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A variety of quality control mechanisms operate in the endoplasmic port or hide "signals" for retention and re- 
reticulum and in downstream compartments of the secretory pathway to trieval? How are proteins targeted for degra- 
ensure the fidelity and regulation of protein expression during cell life and dation? Here we focus on the basic principles 
differentiation. As a rule, only proteins that pass a stringent selection of QC and describe emerging concepts. 
process are transported to their target organelles and compartments. If 
proper maturation fails, the aberrant products are degraded. Quality Association with ER Chaperones 
control improves folding efficiency by retaining proteins in the special The most commonly observed primary QC 
folding environment of the endoplasmic reticulum, and it  prevents harm- mechanism involves the association of newly 
ful effects that could be caused by the deployment of incompletely folded synthesized proteins with ER chaperones and 
or assembled proteins. folding enzymes such as BiP, calnexin (CNX), 

calreticulin (CRT), GRP94, protein disulfide 
The term quality control (QC) was originally triguing questions. What are the molecular isomerase (PDI), ERp57, and ERp72. These 
adapted to describe the process of conforma- principles of the conformation-based recog- factors are not only responsible for assisting 
tion-dependent molecular sorting of newly nition underlying QC? Are there specific fold- the folding and assembly process, but also 
synthesized proteins in the endoplasmic re- ing sensors, and if so, how do they work? To serve as retention anchors for immature pro- 
ticulurn (ER) (1). The ER is the site of syn- what degree are deviations from the native teins. Binding to any one of these resident ER 
thesis and maturation of proteins destined for conformations tolerated? Are the rules of QC proteins, even if only in an on-and-off cycle, 
secretion, for the plasma membrane, and for the same in all cell types? Does a native seems to be sufficient to prevent forward 
the secretory and endocytic organelles. Mis- conformer expose "signals" for forward trans- transport. 
folded and incompletely assembled proteins 
are common side products of protein synthe- 
sis in the ER, and unlike correctly folded and Fig. 1. khematic over- 

assembled proteins, they are retained in the view the of 
the secretory pathway and ER and eventually degraded (1, 2). Thus, their role in QC. Proteins 

when proteins exit the ER, they are not only synthesized in the ER, 
sorted away from resident ER proteins but where membrane-associ- L 

also from conformational variants of them- ated ribosomes are shown 
selves. The transport-competent form usually in yellow. In the ER, most 
corresponds to the compactly folded native proteins are retained 

they are correctly folded conformation that has undergone correct co- and assembled. Penistent- 
and posttranslational processing. For most ly ,isfolded proteins are 
0ligomeric proteins, a Correct quarternary SflUC- retrotranslocated to the , . . -  . .., - 
ture is also required. cytosol and degraded by 

It is clear that QC is crucial for securing the the Proteasome. Once fold- 
fidelity of gene expression at the posttransla- ed~ proteins leave the rough 

ER and enter so-called El tional level. It works through multiple and part- ,,exit sites." Here, the 
ly overlapping mechanisms. Some of the con- ponents of the coat, 
trols apply to all proteins (P- QC); others shown as yellow triangle! 
are specific for selected proteins and protein associate with the cytoso 
families (secondary QC). The main strategies lit surface of the mem i 
include retention in the ER, ER-associated deg- They are respOnsiblc 

radation (ERAD), retrieval to the ER from ~ ~ ~ ~ , " Z ~ ~ , " i ~ ~ ~ ~ ~  
downstream organelles, and rerouting from the to the ~ ~ l ~ i  complex 
Golgi complex to lysosomes or vacuoles (Fig. Inclusion of proteins into 
1). Selective cargo capture at the ER "exit sites" COPll vesicles is selective 
may also take place. Although the ER is the and may contribute to  QC. 
main compartment for QC, the vesiculotubular Once the COPll vesicles 

clusters (VTCs) [also called the ER Golgi in- ~ f , " ~ ~ h ~ ~ ~ ~ ~ $  
termediate compartment (ERGIC)] and the is replaced by the cop1 I 
Golgi complex also play a role. coat (a distinct coat mate- 

The mechanisms involved raise many in- rial shown as yellow rect- 
angles). COP1 vesicles me- 
diate the formation of return vesicles that bring some of the membrane and contents back to  the ER. 
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The chaperones and folding enzymes are 
localized in the ER because they possess 
retention and retrieval signals. Most lumenal 
ER proteins have COOH-terminal Lys-Asp- 
Glu-Leu (KDEL) sequences that ensure re- 
trieval from VTCs and the Golgi complex if 
they escape (3). Membrane proteins of type I 
cany a COOH-terminal KKXX (X is any 
amino acid) sequence for a similar purpose 
(4). Sequences that mediate ER retention also 
exist but are less well defined (5). There is 
evidence that the resident ER proteins form a 
dynamic network stabilized by weak interac- 
tions modulated by the high lumenal Ca2+ 
concentration (6). Such a matrix may contrib- 
ute to the retention of incompletely folded 
proteins (7). 

Association with ER folding factors pro- 
vides a primary QC mechanism that applies 
to newly synthesized proteins, regardless of 
whether they are of endogenous, heterolo- 
gous, or viral origin. Primary QC is retention 
based and depends on general biophysical 
properties shared by incompletely folded pro- 
teins; these include the presence of hydropho- 
bic surface patches, mobile loops, and a lack 
of compactness (that is, any structural feature 
recognized by the molecular chaperones and 
folding enzymes present in the ER). During 
normal protein biogenesis, such features are 
only transiently exposed, resulting in tran- 
sient association of newly synthesized pro- 
teins with QC factors. 

In mammalian cells, the primary level of 
QC displays a high level of stringency be- 
cause ER chaperones and folding enzymes 
constitute a highly redundant system in which 
individual members recognize their sub- 
strates differently. If one chaperone fails to 
interact with an incompletely folded protein, 
another one most likely will (8). Among the 
abundant lumenal chaperones, BiP binds to 
hydrophobic determinants exposed on the 
protein's surface (9), an interaction that may 
be promoted by co-chaperones from the DnaJ 
family (10). The GRP94 protein has peptide 
binding activity (11), whereas CNX and CRT 
bind, as described below, to glycoproteins that 
cany specific N-linked oligosaccharide tags di- 
agnostic of incomplete folding. Whether addi- 
tional polypeptide binding sites in CNX (12) 
contribute to the productive interaction with 
substrate glycoproteins in vivo remains to be 
seen. Thiol oxidoreductases of the PDI family 
catalyze the process of disulfide bond oxidation 
and isomerization through the transient forma- 
tion of mixed disulfides with substrate proteins 
(13, 14). In addition, PDI and its homologs 
possess chaperone-like activity (15). 

It is important to stress that transmem- 
brane proteins containing folded domains on 
both sides of the ER membrane associate 
with lumenal as well as cytosolic folding 
factors (16). The cystic fibrosis transmem- 
brane conductance regulator (CFTR) engag- 

es, for example, CNX through glycans on the 
lumenal side. On the cytosolic side, it binds 
chaperones such as heat shock protein 90 and 
heat shock cognate 70, the latter with the 
assistance of an ER membrane-bound DnaJ 
homolog, Hdj-2 (1 7). Whether association 
with cytosolic chaperones can cause ER re- 
tention is not yet clear. However, it is known 
that the QC process of certain transmembrane 
channels relies on the masking or unmasking 
of signals present in cytosolic domains, as 
described below. 

The Role of N-linked Oligosaccharides 
Retention-based, chaperone-mediated QC in 
the ER is particularly well characterized in 
the case of glycoproteins. Two homologous 
ER-resident lectins, CNX and CRT, bind to 
almost all soluble and membrane-bound gly- 
coproteins synthesized in this compartment 
[see (18)]. They specifically associate with 
glycoproteins that have monoglucosylated 
trimming intermediates of the N-linked core 
glycans (19). Together with ERp57, a thiol 
oxidoreductase, with which they form com- 
plexes (20), they mediate retention and pro- 
mote proper folding of glycoprotein sub- 
strates. Oligosaccharide trimming in the ER 
is thus tightly linked to glycoprotein folding, 
to QC, and (as described below) to degrada- 
tion of misfolded glycoproteins. 

Unlike other molecular chaperones, CNX 
and CRT cooperate with several independent- 
ly acting enzymes that regulate substrate 
binding. The most important of these are 
uridine 5'-diphosphate (UDP)-g1ucose:gly- 
coprotein glucosyltransferase (GT) (an asso- 
ciation-promoting enzyme) and glucosidase 
I1 (a releasing enzyme). By adding and re- 
moving glucose residues to high-mannose N- 
linked oligosaccharides (Fig. 2A), these en- 
zymes drive the cycle of substrate binding to, 
and release from, CNX and CRT (Fig. 2B). 
For many glycoproteins, this cycle is essen- 
tial for efficient folding. Whereas glucosidase 
I1 is insensitive to the folding state of the 
glycoproteins, GT serves as the folding sen- 
sor by selectively reglucosylating those that 
have not acquired their native folded confor- 
mation [reviewed in (21)]. Only native con- 
formers that are no longer reglucosylated by 
GT can exit the CNXICRT cycle and move 
further along the secretory pathway. 

The ability of GT to sense the difference 
between folded and incompletely folded glyco- 
proteins makes it an enzyme of particular inter- 
est. It is a 170-kD soluble glycoprotein present 
in the ER lumen and possibly in ER exit sites 
(22). It is fully functional in vitro without any 
other enzymes or chaperones. Work by Parodi 
and co-workers has shown that it recognizes 
both the oligosaccharide and the protein moiety 
of a misfolded glycoprotein (23). Thus, it does 
not interact with oligosaccharides or small gly- 
copeptides, nor with unfolded proteins that do 

not have N-linked glycans. However, it does 
recognize misfolded glycoproteins containing 
only the innermost N-acetylglucosarnine 
(GlcNAc) residue obtained from glycoproteins 
containing high-mannose N-linked oligosac- 
charides by digestion with endoglycosidase H 
(24). Because the first GlcNAc in an N-linked 
oligosaccharide is usually immobile in folded 
proteins because of interactions with the 
polypeptide chain (25), it may be the dynamic 
properties of this saccharide or its influence on 
the mobility of the polypeptide chain that serves 
as an indicator of local misfolding. Altemative- 
ly, GT recognizes exposed hydrophobic fea- 
tures on misfolded proteins in a way similar to 
many classical chaperones (24). Recent exper- 
iments indicate that, in multidomain proteins, 
GT reglucosylates only glycans present in mis- 
folded domains and that it recognizes partially 
folded conformers more efficiently than ran- 
dom coil conformers of a model glycoprotein, 
ribonuclease B (26). 

Thiol-Mediated Retention 
A special mechanism of ER retention involves 
exposed free cysteines. This was first described 
for the retention of unassembled immunoglob- 
ulin (Ig) chains (27). In native Ig oligomers, 
individual Ig chains have cysteine residues that 
participate in interchain disulfide bonds. While 
still unassembled, some of these chains form 
intermolecular disulfide-bonded complexes 
with ER-resident thiol oxidoreductases such as 
PDI and ERp72, resulting in efficient ER reten- 
tion (28). Thiol-mediated retention has also 
been shown for unassembled subunits of ace- 
tylcholinesterase (29). Mutation of the cysteine 
residue or addition of a low concentration of 
2-mercaptoethanol to the cells results in secre- 
tion of unassembled polypeptides. 

Retention by Aggregation 
Newly synthesized proteins may also be re- 
tained in the ER, because of interactions with 
each other. It is well known from in vitro 
folding studies that incompletely folded pro- 
teins are prone to aggregation. In the ER 
lumen and membrane, this can lead to forma- 
tion of large aggregates [see (I)]. Owing to 
their large size and the presence of trapped 
chaperones such as BiP and CNX, aggregates 
cannot diffuse freely within the ER and are 
transport incompetent. Many of the aggre- 
gates are cross-linked by nonnative interchain 
disulfide bonds. Although usually a dead-end 
pathway, aggregation is in certain cases part 
of the folding process. Thyroglobulin, major 
histocompatibility complex (MHC) class 11, 
and procollagen, for example, form transient 
aggregates before acquiring their native struc- 
ture (30). 

Structural Considerations 
It makes sense that primary QC in the ER 
works by structural rather than by functional 
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criteria, because many newly synthesized 
proteins leave the ER as inactive precursors. 
However, the purely "architectural" nature of 
selection can lead to problems. This occurs 
when potentially functional mutant proteins 
are retained because of minor structural de- 
fects. For instance, some patients with al- 
antitrypsin deficiency produce mutant mole- 
cules that, although functionally intact, are 
retained in the ER and degraded (31). In fact, 
a large number of diseases are known in 
which QC in the ER plays a role. Typically, 
they involve expression of mutant proteins 
that are targeted to the ER but fail to reach 
their intended cellular location, often display- 
ing an ER storage phenotype with aggregated 
material accumulating in the ER (32). The 
CFTR AF508 mutant, which causes cystic 
fibrosis, is a well-studied example (33). 

It is apparent that even minor folding 
defects can result in ER retention. However. 
the precise structural determinants leading to 
detection by the QC system are poorly under- 
stood. The secretion efficiency for bovine 
trypsin inhibitor mutants expressed in Sac- 
charomyces cerevisiae was recently found to 
correlate with in vitro stability of the protein 
(34). It did not correlate with folding and 
unfolding rates measured in vitro. Thus, it 
seems that ongoing structural fluctuations 
rather than the time-averaged structure ob- 
served by x-ray crystallography or nuclear 
magnetic resonance determines how this pro- 
tein interacts with the QC system. In contrast, 

Fig. 2. The calnexin cy- 
cle. (A) The N-linked 
core oligobaccharide add- 
ed to  the polypep- 
tide chains contains 14 
saccharide units in a 
branched configuration. 
Enzymes involved in the 
trimming of the oligo- 
saccharide in the ER 
are shown in white 
boxes. (B) A model for 
the role of CNX in the 
folding and QC of a 
newly synthesized pro- 
tein (brown ribbon) 
containing an N-linked 
ohgosaccharide. Two of 
the three glucose res- 
idues (C) are rapidly 
trimmed by glucosi- 
dases I and II. The 
monoglucosylated p r e  
tein, thus generated, 
binds to  CNX, CRT, or 
both (here only CNX is 
shown for simplicity). 

a destabilized mutant of P-lactoglobulin was 
found to display accelerated secretion in 
comparison with the wild-type protein (39, 
suggesting that the mutant might fold fast 
enough to evade detection by ER chaperones. 
Although still limited, these studies seem to 
emphasize the dynamic properties of incom- 
pletely folded structures as an essential factor 
in primary QC recognition. 

Expression of recombinant proteins has 
provided extensive information regarding 
which types of mutations are likely to cause 
retention. Obviously, mutations that have se- 
vere effects on folding or on posttranslational 
modifications are at the top of the list. It is, 
for example, commonly observed that trun- 
cated proteins and chimeras are only trans- 
port competent if the sites of truncation or 
ligation coincide with interphases between 
domains (8). Cysteine mutations are frequently 
damaging, reflecting the central role that 
intra- and interchain disulfides play in protein 
folding in the ER and in stabilizing folded 
structures (36). Mutations that affect signal 
peptide cleavage, glycosyl-phosphatidylino- 
sit01 anchor addition, glycosylation, ligand 
binding, and metal ion association (Ca2+, 
Cu2+, and so forth) also often lead to 
retention. 

Protein-Specific Quality Control 
Once folded, cargo molecules are no longer 
retained by elements of the primary QC ma- 
chinery. They can now enter the exit sites and 

leave the ER for the Golgi complex. The 
exact process by which export of proteins 
from the ER occurs is not clear. There are two 
main models: bulk flow and cargo capture 
(37). The former implies departure by default 
with fluid and membrane as vesicles leave the 
ER; the latter invokes selective receptor-me- 
diated loading of cargo into the transport 
vesicles. An in-depth coverage of this subject 
lies outside the scope of this review [instead, 
see (3, 38)]. Although helpfhl as guidelines, 
neither model alone is likely to reflect reali- 
ties in the cell. Instead, the situation may 
resemble that observed during endocytosis in 
which bulk transport of fluid and membrane 
coexists with receptor-mediated import of 
specific ligands (39). 

With respect to QC, it is useful to consider 
the 111 spectrum of secondary mechanisms 
that modulate export of specific proteins from 
the ER. We have listed a set of protein- 
specific factors that are responsible for effect- 
ing maturation, folding, and assembly of pro- 
teins in the ER and for accelerating or inhib- 
iting their forward transport (Table 1). 

Although the factors listed are quite het- 
erogenous and often poorly characterized, 
certain categories can be discerned. One 
group serves as chaperones and assembly 
factors. Their deletion most often results in 
the accumulation of specific substrate mole- 
cules in the ER, without effects on secretion 
of other proteins. One such factor is the 
Vma12pVma22p complex, which transient- 

It is thereby .exposed t o  ERp57, an associated thiol oxidoreduc- degraded. Binding t o  CNX and CRT prevents exit from the ER of 
tase, with which it forms transient mixed disulfides (5-5, shown in immature glycoproteins, promotes correct folding, inhibits aggrega- 
red). The remaining glucose residue is trimmed by glucosidase II, tion, blocks premature oligomerization, and regulates ERAD (see Fig. 
and the complex dissociates. If the protein is correctly folded, it can 3). The UDP-glucose needed for reglucosylation is imported from the 
exit the ER. However, i f  it is not correctly folded, it is recognized by cytosol in  exchange for uridine 5'-phosphate (UMP). This species is 
CT and reglucosylated, thereby allowing it t o  reassociate with CNX generated from the product of the reaction, UDP, by a special uridine 
(and CRT). The cycle is repeated until the protein is either folded or diphosphatase (UDPase) enzyme (69). 
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ly interacts with the v p h l p  subunit of the S, Table 1. Overview of  protein-specific QC factors and their target molecules and functions. 

cerevisiae vacuolar adenosine triphosphatase 
in the ER to assist correct complex assembly Factor Organism or Target molecules Function 

(40). 
cell type 

Others work as escort proteins. A well- p24 family Saccharomyces Various secreted Potential cargo receptors for a 
studied example is the receptor-associated cerevisiae, proteins, for subset of secretory and 
protein (RAP), which interacts with proteins Caenorhabditis example, invertase membrane proteins (71) 
of the low density lipoprotein (LDL) receptor elegans, and and Caslp in 5. 

family and other transmembrane receptors. mammalian cerevisiae 
cells The protein prevents aggregation and prema- ERCIC-53 Mammalian cells Clycoproteins, for Potential cargo receptor for a 

ture ligand binding by its target molecules by example, cathepsin C subset of secreted 
escorting them out of the ER to the Golgi and blood clotting glycoproteins (43) 
(41). Here, the complex dissociates, presum- factors V and Vlll 
ably because of the lower pH of this compart- LSTl 5. cerevisiae Plasma membrane Potential cargo receptor (72) 
ment, and RAP is retrieved to the ER by the H + -ATPase Pmal p 

KDEL receptor. Ervl4p 5. cerevisiae Plasma membrane Potential cargo receptor (73) 
protein Axl2p 

Potential cargo receptors are also listed in Chs7p 5, cerevisiae Chs3p catalytic subunit Ensures ER secretion competence 
Table 1. It is clear that cells have mechanisms of chitin synthetase by unknown mechanism (74) 
for accelerated transport of selected proteins 1 1 1  
from the ER and for cargo concentration Vmal2p-Vma22p 5, cerevisiae Vacuolar Hf-ATPase Promotes Hf-ATPase complex 

before Golgi arrival (42). Thus, it is possible subunit Vph lp  assembly in the ER (40) 
Csf2p 5, cerevisiae Hexose transporters Ensures ER secretion competence that proteins such as ERGIC-53, a mannose H x t l  and Cal2p by unknown mechanism (75) 

lectin, or the family of p24 proteins serve a ~~~l~ and ~~~l~ 5. cerevisiae CPI-anchored proteins Facilitate ER secretion of  
cargo receptor function (43, 44). Finally, Caslp and Yap3p CPI-anchored proteins (76) 
egasyn and carboxylesterase represent reten- Shr3p 5. cerevisiae Amino acid permeases, Ensures ER secretion competence 
tion molecules. which limit the exvort of for example, H ip lp  by unknown mechanism (77) 

specific proteins from the ER (45, 46). 
The unifying theme is that these proteins, 

unlike those working at the primary level of 
QC, exert their effect on selected protein 
species or protein families. Accordingly, their 
expression is often limited to the cell types 
that produce the respective substrates. Like 
chaperones, they serve important QC func- 
tions by securing the fidelity of maturation 
and deployment of specific proteins, without 
themselves being part of the final functional 
protein. The number of such specialized fac- 
tors identified is rapidly increasing, empha- 
sizing the complexity of QC processes in the 
ER. 

Masking and Unmasking of Signals 
In the case of membrane proteins, secondary 
QC sometimes involves masking and un- 
masking of signals. These are short peptide 
sequences in cytosolic and transmembrane 
domains that determine retention, retrieval, or 
degradation. 

The first case described was that of 
charged residues in the transmembrane do- 
main of T cell receptor a chain, which were 
found to serve as a signal for selective ER 
degradation of the unassembled subunit (47). 
For cell surface IgM, two hydrophilic resi- 
dues in the membrane-spanning region of the 
p. heavy chain have been shown to confer ER 
retention in the absence of light chain (48). In 
the case of the human high-affinity receptor 
for IgE, a somewhat different masking phe- 
nomenon has been observed. Premature ex- 
port of the unassembled subunits to the plas- 
ma membrane is prevented by an exposed ER 
retrieval signal [a coat protein complex I 
(COP1)-interacting KKXX motif] in the cy- 

ODR-4 and ODR-8 

Prolyl 4-hydroxylase 

HSP47 

BAP31 

RAP 

Invariant chain 

Tapasin 

NinaA 

Microsomal triglyceride 
transfer protein 

Protective protein1 
cathepsin A 

Egasyn 

Carboxylesterase 

and Cap1 
C. elegans Odorant receptors 

olfactory ODR-10 and STR-2 
neurons 

Mammalian cells Procollagen 

Mammalian Procollagen 
collagen- 
producing cells 

Mammalian cells Cellubrevin 

Mammalian cells LDL receptor family 
and other 
transmembrane 
receptors 

Antigen- MHC class II 
presenting 
cells 

Mammalian cells MHC class I 

Drosophila Rhl and Rh2 
photoreceptor rhodopsins 
cells 

Primarily liver Apolipoprotein B 
cells and ( ~ P o B )  
intestinal cells 

Mammalian cells Neuraminidase and 
P-galactosidase 

Epithelial cells E-cadherin 

Mammalian cells P-glucuronidase 

Hepatocytes C-reactive protein 

Ensures ER secretion competence 
by unknown mechanism (78) 

Recognizes and retains partially 
folded procollagen; assists its 
folding (79) 

Specialized procollagen 
chaperone (80) 

Ensures ER secretion competence 
possibly through a sorting 
function (81) 

Prevents aggregation and 
premature ligand binding by 
acting as an escort (41) 

Prevents aggregation and 
premature ligand binding by 
acting as an escort; directs 
endosomal targeting (82) 

Prevents ER exit of MHC class I 
without bound antigenic 
peptide (83) 

Ensures ER secretion competence 
through direct interaction; 
possibly chaperone, escort, or 
both (84) 

Assists translocation, assembly, 
and secretion of apoB- 
containing lipoproteins (85) 

Ensures ER secretion competence 
through direct interaction and 
directs lysosomal targeting 
(86) 

Targets E-cadherin t o  the 
basal-lateral membrane 
through direct interaction wi th  
cytosolic tai l  (87) 

Mediates ER retention of  target 
molecule through KDEL-like ER 
retention signal (45) 

Mediates ER retention of target 
molecule through KDEL-like ER 
retention signal (46) 
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toplasmic COOH-terminal domain of the a dangerous life might be for a cell without 
subunit. Export occurs when the a subunit 
oligomerizes with the y subunit and the 
KKXX signal is masked (49). 

Quality control of adenosine 5'-triphos- 
phate (ATPbensitive K+ channels in Dro- 
sophila is also believed to involve masking 
(50). These are hetero-oligomeric transmern- 
brane proteins that fold and assemble in the 
ER. Each subunit contains an Arg-Lys-Arg 
(RKR) sequence in the cytosolic domain. 
Improperly regulated and incompletely as- 
sembled channels were transported to the 
cell surface when these sequences were 
mutated (51). The RKR sequences probably 
serve as ER retention or retrieval signals 
that must be masked before the protein can 
be transported. 

Related sequences (RXR) are also present 
in cytosolic domains of CFTR (52). Muta- 
tional analysis showed that these sequences 
block transport of the misfolded CFTR AF508 
mutant to the cell surface. Because this mis- 

stringent QC. 
That selective retrieval from the VTCs 

and the cis-Golgi can indeed serve a QC 
function was demonstrated with a tempera- 
ture-sensitive mutant of the vesicular stoma- 
titis virus G (VSV-G). When overexpressed 
in Chinese hamster ovary cells, a large frac- 
tion of this misfolded viral glycoprotein start- 
ed to cycle between the ER, the VTCs, and 
the cis-Golgi (53). A piggyback mechanism 
of retrieval in which the VSV-G protein was 
retrieved to the ER bound to BiP, which in 
turn associated with the KDEL receptor, was 
suggested. 

Rerouting from the Golgi Complex 
Some misfolded and incompletely assembled 
proteins that have escaped ER retention are 
diverted from the Golgi complex to the vac- 
uole in yeast for degradation. Rerouting does 
not seem to be a major QC pathway in mam- 
malian cells, but constitutes an important 

folded protein is known to concentrate in the backup system in S. cerevisiae, where the QC 
VTCs (53), it would not be surprising if the machinery in the ER seems to be less strin- 
RXR sequences represent a retrieval signal gent. Although the yeast ER clearly does play 
that interacts with COP1 components like the an important role in QC, it contains a rather 
COOH-terminal KKXX sequences do. Given stripped-down version of the lumenal ma- 
the importance of properly regulated ion chinery, in comparison with mammalian 
channels, these two examples illustrate how cells. It lacks, for example, homologs of 

Fig. 3. ER-associated degradation of glycoproteins. This model shows the potential involvement of 
glucosidases I and II (GI and CII, respectively), CT, and ER mannosidases I and II (Man I and II, 
respectively) in ERAD of glycoproteins. The newly synthesized glycoprotein (folded or unfolded) 
and resident enzymes involved are depicted as in Fig. 2B. For simplicity, oligosaccharide structures 
are labeled. The fully folded glycoprotein containing trimmed mannoses is free to leave the ER 
because it has no glucose residue that could mediate its binding to CNX. However, if persistently 
unfolded, the glycoprotein gets marked for degradation by the action of mannosidase I, which 
generates the Man,ClcNAc, form of the oligosaccharide (see Fig. 2A). After reglucosylation by GT, 
the protein rebinds CNX. Because the Glc,Man,GlcNAc, form is a poor substrate for GII, as 
compared to the Glc,Man,GlcNAc, form (70), the glycoprotein is no longer rapidly released from 
CNX. The misfolded glycoprotein is retrotranslocated and degraded by the proteasome. This figure 
was based on the model recently proposed by Liu et al. (67). 

GRP94 and CRT, and there is no evidence for 
a functional CNX cycle (18). 

In S. cerevisiae, a transmembrane protein, 
VpslOp, that cycles between the late Golgi 
and the endosome has recently been shown to 
be required for the rerouting of certain un- 
folded proteins (54). It is possible that VpslOp 
serves as a general folding sensor and capture 
receptor for transport from the Golgi complex 
to the vacuole. VpslOp not only ferries mis- 
folded proteins but also native vacuolar pro- 
teins such as carboxypeptidase Y (CPY) and 
proteinase A to the vacuole (55). 

ER-Associated Degradation 
Prolonged retention of misfolded and incom- 
pletely folded proteins in the ER leads to their 
degradation (2). ER-associated degradation is 
mainly carried out by the 26s proteasome 
located in the cytosol [for reviews, see (56, 
57)]. The process occurs in several steps: 
terminally misfolded or unassembled proteins 
are recognized by ER chaperones such as 
calnexin, BiP, or by other factors such as 
specific mannose lectins. They are then ret- 
rotranslocated through the Sec61 channel into 
the cytosol (58, 59), deglycosylated (in the 
case of glycoproteins), and polyubiquitinated 
before proteasomal degradation. How pro- 
teins that are to be degraded are identified 
and targeted for retrotranslocation has not 
been established, but it is likely that the ma- 
chinery responsible for protein folding again 
plays a role in the selection and preparation 
of aberrant products for disposal. 

Because mannosidase inhibitors block 
degradation of misfolded glycoproteins, it 
has been suggested that the removal of man- 
nose units by slow-acting ER-resident a- 1,2- 
mannosidases might work as the timer for 
glycoprotein degradation (60, 61). More spe- 
cifically, a Man,GlcNAc, glycan with a man- 
nose (Man) missing in the middle branch, 
generated by rnannosidase I, was recently 
identified as a necessary signal for the deg- 
radation of misfolded CPY in yeast (62). 
Although yeast and mammalian cells are not 
fully comparable with respect to the role of 

&nming, the effects of mannose trim- 
ming on degradation seem strikingly similar. 

Upon proteasothe inhibition in mammali- 
an cells, a misfolded variant of a,-antitrypsin 
with its glycans in the Glc,Man,GlcNAc, 
form (Glc, glucose) is retained in the ER and 
stably associates with CNX (61). The model 
that emerges from inhibition studies helps to 
rationalize how glucose and mannose trim- 
ming, CNX binding, and proteasome-mediat- 
ed degradation may function together and 
how selective, timer-controlled targeting to 
the proteasome might occur (Fig. 3). It im- 
plies that the central role of GT as a folding 
sensor is important not only in the CNXICRT 
cycle but also for targeting of misfolded pro- 
teins for degradation. Moreover, it suggests a 
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role for CNX in the targeting of some glyco- 
protein substrates for retrotranslocation. 

It is likely that additional factors that me- 
diate the interaction between the misfolded 
protein and the translocon may emerge as this 
intriguing pathway is further analyzed. For 
instance, BiP seems to be directly or indirect- 
ly involved in the process (59, 63). Further- 
more, a number of genes have been identified 
in yeast associated with putative targeting, 
retrotranslocation, and degradation functions 
(57) .  Analysis of their functions may provide 
further insights. 

General Considerations 
Protein folding, oligomerization, and QC in- 
volve a series of interactions starting at the 
level of the growing nascent chain and ending 
after complete maturation. MHC class I mol- 
ecules provide a particularly illustrative ex- 
ample of the complexity of such processes 
[reviewed in (64)l. The heavy chain under- 
goes stepwise binding to the general folding 
factors CNX, CRT, and ERp57. Two specific 
components are also involved: TAP (trans- 
porter associated with antigen processing) as 
a peptide translocator in the ER membrane 
and tapasin as a peptide editor. Together, 
these factors bind to the newly synthesized 
protein and ensure that it is correctly folded 
and assembled and that it does not leave the 
ER without a correct peptide in its peptide- 
binding pocket. In this case, the general (pri- 
mary) and the specific (secondary) compo- 
nents of the QC system work intimately to- 
gether in multimolecular complexes in the 
ER membrane. 

Perhaps the most important insight that 
such an example offers is how dependent 
folding and assembly of a protein can be on 
the "welcoming committee" of chaperones, 
enzymes, and other factors that await it in the 
ER. It appears that some newly synthesized 
polypeptide chains associate with these fac- 
tors throughout their maturation and may in 
fact never be entirely free in solution until 
fully folded. Yet, there is little doubt that the 
native folded structure is determined by the 
amino acid sequence as originally demon- 
strated by Anfinsen [for review, see (65)l. In 
addition, the primary sequence, together with 
covalent modifications encoded by specific 
sequence features, determines the choice of 
chaperones with which the protein interacts. 
For example, the presence of glycosylation 
consensus sequences close to the NH,-termi- 
nus of a protein determines that it will inter- 
act cotranslationally with CNX and CRT in- 
stead of binding to BiP (66). This, in turn, 
defines ERp57 rather than PDI as the main 
thiol oxidoreductase that it will associate with. 

By adjusting their primary sequence to the 
prevailing complement of folding factors, in- 
dividual proteins have developed a variety of 
ways to make use of folding and QC mech- 

anisms and thus fine-tune the structural re- 
quirements for their expression. It is even 
conceivable that, to be transport competent 
with partially unfolded domains, some pro- 
teins have evolved ways to make themselves, 
or parts of themselves, invisible to the QC 
machinery. 

On the other hand. cells have evolved to 
optimally support proper maturation of the 
particular selection of proteins that they pro- 
duce. That the secretory pathway is, in fact, 
"differentiated" in specific cell types is re- 
vealed by the slow and inefficient folding 
observed for many heterologously expressed 
proteins. It is by no means self-evident that a 
protein that folds properly in one cell type 
will do so in another. Incompatibility is most 
often observed between cells of distantly re- 
lated species such as yeast and mammals, but 
it also occurs between mammalian cell types. 
One obvious reason can be the lack of essen- 
tial secondary factors. Differences in the 
relative amounts of the ubiquitous folding 
factors and in the physiological conditions 
in the ER (such as Ca2+ and ATP concen- 
trations and redox environment) may also 
contribute. 

In view of these cellular differences, it is 
not surprising that QC plays a role in devel- 
opmental processes. During B and T cell 
development, for example, some of the dif- 
ferentiation steps involve QC processes in the 
ER. A precursor B cell (pre-B cell) can only 
establish a viable lineage if prereceptor sub- 
units are able to assemble into transport com- 
petent oligomers [reviewed in (67)l. Further- 
more, membrane-bound heavy chains in 
pre-B cells are selectively retained in the ER 
when a switch to the gamma isotype occurs 
(68). 

Perspectives 
The challenge for the future is to define 
further the existing primary and secondary 
QC systems. It will be crucial to determine 
the structural and dynamic properties that 
result in retention of a protein. The structure 
of the ER lumen with respect to lateral mo- 
bility and protein networks requires more 
attention. It will also be essential to determine 
whether there are true cargo receptors in 
VTCs and, if so, whether they display con- 
formation-dependent affinity for their cargo. 
The mechanisms for cargo concentration and 
retrieval must be defined, as well as the 
events that lead to rerouting of cargo proteins 
from the Golgi to the lysosome or vacuole. 

For individual proteins and protein fami- 
lies, the essential secondary QC factors need 
to be defined and analyzed. The role of N- 
linked glycans in their different trimmed 
forms as indicators of folding and time spent 
in the ER must be further elucidated, with a 
focus on identifying additional mannose 
binding lectins involved in ERAD. It will 

also be important to pursue the analysis of 
alternative, proteasome-independent mecha- 
nisms of ERAD. The capacity to modulate 
folding and QC in the cell may prove essen- 
tial in the treatment of diseases with an ER 
storage etiology such as cystic fibrosis and 
u,-antitrypsin deficiency or in suppressing 
the generation of protein aggregates such as 
those resulting in neurodegenerative diseases. 
It may also lead to new ways of interfering 
with the expression of harmful proteins pro- 
duced by viruses and other pathogens, and it 
may allow better control of heterologous pro- 
tein expression. The cellular and physiologi- 
cal context of protein folding and assembly, 
in all its complexity, cannot be ignored. 

References and Notes 
1. S. M. Hurtley and A. Helenius, Annu. Rev. Cell Biol. 5, 

277 (1989). 
2. R. D. Klausner and R. Sitia, Cell 62, 61 1 (1990). 
3. H. R. Pelham, Annu. Rev. Cell Biol. 5, 1 (1989). 
4. T. Nilsson and C. Warren, Curr. Opin. Cell Biol. 6, 517 

(1 994). 
5. H. Andersson, F. Kappeler, H. P. Hauri,]. Biol. Chem. 

274, 15080 (1999); B. Sonnichsen e t  dl.,]. Cell Sci. 
107, 2705 (1994). 

6. G. Kreibich, B. L. Ulrich, D. D. Sabatini,]. Cell Biol. 77, 
464 (1978); C. Booth and L. E. Koch, Cell 59, 729 
(1990); J. F. Sambrook, Cell 61, 197 (1990). 

7. U. Tatu and A. Helenius,]. Cell Biol. 136, 555 (1997). 
8. J. X. Zhang, I. Braakman, K. E. Matlack, A. Helenius, 

Mol. Biol. Cell 8, 1943 (1997). 
9. S. Blond Elguindi et al., Cell 75, 717 (1993); G. C. 

Flynn, J. Pohl, M. T. Flocco, J. E. Rothman, Nature 353, 
726 (1991). 

10. B. Misselwitz, 0. Staeck, K. E. Matlack, T. A. Rapoport, 
1. Biol. Chem. 274, 20110 (1999). 

11. T. J. Nieland e t  dl., Proc. Natl. Acad. Sci. U.S.A. 93, 
6135 (1996). 

12. Y. Ihara, M. F. Cohen-Doyle, Y. Saito, D. B. Williams, 
Mol. Cell 4, 331 (1999) 

13. J. B. Huppa and H. L. Ploegh, Cell 92,145 (1998). 
14. M. Molinari and A. Helenius, Nature 402, 90 (1999). 
15. A. Puig and H. F. Gilbert, 1. Biol. Chem. 269, 7764 

(1994). 
16. M. A. Loo etal., EMBO]. 17, 6879 (1998); S. Pind, J. R. 

Riordian, D. B. Williams, 1. Biol. Chem. 269, 12784 
(1994); Y. Yang, S. Janich, J. A. Cohn, J. M. Wilson, 
Proc. Natl. Acad. Sci. U.S.A. 90, 9480 (1993). 

17. C. C. Meacham et al., EMBO]. 18, 1492 (1999). 
18. A. Helenius, E. S. Trombetta, D. N. Hebert, J. F. 

Simons, Trends Cell Biol. 7, 193 (1997); A. Zapun, 
C. A. Jakob, D. Y. Thomas, J. J. Bergeron, Struct. 
Folding Des. 7, R173 (1999). 

19. C. Hammond, I. Braakman, A. Helenius, Proc. Natl. 
Acad. Sci. U.S.A. 91, 913 (1994). 

20. J. D. Oliver, H. L. Roderick, D. H. Llewellyn, S. High, 
Mol. Biol. Cell 10, 2573 (1999). 

21. A. J. Parodi, Biochim. Biophys. Acta 1426, 287 (1999). 
22. S. E. Trombetta and A. J. Parodi,]. Biol. Chem. 267, 

9236 (1992); C. G. Parker, L. I. Fessler, R. E. Nelson, 
J. H. Fessler, EMBO]. 14, 1294 (1995); K. S. Cannon 
and A. Helenius,]. Biol. Chem. 274, 7537 (1999). 

23. M. C. Sousa, M. A. Ferrero-Garcia, A. J. Parodi, Bio- 
chemistry 31, 97 (1992). 

24. M. Sousa and A. I. Parodi. EMBO 1. 14. 4196 (1995). 
25. M. R. Wormald and R. A. Dwek, ~ t i u c t .   oldi in^ ~ e s .  7, 

Rl55 (1999). 
26. E. S. Trombetta, C. Ritter, A. Helenius, unpublished 

data. 
27. R. Sitia et al., Cell 60, 781 (1990). 
28. P. S. Reddy and R. B. Corley, Bioessays 20, 546 (1998). 
29. A. Kerem et dl.,]. Biol. Chem. 268, 180 (1993). 
30. M. S. Marks, R. N. Cermain, J. S. Bonifacino, 1. Biol. 

Chem. 270, 10475 (1995); P. S. Kim, D. Bole, P.  AN^, 
1. Cell Biol. 118, 541 (1992); S. Kellokumpu, M. Suokas, 
L. Risteli, R. Myllyla,]. Biol. Chem. 272, 2770 (1997). 

31. D. H. Perlmutter, Ann. Med. 28, 385 (1996). 

www.sciencemag.org SCIENCE VOL 286 3 DECEMBER 1999 1887 



1- F R O N T I E R S  I N  C E L L  B I O L O G Y :  Q U A L I T Y  C O N T R O L  

32. J. F. Arnara, S. H. Cheng, A. E. Smith, Trends Cell Biol. 
2, 145 (1992); M. Aridor and W. E. Balch, Nature Med. 
5, 745 (1999). 

33. R. R. Kopito, Physiol. Rev. 79, 5167 (1999). 
34. J. M. Kowalski, R. N. Parekh, J. Mao, K. D. Wittrup, 

j. Biol. Chem. 273, 19453 (1998); J. M. Kowalski, R. N. 
Parekh, K. D. Wittrup, Biochemistry 37, 1264 (1998). 

35. Y. Katakura e t  a/., Biochim. Biophys. Acta 1432, 302 
(1999). 

36. T. E. Creighton, Bioessays 8, 57 (1988). 
37. F. T. Wieland, M. L. Gleason, T. A. Serafini, j. E. 

Rothman, Cell 50, 289 (1987); M. j. Kuehn and R. 
Schekman, Curr. Opin. Cell Biol. 9, 477 (1997). 

38. S. R. Pfeffer and J. E. Rothman, Annu. Rev. Biochem. 
56, 829 (1987); G. Warren and I. Mellman, Cell 98, 
125 (1999). 

39. S. Kornfeld and I .  Mellman, Annu. Rev. Cell Biol. 5, 
483 (1989). 

40. L. A. Graham, K. J. Hill, T. H. Stevens, j. Cell Biol. 142, 
39 (1998). 

41. C. Bu, H. J. Geuze, G. J. Strous, A. L. Schwartz, EMBO 
j. 14, 2269 (1995). 

42. W. E. Balch, j. M. McCaffery, H. Plutner, M. G. Far- 
quhar, Cell 76, 841 (1994); ]. A. Martinez-Menarguez, 
H. J. Geuze, j. W. Slot, j. Klumperman, Cell 98, 81 
(1999). 

43. C. Appenzeller, H. Andersson, F. Kappeler, H.-P. Hauri, 
Nature Cell 6/01, 1, 330 (1999). 

44. C. Wen and I. Creenwald, j. Cell Biol. 145, 1165 
(1999). 

45. L. Zhen, M. E. Rusiniak, R. T. Swank, j. Biol. Chem. 
270, 11912 (1995). 

46. S. Macintyre, D. Samols, P. Dailey, j. Biol. Chem. 269, 
24496 (1994). 

47. J. S. Bonifacino, P. Cosson, R. D. Klausner, Cell 63, 503 
(1990). 

48. T. L. Stevens e t  al., j. Immunol. 152, 4397 (1994). 
49. F. Letourneur, S. Hennecke, C. Dernolliere, P. Cosson, 

j. Cell Biol. 129, 971 (1995). 

50. N. Zerangue, B. Schwappach, Y. N. Jan, L. Y. Jan, 
Neuron 22, 537 (1999). 

51. X. B. Chang e t  al., Mol. Cell 4, 137 (1999). 
52. A. Gilbert et al., Exp. Cell Res. 242, 144 (1998). 
53. C. Hammond and A. Helenius, j. Cell Biol. 126, 41 

(1994). 
54. E. Hong, A. R. Davidson, C. A. Kaiser, j. Cell Biol. 135, 

623 (1996); Y. Li e t  al., Mol. Cell. Biol. 19, 3588 
(1999); M. U. Jsrgensen, S. D. Emr, ). R. Winther, Eur. 
j. Biochem. 260, 461 (1999). 

55. E. G. Marcusson e t  al., Cell 77, 579 (1994); A. A. 
Cooper and T. H. Stevens, j. Cell Biol. 133, 529 
(1996). 

56. R. R. Kopito, Cell 88, 427 (1997); R. K. PLemper and 
D. H. Wolf, Trends Biochem. Sci. 24, 266 (1999); J. L. 
Brodsky and A. A. McCracken, Trends Cell Biol. 7, 151 
(1997). 

57. j. S. Bonifacino and A. M. Weissrnan, Annu. Rev. Cell. 
Dev. 6/01, 14, 19 (1998). 

58. E. J. Wiertz e t  al., Nature 384, 432 (1996); M. Pilon, 
R. Schekman, K. Rornisch, EMBO j. 16, 4540 (1997). 

59. R. K. Plemper e t  al., Nature 388, 891 (1997). 
60. A. Helenius, Mol. Biol. Cell 5, 253 (1994); K. Su e t  al., 

j. Biol. Chem. 268, 14301 (1993); M. Knop, N. 
Hauser, D. H. Wolf, Yeast 12, 1229 (1996). 

61. Y. Liu, P. Choudhury, C. M. Cabral, R. N. Sifers, j. Biol. 
Chem. 274, 5861 (1999). 

62. C. A. jakob, P. Burda, j. Roth, M. Aebi, j. Cell Biol. 142, 
1223 (1998). 

63. j. L. Brodsky e t  al., j. Biol. Chem. 274, 3453 (1999); 
M. R. Knittler, S. Dirks, I. G. Haas, Proc. Natl. Acad. 
Sci. U.S.A. 92, 1764 (1995). 

64. E. Pamer and P. Cresswell, Annu. Rev. Immunol. 16, 
323 (1998). 

65. C. B. Anfinsen, Science 181, 223 (1973). 
66. M. Molinari and A. Helenius, unpublished data. 
67. F. Melchers, Proc. Natl. Acad. Sci. U.S.A. 96, 2571 

(1 999). 

68. A. K. Bachhawat and S. Pillai, j. Cell Biol. 115, 619 
(1991). 

69. E. S. Trombetta and A. Helenius, EMBO j. 18, 3282 
(1999). 

70. L. S. Crinna and P. W. Robbins, j. Biol. Chem. 255, 
2255 (1980). 

71. M. Marzioch e t  al., Mol. Biol. Cell 10, 1923 (1999). 
72. K. J. Roberg e t  al., j. Cell Biol. 145, 659 (1999). 
73. ]. Powers and C. Barlowe, j. Cell Biol. 142, 1209 

(1998). 
74. J. A. Trilla, A. Duran, C. Roncero, j. Cell 6/01, 145, 

1153 (1999). 
75. P. W. Sherwood and M. Carlson, Proc. Natl. Acad. Sci. 

U.S.A. 96, 7415 (1999). 
76. W. P. Barz and P. Walter, Mol. Biol. Cell 10, 1043 

(1999). 
77. P. 0. Ljungdahl, C. J. Gimeno, C. A. Styles, G. R. Fink, 

Cell 71, 463 (1992). 
78. N. D. Dwyer, E. R. Troemel, P. Sengupta, C. I. Barg- 

rnann Cell 93, 455 (1998). 
79. A. R. Walmsley, M. R. Battne, U. Lad, N. J. Bulleid, 

j. Biol. Chem. 274, 14884 (1999). 
80. K. Nagata, Matrix Biol. 16, 379 (1998). 
81. W. C. Annaert e t  dl., j. Cell Biol. 139, 1397 (1997). 
82. P. Cresswell, Cell 84, 505 (1996). 
83. B. Ortmann et al., Science 277, 1306 (1997). 
84. E. K. Baker, N. J. Colley, C. S. Zuker, EMBO j. 13, 4886 

(1994). 
85. j. F. Fleming et al., j. Biol. Chem. 274, 9509 (1999). 
86. A. van der Spoel, E. Bonten, A. Azzo, EMBO j. 17, 1588 

(1998). 
87. Y.-T. Chen, D. B. Stewart, W. j. Nelson, j. Cell Biol. 

144, 687 (1999). 
88. We thank R. Moser for the figures and J. S. Weissman, 

K. Simons, and A. Nicola for valuable input. Support 
was obtained from the Swiss National Science Foun- 
dation, ETH-Zurich, L ~ v e n s  Kemiske Fabriks Forskn- 
ingsfond, and the Roche Foundation. 

R E V I E W  

Posttranslational Quality Control: Folding, 
Refolding, and Degrading Proteins 

Sue ~ ickner , '  Michael R. Maurizi,' Susan Gottesman'" 

Polypeptides emerging from the ribosome must fold into stable three- 
dimensional structures and maintain that structure throughout their func- 
tional lifetimes. Maintaining quality control over protein structure and 
function depends on molecular chaperones and proteases, both of which 
can recognize hydrophobic regions exposed on unfolded polypeptides. 
Molecular chaperones promote proper protein folding and prevent aggre- 
gation, and energy-dependent proteases eliminate irreversibly damaged 
proteins. The kinetics of partitioning between chaperones and proteases 
determines whether a protein will be destroyed before it folds properly. 
When both quality control options fail, damaged proteins accumulate as 
aggregates, a process associated with amyloid diseases. 

The appearance and maintenance of function- lecular chaperones-proteins that catalyze 
a1 proteins within cells depends on more than protein folding. By binding exposed hydro- 
the fidelity of transcription and translation. phobic patches on proteins, chaperones pre- 
The initial folding of proteins and assembly vent proteins from aggregating into insoluble, 
of multiprotein complexes can be helped and nonfunctional inclusions and help them reach 
sometimes requires the participation of mo- their stable native state. After initial folding 

and assembly, proteins may suffer damage in 

stmction by energy-dependent cytoplasmic 
proteases, or aggregation. The efficiency and 
cost of protein quality control depends on the 
balance among these processes. 

There is significant overlap in the func- 
tional and physical features of the prokaryotic 
and eukaryotic chaperone and proteolytic ma- 
chinery. Similar principles govern the mech- 
anisms of substrate selection and unfolding 
by molecular chaperones and the adenosine 
triphosphatase (ATPase) components of pro- 
teases. In fact, the ATPase components of 
proteases can function as molecular chaper- 
ones [reviewed in ( I ) ] .  We propose a unified 
model for partitioning of nonnative proteins 
between chaperones (for remodeling) and 
proteases (for degradation), which we refer to 
as protein triage (2). In discussing quality 
control, we do not address the numerous bi- 

response to various stresses or insults. For ologically important regulatory functions of 
'Laboratory o f  Molecular Biology, Nat ional  Cancer 
Institute, Bethesda, M D  20892-4255, USA. 2Labora- such damaged proteins, as for proteins mis- chaperones and proteases. 
t o r y  o f  Cell Biology, Nat ional  Cancer Institute, Be- because of mutations in the gene en- 
thesda, M D  20892-4255, USA. coding the protein, lack of fidelity in tran- When 1s Quality Control Necessary? 

qo whom correspondence should be addressed: E. scription, or translational errors, a number of Most native cellular proteins probably do not 
mail: susang@helix.nih.gov fates are possible: rescue by chaperones, de- interact with chaperones and are resistant to 
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