoptosis signaling.38  
 
 

 
 
FIGURE 1. Chaperones and proteases in mitochondria as an example for organellar 
protein quality control (PQC). Imported mitochondrial polypeptides can acquire several 
conformational and functional states that in part lead to misfolding and aggregation. 
Shown are the identified chaperones (light grey) and proteases (dark grey) that control 
protein homeostasis (for details see text). OM, outer mitochondrial membrane; IM, inner 
mitochondrial membrane. 
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CHLOROPLASTS 

Plant chloroplasts are endosymbiontic organelles derived from photosynthetic 
cyanobacteria. Not surprising, and similar to the situation in mitochondria, the 
PQC components of chloroplasts are highly similar to bacteria. Chloroplasts 
contain a full set of chaperones belonging to the Hsp100, Hsp70 and Hsp60 
protein families.39 All three types of chaperones have been implicated in 
protein import and subsequent folding reactions, since similar to 
mitochondria, chloroplast have only a limited protein synthesis capacity.40 
However, still many open questions remain about the specific roles of 
chaperones in chloroplast protein homeostasis. An additional level of 
complexity is generated by the presence of a chloroplast subcompartment, the 
thylakoids. These membrane stacks contain large hetero-oligomeric protein 
complexes, the photosystems I and II that are responsible for photosynthesis. 
Here, Hsp70 chaperones have been implicated in assembly and protection of 
photosystem II (PSII) components.41 Plants also contain various members of 
the ClpB protein family that are mediators of protein stability. Mutants of the 
plastidic ClpB homolog have been shown to be essential in chloroplast 
development, indicating a major role not only under stress conditions but also 
in providing housekeeping functions.42 The major PQC proteases 
characterized in chloroplasts belong to the ClpP, FtsH and DegP families.43 
The recently completed genome of the model plant species Arabidopsis 
thaliana has revealed a much more complex situation in plants compared to 
metazoans or fungi. For each individual protease class several homologs 
seems to be encoded by multiple genes.44 The functional significance of these 
multiple homologs is still unknown. In particular, it is not known if the 
multitude of homologs reflects a heteromeric composition to the protease 
complexes or is due to tissue- and/or development-specific expression 
patterns. 

Degradation of thylakoid membrane proteins by the DegP/FtsH system 
The biochemical characteristics of energy conversion by the photosystems in 
the thylakoid membranes lead to an accumulation of oxidatively damaged 
components that have to be removed by proteases. The degradation of the D1 
protein of a photo-damaged (PSII) has been shown to be mediated by the 
chloroplast membrane protease FtsH in cooperation with homologs of the 
bacterial DegP. Two types of FtsH-like proteins have been identified in 
chloroplasts that are integrated into the thylakoid membrane system.45, 46 
Proteins of the DegP family are Ser proteases that form homo-oligomeric 
protein complexes and usually exhibit an ATP-independent chaperone 
activity.47 Interestingly, at higher temperatures the protein switches from a 
chaperone activity to a protease activity by making its proteolytic site 
accessible to external substrates. Chloroplasts contain several homologs of 
DegP in the thylakoid lumen, Deg1, Deg5 and Deg8, at least one, Deg2, in 
the stroma and up to eleven other homologs in other cellular localizations. Of 
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the identified DegP homologs, the proteins Deg1 and Deg2 have been directly 
shown to be involved in PSII quality control.48, 49 Deg1 localizes to the 
thylakoid lumen while Deg2 resides on the stromal face of the thylakoid 
membrane. Due to their localization a two-step mechanism for the 
degradation of damaged PSII components has been proposed. First, single 
cleavages are introduced into hydrophilic domains at both sides of the 
membrane by Deg1 and Deg2 49, 50 (and possibly by other homologs of the 
DegP family). Second, the complete proteolysis of the resulting fragments is 
mediated by the chloroplast FtsH protease.48  

The chloroplast ClpP protease complex 
Similar to the related bacterial protease, the Clp protease in chloroplasts 
consists of a barrel-shaped ring system of the proteolytically active ClpP 
subunits that associates with a hexameric ring of ClpX or ClpA subunits that 
control substrate recognition and unfolding. Again, plants contain a higher 
number of Clp protein family members than other species. Six genes 
encoding homologs of the ClpP protease family have been identified. In 
addition, another four proteins with high homology to ClpP have been 
discovered that lack the catalytical triad typical for Ser proteases, named 
ClpR.51 The functional significance of this special type of Clp protease 
subunits is not yet established. Most of these Clp family members localize to 
the chloroplast stroma where they are able to form hetero-oligomeric core 
complexes consisting of a variable number of ClpP and ClpR subunits.52 
Information about the specific functions of chloroplast Clp proteases is 
scarce. However, except for the plastid-encoded variety ClpP1, all other 
family members seem to be essential for the survival of the cell. 
Downregulation of individual components causes severe developmental 
problems.53 Only recently, the first candidate substrate proteins, mainly 
housekeeping enzymes and chaperones, have been identified.54  

ENDOPLASMIC RETICULUM 

In contrast to the two other mentioned organelles, mitochondria and 
chloroplasts, the endoplasmic reticulum (ER) is not of bacterial ancestry. 
However, it is enclosed by a phospholipid bilayer that separates the lumenal 
compartment from the cytosol and restricts diffusion of macromolecules. In 
particular, proteins can cross the ER membrane only at specific pore sites that 
interact with ribosomes and form a protein-conducting channel.55 Due to its 
specific biochemical function as a transit compartment in vesicular traffic, 
very stringent protein quality control mechanisms are required. In fact, a 
typical and well-studied example of defect in ER protein quality control is the 
human respiratory disease cystic fibrosis. Here, a mutated chloride channel is 
removed by the PQC system before it can reach its normal localization in the 
plasma membrane.56 Surprisingly, no internal proteolytic systems have been 
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identified in the ER lumen. Instead, the ER employs a complicated machinery 
to identify non-functional polypeptides and export them to the cytosol where 
they are degraded by the proteasome, a process summarized as ER associated 
protein degradation (ERAD).4, 5 However, the basic biochemical problems of 
PQC, like the specific recognition of substrates and the decision between 
repair or removal, remain the same as in other compartments. Due to the 
complexity of the process, this review describes the principle reactions and 
indicates a few novel results. Three separate functional processes can be 
distinguished: i) the discrimination between functional and non-functional 
polypeptides, ii) the retrotranslocation to the cytosol and iii) the targeting of 
substrates for proteasomal degradation.  

Substrate discrimination and the role of carbohydrates 
ER proteins are synthesized at cytosolic ribosomes and translocated into the 
organelle in a co-translational mechanism.55 The insertion of trans-membrane 
domains into the membrane and the folding of hydrophilic domains at the 
lumenal and cytosolic sides also occur already during the translocation 
process. ER proteins destined for the plasma membrane or the extracellular 
medium contain specific oligosaccharide modifications (N-glycosylation) that 
are added at a very early step during translocation. The oligosaccharide side 
chains are extensively modified during the further passage through the ER 
and the Golgi compartments. The folding state of the polypeptide chain seems 
to be the main property that is monitored by the PQC system of the ER and 
determines the eventual fate of the substrate protein. The ER contains several 
types of proteins with chaperone activities that are capable of specifically 
recognizing non-native protein structures. The major chaperone involved in 
PQC is the lumenal Hsp70 BiP. It is the first chaperone that interacts with the 
incoming polypeptide chain, stabilizes the imported proteins against 
aggregation and assists its folding to the native conformation.57 Due to its 
affinity to non-native protein segments, BiP acts also as an important 
component of the recognition mechanism of soluble ERAD substrates that are 
damaged or misfolded.58 

Interestingly, the first modifications of added carbohydrate chains are 
coupled to the folding state of the respective substrate proteins. The N-
glycosylated proteins interact with a dedicated chaperone machinery 
consisting of the proteins calnexin, a membrane-integrated lectin, and its 
binding partner calreticulin. The calnexin/calreticulin system is capable to 
interact with the carbohydrate side chains of ER proteins as long as they have 
not been fully matured. Removal of a terminal glucose by glucosidase II, 
which has been proposed to be the final folding monitor, allows fully folded 
substrates to exit the calnexin/calreticulin system. Not fully folded proteins 
can be re-glucosylated and bind to calnexin again closing the so-called 
calnexin cycle.59 In case of a terminally misfolded substrate, the removal of a 
different mannose residue leads to the entry of the polypeptide into the ERAD 
system. The de-mannosylated structures are recognized by a mannosidase-
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related lectin called EDEM that assists the translocation of ERAD substrates 
back to the cytosol.60  

 
 
Retrotranslocation through the ER membrane 

The decisive step of PQC in of ER proteins is the specific translocation 
process that makes proteins with misfolded or damaged lumenal domains 
accessible to cytosolic proteolysis. Hence, a channel has to exist that makes 
lumenal proteins or domains of membrane proteins accessible to the cytosolic 
proteasome. Surprisingly, the initial experimental evidence indicated that the 
Sec61 translocation channel, responsible for the import of proteins into the 
ER, plays also a major role in the ERAD process.58, 61 Essentially, the same 
channel complex seems to facilitate both the forward movement of nascent 
polypeptides and the retrograde movement of damaged proteins through the 
ER membrane. However, the situation seems to be more complex since also 
other membrane proteins like derlin-1 have been proposed to act as retro-
translocation channels.62 It is likely that the existence of different potential 
channel complexes reflects specificities for different types of ERAD substrate 
proteins. 

Dislocation and proteasomal targeting of ERAD substrates  
Membrane transport of polypeptide chains usually requires an external energy 
source, predominatly in form of ATP-hydrolysis. The proteasome as the 
responsible protease is a large hetero-oligomeric complex that consists of the 
core protease complex and the lid structure. Upon others, the lid contains 
ATP-dependent components required for substrate unfolding and transfer to 
the proteolytic core.1 Although degradation of misfolded ER proteins is 
mediated by the proteasome, the ATP-dependent enzymes of the lid do not 
seem to be required. Instead, a different ATPase from the ubiquitous AAA 
protein family, CDC48/p97, has been identified as the energy-dependent 
component responsible for the extraction of ERAD substrates from the ER 
membranes.63, 64  

Based on the dependence for proteasomal degradation, poly-ubiquitiation 
of ERAD substrate proteins is a prerequisite for their eventual proteolysis. 
Attachment of ubiquitin molecules by E3-type ubiquitin ligases is the crucial 
step that targets a substrate protein for final degradation. Several ubiquitin 
ligases have been identified to be involved in the ERAD processes. The 
ubiquitin ligases together with its cofactors form membrane-integrated protein 
systems that essentially link the substrate discrimination system of the ER 
with the CDC48/p97 extraction motor on the cytosolic face of the ER 
membrane.65, 66 Recent experiments analyzing the multiple protein 
interactions occurring at this step of the ERAD process in yeast cells have 
revealed distinct ERAD pathways that are specific for the topological 
orientations of their substrate proteins and contain defined protein 
components of the ubiquitin-labeling system.67, 68 The so-called ERAD-L 
pathway is responsible for the degradation of substrates with lumenal lesions 
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and contains the E3 ligases Hrd1 and Hrd3 together with the E2 enzymes 
Ubc1 and Ubc7. Substrate discrimination is performed by several lumenal 
proteins: Kar2 (BiP), ER mannsidase I and the protein Yos9, a quality-control 
lectin that interacts also with Kar2. The details of the ERAD substrate 
recognition mechanism still have to be established, however, it seems that the 
Hrd3 ligase is the main recognition factor for non-native polypeptides while 
the lectin Yos9 ensures that only terminally misfolded proteins are 
degraded.69 The ERAD-C pathway for degradation of membrane proteins 
with problems in cytosolic domains seems to be more simple, comprising 
only the E3-ligase Doa10 and the E2s Ubc6 and Ubc7. Both pathways require 
the function of CDC48 and its cofactors Npl4 and Ufd1 that are responsible 
for the membrane association of the soluble AAA machine. In addition, a 
separate pathway for proteins with misfolded TM domains seems to exist, but 
the involved components have not been clarified. 

 
Summary 

Despite the many differences in organellar PQC several common principles 
can be observed. i) Functional PQC is always achieved in a close 
collaboration between molecular chaperones and proteases resulting in a 
complex equilibrium between refolding, aggregation and proteolysis of 
substrate polypeptides. ii) The final fate of affected polypeptides is mainly 
dependent on the intrinsic folding properties that determine their affinities to 
chaperone proteins. iii) Proteolytic activities are usually provided by specific 
proteases that build large oligomeric protein complexes forming a chamber 
where the proteolytic sites are shielded from the environment. Access of 
substrates to this proteolytic chamber is tightly regulated, in most cases in an 
ATP-dependent manner. 
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