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INTRODUCTION 

It is generally accepted that the information necessary to specify the native, functional, three- 

dimensional structure of a protein is encoded entirely within its amino acid sequence; however, efficient 

reversible folding and unfolding is observed only with a subset of small single-domain proteins. 

Refolding experiments often lead to the formation of kinetically-trapped, misfolded species that 

aggregate, even in dilute solution. In the cellular environment, the barriers to efficient protein folding 

and maintenance of native structure are even larger due to the nature of this process. First, nascent 

polypeptides must fold in an extremely crowded environment where the concentration of 

macromolecules approaches 300-400 mg/mL and on average, each ribosome is within its own diameter 

of another ribosome (l-3). These conditions of severe molecular crowding, coupled with high 

concentrations of nascent polypeptide chains, favor nonspecific aggregation over productive folding (3). 

Second, folding of newly-translated polypeptides occurs in the context of their vehtorial synthesis 

process. Amino acids are added to a growing nascent chain at the rate of -5 residues per set, which 

means that for a 300 residue protein its N-terminus will be exposed to the cytosol -1 min before its C- 

terminus and be free to begin the folding process. However, because protein folding is highly 

cooperative, the nascent polypeptide cannot reach its native state until a complete folding domain (50- 

250 residues) has emerged from the ribosome. Thus, for a single-domain protein, the final steps in 

ffolding are only completed post-translationally since -40 residues of a nascent chain are sequestered 

within the exit channel of the ribosome and are not available for folding (4). A direct consequence of 

this limitation in cellular folding is that during translation incomplete domains will exist in partially- 

folded states that tend to expose hydrophobic residues that are prone to aggregation and/or mislfolding. 

Thus it is not surprising that, in cells, the protein folding process is error prone and organisms have 

evolved “editing” or quality control (QC) systems to assist in the folding, maintenance and, when 
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necessary, selective removal of damaged proteins. In fact, there is growing evidence that failure of these 

QC-systems contributes to a number of disease states (5-8). This chapter describes our current 

understanding of the nature and mechanisms of the protein quality control systems in the cytosol of 

bacteria. Parallel systems are exploited in the cytosol and mitochondria of eukaryotes to prevent the 

accumulation of misfolded proteins. 

CHAPERONE SYSTEMS IN EUBACTERIA 

Misfoldetiaggregated proteins can arise at numerous stages in the life cycle of all cells (Figure 

1). These proteins are potentially toxic to cells, since they can act as nucleation centers for non specific 

aggregation of essential proteins, or perhaps act as dominant-negative effecters by binding to their 

normal cellular targets without being able to perform their intended functions. The most basic method 

for minimizing the concentration of misfolded proteins is to ensure that all proteins fold correctly in the 

first place. In Eubacteria, two major ATP-dependent chaperone systems have been implicated in de 

FZOVO protein folding, the Hsp70-system (DnaKYDnaJ/GrpE) (Figure 2) (9-l 1) and the cylindrical 

chaperonin complexes (GroEL/GroES, Cpn60KpnP 0 or Hsp60/Hsp IO) (Figure 3) (12, 13). In both 

systems, nucleotide binding and hydrolysis regulate the binding and release of polypeptide substrates; 

however, the Hsp70 and chaperonin systems are structurally and functionally distinct and represent 

radically different approaches to enhancing the efficiency of folding (14). In addition to misfolded 

proteins generated during de nova folding, there are a significant number of marginally-stable proteins 

in bacterial cells, which as a result of environmental or genetic stresses unfold and aggregate after they 

have achieved their native state. For most of these proteins, the Hsp70 and HsplOO classes of 

chaperones have been shown to be important for their reactivation in vitro and in vivo (10, 15- 18). 



Bacterial Homologues of the Hsp’lO-system 

Escherichia coli possess three Hsp70 homologues, DnaK, HscA and Hsc62 (19-21): DnaK is the 

most functionally important in de nova folding for and in the rescue of damaged proteins. Like most 

Hsp70 homologues, it requires the cellular function of two additional proteins; the first is a member of 

the Hsp40 family, and the second is a nucleotide exchange factor (19,22-25). In E. coli, there are three 

authentic Hsp40 homologues, DnaJ, CbpA and DjlA, and three additional proteins that contain one or 

more Hsp40-like domains, Hsc20, and the genes ybeS and ybe V (19,2 1,26-28), of which DnaJ is the 

cognate Hsp40 for DnaK. DnaJ and its bacterial and eukaryotic homologues a-re chaperones in their 

own right, since they bind to a wide range of unfolded polypeptides, preventing their aggregation and 

maintaining them in a foldable state (22,29). The third member of the E. coli DnaK triumvirate is 

GrpE, a homodimer that serves as the ADP-release factor for DnaK and HscA, alrowing these proteins 

to complete their catalytic cycle (24, 25, 30). Homologues of GrpE are found in all bacteria that have an 

Hsp70 system, as well as eukaryotes (3 l-36). Together, these three proteins, termed the Hsp70- or 

DnaK-system, are involved in de novo protein folding, refolding and degradation (9, 11, 17,23). Over 

the last several years much has been learned about the structures and functions of DnaKIDnaJ/GrpE 

(Figure 2). DnaK, like all Hsp70 homologues, is a two-domain protein comprised of an amino terminal 

-44 kDa ATPase domain, and a carboxyl-terminal -18 kDa polypeptide binding domain (Figure 2a). 

Binding and release of substrates rely on modulating the intrinsic peptide affinity of DnaK by cycles of 

ATP binding and hydrolysis. In the ATP-bound state, DnaK binds and releases substrates rapidly, 

whereas in the ADP-bound form, it binds and releases substrates slowly (14). All known Hsp70 

bomologues, including DnaK, recognize short (6-8 residues) extended peptide segments that are 

enriched in hydrophobic amino acids (37, 38). This accounts for their ability to interact with most 
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unfolded polypeptides, while ignoring folded ones. Binding of DnaK to polypeptide substrates 

maintains them in an unfolded, but foldable, state even though it only interacts with a small portion of 

the amino acid sequence of the substrate (22). The ability of DnaK to stabilize the unfolded state of the 

bound substrate can be explained by the observation that DnaK interacts preferentially with regions in 

its substrates that are typically buried in their hydrophobic core when folded. Previous studies with a 

model protein indicate that removing as few as five residues from this hydrophobic core prevents 

folding (39,40), thus bind of DnaK to its substrates has the same effect, and hence prevents refolding. 

Interestingly, DnaK prefers to bind short peptides compared with unfolded polypeptides (22,24). 

Efficient binding of unfolded substrates both in vitro and in vivo requires the co-chaperone DnaJ (22,24, 

29). The E. coli DnaJ chaperone is the canonical type I Hsp40 ortholog. It is comprised of at least four 

domains: the N-terminal J-domain that contains the highly-conserved YHPD sequence which is present 

in all Hsp40 homonogues, the G/F domain that is rich in glycine and phenylalanine residues, a zinc- 

finger domain and a less well conserved C-terminal domain (29) (Figure 2b). Biochemical studies show 

that the J- and G/F-domains are primarily responsible for mediating the DnaK-DnaJ interaction while 

the zinc-finger and C-terminal domains are required for substrate binding (24,41-44). In Type II Hsp40 

homologues the zinc-finger domain is replaced with a functionally similar, but structurally distinct, 

domain. Biochemical analysis suggests that DnaJ recognizes a binding motif in the substrate that 

consists of a hydrophobic stretch of approximately eight residues enriched in aromatic, large aliphatic 

and arginine side chains. The overall hydrophobicity of this motif probably accounts for the ability of 

DnaJ to inhibit substrate aggregation (45). Interestingly, both DnaJ and DnaK interact with similar 

types of peptides. However, unlike DnaK, DnaJ binds peptides that contain both D- and I,-amino acids 

equally well, suggesting that binding is not restricted by backbone contacts. Consistent with this idea, 

there is no clear substrate-binding pocket in the structure of DnaJ (46,47) that would allow extensive 



contacts between DnaJ and the backbone of the bound substrates, suggesting that substrate binding may 

be achieved through interactions of the substrates’ hydrophobic side chains with hydrophobic patches on 

the surface of Dna.I. These observations led Bukau and his colleagues to speculate that DnaJ acts as a 

scanning factor for DnaK by identifying hydrophobic protein surfaces and initiating the functional cycle 

of the DnaK chaperone by associating with exposed hydrophobic patches and subsequently transferring 

these or adjacent patches to the peptide-binding site on DnaK (45). 

The major function of the DnaK system is to reduce the tendency of unfolded polypeptide chains 

to misfold, due to premature hydrophobic collapse, or to aggregate (4). Recent mechanistic studies 

have illuminated the basic details of the DnaK/DnaJ/GrpE reaction cycle (Figure 2d). Initially, DnaJ 

binds the nascent or unfolded polypeptide substrate, from which it is then transferred to DnaK in its 

ATP-bound state. Conversion of ATP to ADP stabilizes the substrate-DnaK interaction. Subsequently, 

both inorganic phosphate and DnaJ are released from the complex followed by GrpE-promoted ADP 

release. Rebinding of ATP to DnaK triggers dissociation of the bound substrate, which may either fold 

or undergo another round of interaction with the DnaK chaperone system (24,45,48-50). A key feature 

of this reaction cycle is that the bound substrate is not folded while in a complex with the DnaK system; 

instead it is maintained and released in a folding-competent form. 

GroEL, the Bacterial Group I Chaperonin 

The second major class of bacterial chaperones is the chaperonin, GroEL (Figure 3). Members 

of the GroEL family are termed Group I chaperonins and form large cylindrical homooligomeric protein 

complexes consisting of two, stacked heptameric rings (5 l-53). Group I chaperonins are found in all 

eubacteria and in eukaryotic mitochondria, and are distinguishable from Group II chaperonins, which 



are heterooligomers, comprised of two, stacked octameric rings (4). Group II chaperonins are found in 

archaebacteria and in the eukaryotic cytosol. Both Group I and II chaperonins share a common overall 

architecture and function in de novo protein folding; however, their sequences are highly divergent (4). 

In contrast to the DnaK chaperone system, substrates are thought to fold while they are in association 

with the chaperonin. GroEL, the canonical Group I chaperonin, binds unfolded substrates in a central 

axial cavity, which is large enough to accommodate substrates up to -50 kDa (Figure 3). The efficient 

folding of most GroEL substrates requires the participation of the heptameric GroES co-chaperone (54). 

Recently, the structures of GroEL and GroES alone and in their complex have been solved at high 

resolution (52, 53, 55, 56)(Figure 3a). Each GroEL subunit consists of two discrete domains, joined by 

a hinge-like intermediate domain. The equatorial domains contain the ATP-binding pocket, whereas the 

apical domains contain a patch of hydrophobic amino acids that face the interior of the central cavity 

and bind the unfolded substrate polypeptides through hydrophobic contacts. Unfolded GroEL substrates 

are bound entirely within this cavity, thereby sequestering them from the remainder of the cellular 

macromolecules (57-61). Unlike DnaK, GroEL does not appear to bind linear peptides, but interacts 

efficiently with non-native proteins. Binding presumably involves multivalent interactions between 

hydrophobic surfaces on the unfolded substrate with similar surfaces on multiple subunits of GroEL 

(59). Interestingly, the substrate-binding residues in the apical domain of GroEL are also responsible for 

interacting with the cofactor, GroES (6 l), a ring-shaped complex composed of seven identical IO kDa 

subunits that is essential for GroEL-mediated folding (54, 55, 58). Based upon both structural and 

biochemical data, a mechanism has been proposed to explain GroEL-mediated protein folding (Figure 

3 b). Initially, unfolded substrates bind in the interior cavity of nucleotide-free GroEL. Binding of ATP 

and GroES to GroEL triggers a conformational change in the apical domains that displaces the substrate 

from its binding sites and releases it into the central cavity, which is now lined with hydrophilic side 



chains (57). GroES also promotes the concerted hydrolysis of seven ATP molecules in the proximal 

(cis) ring of GroEL. Enclosure of the substrate polypeptide within the chamber of this asymmetric 

GroEL-GroES-ADP complex is essential for folding. The substrate remains enclosed for -15 set within 

the cavity, which functions as an Anfinsen cage, isolating the polypeptide under conditions of infinite 

dilution. Binding of seven ATP molecules to the trans ring in GroEL triggers the release of GroES and 

ADP from the cis ring. This returns the apical domains to a binding-competent conformation that 

exposes their hydrophobic sites toward the cavity, permitting the rebinding of a still unfolded substrate. 

However, if folding has been completed, the substrate will no longer expose sufficient hydrophobic 

surfaces to mediate binding and it will be released. 

Additional Bacterial Chaperones Implicated in Quality Control 

In addition to the GroEL/GroES chaperone system, most bacterial and eukaryotic cells possess 

another large, barrel-like, chaperone which is a HsplOO family member. The E. coli protein ClpB is a 

homooligomeric ATPase comprised of 96 kDa subunits. Currently, the exact oligomeric state of this 

protein is under debate; however, it is most likely a hexamer, based upon the structures of the yeast 

homologue and that of the closely-related Clp ATPases (18,62-64). The Clp/Hspl 00 superfamily is 

comprised of two major classes of proteins that are currently divided into at least 8 subfamilies (65). 

The class I proteins (ClpA, C1pB/Hsp100, CIpC and ClpD), contain two ATPase domains separated by 

an intervening variable-length linker domain. The class II proteins (ClpM, ClpN, ClpX, ClpY/HslU) 

contain only a single ATPase domain. All members of the Clp/HsplOO family possess the chaperone- 

like ability to bind protein substrates and unfold them. In addition, some, like ClpA, ClpC, ClpX and 



ClpY(HslU), form complexes with proteolytic components to generate functional ATP-dependent 

proteases (Figure 4). 

In vitro, ClpB possesses a protein-activated ATPase activity (66). Although little is known about 

the mechanism of ClpB action, it is thought to be involved in the recovery of misfolded proteins, based -. 

upon its ability to prevent/dissolve protein aggregates both in vivo and in vitro. Moreover, by analogy 

with the better-characterized homologues in the Clp/HsplOO family, ClpA, ClpX and ClpY/HslU, ClpB 

probably acts as an unfoldase, binding misfolded and/or aggregated proteins and completely unfolding 

them (65,67-71). By analogy with ClpA, ClpB may release bound unfolded substrates by translocating 

them through a narrow pore that runs through the center of the oligomer. Substrates are thought to exit 

from this complex in an extended conformation, which may approximate the conformation of a nascent 

chain exiting the ribosome. A more detailed description of the mechanism of this substrate unfolding 

and translocation by proteins of the Clp/Hsp 100 family will be presented below in the context of their 

role in .ATP-dependent proteolysis. 

In addition to the chaperones discussed above there are a number of other less-well 

characterized, though widely distributed, bacterial chaperones, including trigger factor (TF), HtpG and 

two small heat shock proteins IbpA and IbpB. TF is a highly expressed (-20,00O/cell) nonessential 

protein that binds stoichiometrically to the 50s subunit of actively-translating ribosomes (-15,OWcell). 

In vitro studies indicate that Ti; can be crosslinked to nascent polypeptide chains, and that its proline 

isomerase activity may be important in the folding of some proteins (72-74). HtpG is also a nonessential 

gene in E. coli (75-78). This protein is homologous to the Hsp90 chaperones in eukaryotes that are 

involved in the folding of a small number of very specific substrates. In eukaryotes, the Hsp90 

chaperone does not act alone, but instead is involved in large complexes containing several other 

chaperones, including Hsp70 and Hsp40 (4,79). It is possible that HtpG may serve a similar purpose in 



prokaryotes, or perhaps may be involved in binding misfolded proteins. The small heat-shock proteins 

IbpA/B are even less well understood (80-84). These proteins appear to bind unfolded polypeptides, and 

may act as holding chaperones for the Hsp70-system and/or chaperonins. The recently determined X- 

ray structure of a small heat-shock protein from Methanococcus janashii, which is a member of this 

family, provides little additional insight into their mechanism (85-87). The structure is a hollow sphere 

of 24 subunits with octahedral symmetry. Current speculation is that unfolded polypeptides bind 

relatively nonspecifically to exposed hydrophobic surfaces on the outside of this complex, thereby 

preventing their aggregation. 

Pn viva RoIes of Chaperones During de nova Protein Folding 

Until very recently, the importance of chaperones in de novo protein folding could only be 

inferred from in vitro refolding studies and from genetic studies which implicated them in the folding of 

a few specific substrates (82, 88-90). In fact, for the Hsp70/DnaK-system, early indications suggested 

that it did not play a major role in de novb protein folding since it was dispensable under non-stress 

conditions (91). The initial difficulties in identifying specific cellular roles for these chaperones point to 

an important feature of the protein QC-systems in both prokaryotes and eukaryotes: they are highly 

redundant and there is a high degree of cooperation between the various components. Recent advances 

in whole-cell-based proteomics approaches have begun to clarify the role and mechanisms of these 

systems in vivo (9, 11,92). 

A direct role for DnaWDnaJ in de BOW folding was demonstrated in pulse-chase studies which 

show that DnaK interacts transiently with newly-synthesized polypeptides over a broad size range, from 

-15 kDa to 167 kDa, binding preferentially to multidomain proteins with chains that range in size from 
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30-70 kDa (9, 11). Around 10% of all soluble polypeptides (340 cytosolic proteins) associated with 

DnaK at the earliest chase times were released within 2 minutes. Interaction with these nascent 

polypeptides occurred co-translationally, since after treatment with puromycin, which is incorporated 

into the nascent chain and affects its releases from the ribosome, -20% of the DnaK-bound polypeptides 

could be immunoprecipitated with anti-puromycin antibodies. Similar studies in eukaryotes had 

previously implicated the Hsp70-system in binding nascent chains (89,93,94), suggesting an 

evolutionarily conserved role(s) for this system in preventing misfolding at the ribosome. However, if 

taken at face value, it is still unclear why DnaK is a nonessential gene, and why it could not be 

crosslinked to short nascent polypeptides in vitro. A solution to this dilemma was suggested by the 

observation that TF, the only other chaperone known to bind to nascent chains, is also not essential 

under normal growth conditions. Examination of the fate of nascent chains in E. coli lacking TF (tigA) 

revealed a two-to-threefold increase in the amount of nascent polypeptides associated with DnaK, 

suggesting that TF and DnaK cooperate in chaperoning nascent chains. Moreover, in tigA cells, the 

proteins associated with DnaK shift to include low-molecular-weight species, consistent with the idea 

that, under normal cellular conditions, TF associates with nascent chains prior to DnaK, preventing its 

interaction with very short nascent chains. This also explains why, in previous studies, DnaK was not 

crosslinked to short ribosome-associated nascent chains. This apparent functional overlap between TF 

and DnaK was confirmed genetically in experiments that showed that the tigA dnaKA double mutants 

were inviable (95). Such double-mutant strains contain protein aggregates formed from both newly- 

synthesized and preexisting proteins. Identification of the aggregated proteins in these strains revealed 

that they are predominantly large proteins that have more than one independent folding domain. This 

observation suggests an important role for the DnaK system in folding multidomain proteins. Typically, 

the isolated domains of multidomain proteins are efficiently refolded in vitro, while the intact proteins 

.- 
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fold inefficiently under similar conditions, suggesting interactions between domains in the unfolded 

state can inhibit their refolding. Interaction with the DnaK system may allow the domains to fold 

independently, as occurs with the isolated domains. This mechanism may be especially important in 

eukaryotic cells where a larger proportion of their proteins are expected to consist of two or more 

domains. 

By contrast, GroEL and GroES are essential for growth of E. coli under all conditions (12). 

However, this requirement could result if GroEL facilitated the folding of just one or a few essential 

proteins. To begin understanding the extent of proteins in bacteria that require the GroEWGroES 

chaperone during & FZOVO folding, Hart1 and his co-workers have identified in vivo substrates for this 

system by pulse labeling followed by immunoprecipitation of GroEL under native conditions (13). In 

these experiments, a subset of -300 proteins appear to fold in a complex with GroEL. Unlike TF and 

the DnaK system, GroEL does not interact with ribosome-bound polypeptides, but binds polypeptides 

post-translationally. The set of newly-synthesized polypeptides interacting with GroEL is highly 

diverse, and accounts for -15% of all cytoplasmic proteins under non-stress conditions (30-37”(Z). Heat 

shock at 42°C increased the fraction of GroEL-bound polypeptides to -30% of the total. Most GroEL 

substrates are between 10 and 55 kDa in size with a clear cutoff for larger polypeptides, as expected 

from the size of the GroEL folding cavity. The majority of these substrates are released from GroEL in 

a chaperonin cycle (-15 set) and are smaller than 25 kDa. Larger substrates, 25-55 kDa, remain in 

association with GroEL (I 00- 150 set on average) suggesting that these require multiple chaperonin 

cycles. 

Sequential Roles For The DnaK-System and GroEL/GroES Chaperonins In Folding 

12 



These recent advances in our understanding of the mechanism and roles in de novo folding for 

the DnaK and GroEL systems beg the question: do these two systems act sequentially and cooperatively 

in folding substrates? In principal, the DnaK systems may act only on large multidomain proteins by 

allowing the individual folding domains to reach their native conformations separately. In this case, 

DnaK and GroEL would target different classes of substrates acting independently of each other. 

Alternatively, there could be a functional coupling between the DnaK and GroEL systems for some 

substrates. This seems to be a particularly attractive possibility since the DnaK system acts co- 

translationally and is present in the cell at concentrations that would allow it to interact with virtually 

every nascent polypeptide chain, whereas GroEL acts post-translationally and its oligomeric 

concentration is relatively low. Cooperation between these two systems would couple chaperone- 

mediated folding to translation and sequester the newly-synthesized non-native proteins from the bulk of 

the cytosol. Initial support for the sequential nature of chaperone interactions was suggested by 

experiments that examined the folding of model proteins that were either imported into mitochondria or 

chloroplasts, or translated in cell-free extracts, as well as by experiments with purified components (4, 

22,94,96-99). In these systems, the polypeptide was initially bound and stabilized by DnaK/DnaJ or 

the Hsp70/Hsp40 homologues, and subsequently transferred to GroEL or its eukaryotic equivalent. 

Consistent with this model, overexpression of GroEL, which increases the flux of substrates through this 

chaperone, also increases the flux of substrates through DnaIUDnaJ, as expected if the DnaK-system 

acts upstream of GroEL (95). Currently there little direct in vivo evidence for this pathway in bacteria; 

however, several studies suggest that this it is important in de novo folding in yeast and mammalian cells 

(93). Figure 5 summarizes the salient features of our current understanding of ihe contributions and 

interactions of TF and the DnaK and GroEL systems to de novo protein folding. 
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Chaperone Catalyzed Rescue of Misfolded and Aggregated Polypeptides 

The DnaK and GroEL chaperones play key roles in minimizing the amount of misfolding 

produced during synthesis and de novo protein folding. However, even under normal growth conditions, 

misfolding occurs both during and after de novo folding and increases dramatically as a result of genetic 

or environmental stresses, such as mutations or heat shock (17, 100-102). Under stress conditions, high 

levels of misfolded proteins that escape chaperone binding may reach an alternatively stable state as 

inactive, insoluble, aggregates. These aggregates are sometimes called inclusion, or Russell, bodies and 

are seen as electron-dense masses in electron micrographs of whole cells (103). A number of recent 

studies suggest the presence of one or more conserved, highly specialized pathways to solubilize and, 

when possible, reactivate misfoldedaggregated proteins that are operative under all growth conditions 

(15, 16,23,81, 83, 101, 103). 5 

In vitro studies with purified proteins indicate that the DnaK system can protect several proteins 

from aggregation and irreversible thermal inactivation. Moreover, this system can reactivate some 

previously-denatured proteins when they are present in small aggregates in vitro, but it is inefficient in 

dissolving and reactivating proteins found in large aggregates (15). By contrast, several studies have 

suggested that E. coli ClpB can dissolve large protein aggregates (10, 104), although it does not 

efficiently reactivate these soiublized proteins. Several laboratories have recently tested the possibility 

that the DnaK system and ClpB can cooperate in suppressing and/or dissolving and refolding protein 

aggregates in vitro. Alone, ClpB is capable of binding to proteins found in these large aggregates; 

however, it is inefficient in their refolding. By contrast, when both ClpB and the DnaK system are 

present together, the aggregated proteins can be dissolved and the proteins reactivated (15-l 7, 104). 

Mechanistic studies of this process suggest that ClpB binds protein aggregates directly and, through 
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ATP-induced confo’imational changes in its hexameric structure, increases the exposure of their 

hydrophobic surfaces, thereby allowing DnaK/DnaJ/GrpE to bind and mediate dissociation and 

refolding of solubilized polypeptides into native proteins. The mechanism by which ClpB accomplishes 

this task remains unclear, as is the question of whether ClpB increases the availability of proteins in the 

aggregate by unmasking DnaWDnaJ binding sites or by transiently removing these from the aggregate. 

Based upon the mechanism of the highly homologous ClpA protein, it seems likely that it actuahy 

removes proteins from these aggregates and completely unfolds them; however, in the absence of 

DnaK/DnaJ, these solubilized proteins cannot refold. 

Cooperation Between ClpB and the DnaK-System In Recovery of Misfolded and Aggregated 

Proteins 

The importance of the DnaIUClpB bi-chaperone network to the in vivo recovery of 

misfoldedlaggregated proteins has recently been demonstrated (10, 17). Heat treatment of total soluble 

extracts for 15 min at 45°C caused the denaturation of lo-15% of the proteins despite the presence of 

endogenous chaperones. Addition of the DnaK system to these extracts prior to heat shock protected the 

proteins from aggregation in a concentration-dependent manner. However, addition of four other E. coli 

chaperones (GroEUGroES, HtpG, ClpB, IbpA) did not prevent aggregation. Examination of the 

proteins protected by the DnaK system revealed -250 protein species corresponding to -30% of all the 

proteins detectable by 2-D gel electrophoresis. Similarly, in vivo experiments with E. coli knock-out 

mutations in various chaperone genes (AclpB::hzn, AhtpG::lacZ, AibpA::kan, AdnaK52::cat) confirmed 

the preeminence of the DnaK system in preventing protein aggregation during heat-shock treatment 

(10). Heat shock at 42°C caused strong protein aggregation in AdnaK52::cat mutants, but no 
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aggregation in wild type or any of the other mutant cell lines tested. To identify the thermolabile DnaK 

substrates, mass spectrometry of the insoluble proteins found in the heat-shocked AdnaK52::cat mutant 

cells revealed that 80% of the large proteins (>90 kDa), but only 18% of the small (~30 kDa) 

cytoplasmic proteins were DnaK substrates, including several essential proteins. Interestingly, protein 

aggregation in AdnaK52::cat mutants could be reversed by induced synthesis of ClpB and the DnaK 

system, paralleling the in vitro studies indicating that ClpB and the DnaK system cooperate to dissolve 

and refold protein aggregates. 

Figure 6 shows one model for the action of the DnaKElpB chaperone network. In addition to 

the DnaK system and ClpB, at least one additional chaperone system may be involved in protecting 

proteins from aggregation. Analysis of the protein content of inclusion bodies that result from the high- 

level expression of some non-foldable proteins in E. coli revealed that, in addition to the overexpressed 

protein, these aggregates were enriched in two small cellular proteins, termed IbpA and IbpB, that are 

members of the small heat-shock family of chaperones (8 1,83). In vitro, these proteins prevent 

aggregation and may cooperate with the DnaK system as holding chaperones preventing aggregation 

prior to reactivation by the DnaK system. 

ATP-DEPENDENT DEGRADATION OF DAMAGED PROTEINS 

Despite the considerable effort that cells expend in preventing misfolding and aggregation of 

nascent polypeptides during de novo folding and in refolding the majority of misfolded and/or 

aggregated proteins, some of these proteins cannot be rescued. In addition, a large fraction (-20% in 

bacteria) of nascent chains are degraded immediately after synthesis (105, 106). This fraction rises to 

-30% in eukaryotes (107), and if the polypeptide contains an amino-terminal degradation signal, more 
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than 50% of these are degraded co-translationally, never reaching their mature size before destruction 

(108). A fraction of the rapidly-degraded polypeptides are probably damaged due to errors in 

transcription or translation; however, based upon the known fidelity of these processes (l/l 0000 amino 

acids incorporated), these errors can only account for a small fraction of the total (109). In some cases, 

this rapid turnover may be an essential component of a regulatory pathway. For example, the quorum- 

sensing transcriptional regulator TraK cannot fold and is rapidly degraded in the absence of its cognate 

signaling ligand (110). In fact, this protein only binds its inducing ligand during its synthesis. The 

continuous synthesis and degradation of TraR, until its cognate ligand is present, provides an extremely 

rapid means of communication between bacterial cells. In both prokaryotic and eukaryotic cells the vast 

majority of the rapidly-degraded proteins, including newly-synthesized polypeptides, and damaged, 

misfolded or aggregated proteins, requires ATP hydrolysis and is conducted by large ATP-dependent 

proteolytic complexes (111, 112). As is the case for many of the chaperones, failure of these ATP- 

dependent proteases has been implicated in several human disease states (113). Interestingly, all of the 

ATP-dependent proteolytic complexes show a substantial degree of architectural similarity with the 

GroEL-like chaperonins, and overlap functionally with a wide range of chaperones (67, 114, 115). In 

particular, the bacterial ATP-dependent proteases use similar principals with both the GroEL and DnaK 

chaperones for selecting substrates to be degraded (90). This is not entirely unexpected since both 

chaperones and ATP-dependent proteases must recognize similar non-native substrates. In fact, recent 

studies have shown that the ATPase components of proteases can also function as molecular chaperones 

(116, 117). Together, these observations suggest a kinetic model for the fate of nascent and marginally 

stable polypeptides in cells which partition between the networks of chaperones that promote 

folding/refolding and the chaperone-like ATP-dependent proteases that degrade them. At any particular 

time, the cellular concentration of these proteins depends upon a combination of their rate of synthesis 
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and relative flux through the folding and degradation pathways. One important implication of this 

model is that, for a given protein, its cellular concentration is not necessarily coupled to its mRNA level, 

and thus attempts to estimate changes in the cellular concentration of individual proteins based upon 

changes in mRNA levels are necessarily flawed. 

Four Major Families of Eubacterial Proteases 

In Eubacteria, greater than 90% of cytoplasmic proteolysis is carried out by energy-dependent 

proteases, the most common of which are Lon, FtsII, Clp and HslUV (118). Lon and the integral 

membrane protease, FtsH, are homooligomeric complexes in which the ATPase and protease activities 

reside’in a single polypeptide chain. By contrast, the Clp and HslUV proteases are heterooligomeric 

complexes in which the ATPase and peptidase subunits form independently-stable oligomers that 

associate in an ATP-dependent fashion during substrate degradation (Figure 4, and Figure 7) (119- 12 1). 

Although each of these four enzymes represents a unique proteolytic system, they all appear to be 

architecturally and mechanistically related at the most basic level (122). For example, in their active 

complexes, all of the proteases form large barrel-like structures that bind, unfold and engulf substrates, 

utilizing homologous ATPase domains of the AAA (ATPases Associated with various cellular 

Activities) family of ATPases (123- 125). 

Moreover, although each of these proteases has a unique proteolytic core, they all degrade 

substrates processively to produce 5-l 5 residue peptides by cleaving between virtually any non-proline 

non-glycine bond (118, 120). Since there is a strong architectural and functional conservation between 

the various proteases, we will only briefly describe the Lon and FtsH proteases, and focus our 

mechanistic discussions on the better-characterized Clp and HslU proteases. 
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The E. coli lon gene encodes a nonessential 88 kDa protein, the Lon protease, which probably 

forms a homo-hexameric complex, although the exact stoichiometry of the complex is still under debate 

(126, 127). Lon is a serine protease with its catalytic residues located in the carboxy-terminal half of 

the amino acid sequence (128). Limited proteolysis studies demonstrate that the proteolytic domain is 

an independently-stable folding unit that catalyzes the peptide bond hydrolysis of short peptide 

substrates in the absence of its ATPase domain but cannot degrade protein substrates. The amino- 

terminal half of Lon contains the AAA-ATPase domain, which is responsibie for substrate binding, 

unfolding and translocation to the proteolytic active sites (129). Based upon the sequence homology 

between the various AAA-ATPases, the structure of this domain is likely to resemble that of the ATPase 

in the Clp (ClpA, ClpX) and HslUV (HslU) proteases, and also that in the more distantly-related FtsH 

protease (123-125, 130). These observations provide further support for the notion that Lon is 

architecturally and functionally similar to the two-component Clp and HslUV proteases. 

TheftsH gene encodes a 7 1 kDa ATP-dependent protease, FtsH, that unlike the other three 

proteases encodes an integral membrane protein, although both the proteolytic and ATPase activities 

reside within cytosolically-exposed domains (130). The 200-residue ATPase domain also belongs to the 

AAA-ATPase superfamily (130, 13 1). The proteolytic domain, which resides near the carboxy- 

terminus, is a zinc metalloprotease (130). Homologues of FtsH are found in the mitochondria of most 

eukaryotes and are thought to play a critical role in protein degradation in these organelles (132, 133). 

The hsZUV operon, found in many eubacteria, encodes two proteins, HslU, a 50 kDa ATPase, 

and HslV, a 20 kDa threonine protease (120, 134, 135). The functional HslIJV protease is comprised of 

two HslU hexamers bound at each end of the dodecameric HslV protease (two stacked rings of 

hexameric subunits) giving rise to a rotationally symmetric complex (136). The high-resolution 

structures of HslU and HslV have been recently determined alone and in their complex (Figure 7) (137- 



139). The HslU ATPase adopts a barrel-like structure with the central core of the oligomer formed by 

the association of the AAA-ATPase domains. Similarly, the proteolytic component, HslV, also has a ‘. 

barrel-like structure comprised of subunits that share a common fold with the P-subunits in the 

archaebacterial and eukaryotic 20s proteasome protease. Assembly of these subunits into the functional 

dodecamer encloses active sites in a central chamber that is -50 A in diameter. Access to this chamber 

is restricted to two -14A axial pores that limit access of proteins to those targeted for degradation by the 

HslU ATPase. Interestingly, unlike the p-subunits of the proteasome, which form heptameric rings, 

subtle differences in the subunit packing result in HslV forming hexameric rings (140). Peptide bond 

hydrolysis by most HslV homologues goes by an Ntn-hydrolytic mechanism (&terminal tieonine 

nucleophile), which was first described for the P-subunits of the proteasome. However, recently at least 

one HslV homologue has been considered to use an N-terminal serine to catalyze this reaction (141). 

This observation underlies the fact that the details of peptide bond hydrolysis by these proteases do not 

play a significant role in degradation of protein substrates. The self-compartmentalization of the 

proteolytic active sites within a central chamber in the HslV oligomer is thought to be a common feature 

of all four bacterial ATP-dependent proteases (142). This feature prevents the degradation of substrates 

not specifically targeted by the proteolytic subunits. Association of HslU and HslV to form the active 

protease requires ATP, but not its hydrolysis, and involves interactions between residues near the C- 

terminus of HslU with the outer surface of the HslV cylinder (139). In the complex, HslU hexamers are 

axially stacked at each end of the HslV dodecamer. In this arrangement there is a small central channel 

(-5 A minimum diameter) that passes through the HslU hexamer into the HslV proteolytic chamber. 

Degradation of folded substrates by HslUV requires ATP hydrolysis; however, unfolded model 

substrates can be degraded under some circumstances in the presence of the non-hydrolyzable analog 

AMPPNP (143). Currently, little is known about the in vivo substrates of HslUV. 
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The mechanistically best-characterized of the four proto-typical eubacterial ATP-dependent 

proteases is Clp (144). The functional Clp protease is comprised of ClpP in complex with either of two 

ATPase components, ClpX or ClpA [in some bacteria, and plant chloroplasts, ClpA is replaced with a 

highly homologous ATPase ClpC that also binds ClpP (145)]. The ATPases differ structurally in that 

ClpAKlpC, like the ClpB chaperone, contains two nucleotide-binding domains (NBD’s), while ClpX, 

like HslU, has only one (65) (Figure 4). The functional significance of this is not known, since both 

ATPases support the degradation of a range of substrates. More importantly, though, ClpA/C and ClpX 

target different substrates for degradation, and are thus alternative specificity factors for the protease 

(146). Currently there is a high-resolution structure of E. coli ClpP (147, 148), and homology models 

for ClpX and ClpA based upon the structure of the HslU ATPase (Figure 7). The crystal structure of 

ClpP reveals a subunit fold that is quite distinct from that of HslV; however, the overall architecture of 

the ClpP and HslV complexes is strikingly similar. In common with the IKslUV protease, association of 

ClpP with either of its specificity ATPases requires ATP binding but not hydrolysis, to form complexes 

that have ClpA/C or ClpX oligomers stacked at each end of the central CBpP oligomer (64, 149-152). 

Interestingly, this complex is rotationally asymmetric since both ClpA/C and ClpX are hexamers while 

ClpP is comprised of two heptameric rings producing a 6-7 mismatch (64, 147, 15 1, 153). At present, 

the functional significance of the asymmetry in the Clp protease is not clear; however, a similar 6-7 

asymmetry is thought to occur in the eukaryotic 26s proteasome. 

Conserved Mechanism of ATP-Dependent Protein Degradation 

In the last several years, the basic features of the proteolytic and chaperone mechanism of these 

ATP-dependent proteases have come into focus. These studies have largely exploited native substrates 
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that are recognized and either remodeled or degraded in their roles as regulators of specific biochemical 

pathways rather than in their role in protein QC (68-7 1, 116, I 17, 154- 16 1). However, at the level of 

mechanistic detail currently available, the consensus mechanism provides a suitable starting point for 

understanding how these proteins function in QC. This model involves five main steps, as shown in 

Figure 8. Initially, a substrate targeted for degradation binds at one end of the ATPase. The bound 

substrates are unfolded in a reaction that requires ATP hydrolysis. Additional rounds of ATP hydrolysis 

are then used to translocate the unfolded substrate through the barrel-like ATPase complex into a 

chamber formed by the protease component, where it is degraded. Finally, the peptide products are 

discharged, either passively through diffusion, or actively, out of the chamber to complete the cycle. 

The penultimate step of peptide-bond cleavage does not require energy input and is accomplished 

entirely by the active sites in the proteolytic component (162, 163). 

At least one or more specific domains in the ATPases recognize substrates destined for % 

degradation. The sensor and substrate discrimination (SSD) domain is one such domain that has been 

implicated in substrate recognition by the Lon, Clp and HslUV proteases and it is located at the C- 

terminus of their respective ATPase domains (164, 165). Interestingly, a homologous domain is found 

at the C-terminus of the ClpB chaperone and thus this domain may act as a link between the chaperone 

activity of ClpB and the energy-dependent degradation activity of the Lon, Clp, and HslU ATPases. In 

the structure of the HslUV complex, the SSD domain lies at the periphery of the ATPase near the 

HslUV interface (ll39, 166). It is expected to be in a similar position in the structures of the ClpAKP 

and ClpXP complexes. This is somewhat surprising since, in the low-resolution electron microscopic 

model for substrate-bound ClpXP, the substrate is initially bound at the distal end of the ClpX in the 

CIpXP complex. A similar location was found for a substrate bound to ClpA in the ClpAP complex: in 

this case, the substrate was over 100 A away from the SSD domain of ClpA. These results imply that 
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substrate targeting involves at least one additional domain (157, 159). Candidates for this function are 

the amino-terminal domains in ClpA and ‘CIpX, and the central coiled-coil (I-domain) in HslU. These 

three domains are thought to occupy analogous positions in the three-dimensional structure of the 

ATPases, although they are found in different positions in the linear sequence, In the structural model 

of HslU, the I-domain is located at the distal end of HslU, opposite the HslV-binding face (139, U 6 1, 

167, 168). Based upon modeling studies, the amino-terminal domain of ClpA occupies a similar 

position with respect to its ClpP-binding surface, as does the nonhomologous amino-terminal domain of 

ClpX. These three putative substrate-binding domains do not share any sequence homology and thus 

appear to be good candidates for defining, at least in part, the substrate specificity of the individual 

proteases. However, several recent studies suggest that although these domains are required for the 

binding of some substrates, they are dispensable in the degradation of others, and thus the details of how 

these proteases target substrates remains an open question (16 1, I 67, 168). By contrast, evidence is 

accumulating that one of the features in the substrate that both the Clp and Lon proteases recognize are 

hydrophobic patches adjacent to basic residues (154, 162, 165, 169). The SSD domain is probably a key 

determinant in recognizing this motif (164, 165, 170). Interestingly, this motif resembles that 

recognized by the DnaWDnaJ chaperones, described above, and may represent another link between the 

chaperones and ATP-dependent proteases. One plausible role for substrate recognition by the SSD 

domain is in discriminating between unfolded polypeptides that may still be capable of folding and those 

that are no longer folding competent. In this model, the SSD domain senses the degree of unfolding; 

only highly extended substrates will be capable of interacting with the SSD domain, and thus triggering 

degradation. 

Once stably bound to the ATPases, the substrates are completely unfolded, preparing them for 

translocation and entry into the proteolytic chamber. Unfolding is also likely to be important even with 
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damaged or misfolded proteins, since the substrate-binding chamber of the ATPase subcomplex and the 

proteolytic chamber of the protease complex are linked by channels that are between 5- 13 A in diameter 

at their narrowest points, placing severe constraints on the conformation of substrate proteins that can be 

translocated into the proteolytic core (68, 70, 7 1, 116, 17 1, 172). Mechanistic studies following the 

degradation of folded substrates by ClpXP and ClpAP indicate that folding requires ATP hydrolysis and 

is the rate-limiting step in their degradation (158). At present, little is known about how these ATPases 

couple ATP-hydrolysis to substrate unfolding for two main reasons: there is a high background rate of 

ATP hydrolysis and coupling between ATP hydrolysis and their chaperone-like activities is weak at best 

(144, 149, 173, 174.). Thus, it is not clear whether unfolding requires the concerted hydrolysis of ATP 

by multiple subunits, as in the GroEL reaction cycle, or involves sequential or random hydrolysis. In 

either case, recent evidence suggests that unfolding involves the peeling away of segments of the 

polypeptide from the native structure of the bound substrate (175, 176). For substrates that have 

degradation tags at either the N- or C-terminal ends, segments of the polypeptide chain near the tag are 

peeled first and are then funneled into the central proteolytic chamber for degradation (176). One 

interesting aspect of this mechanism is that the susceptibility of a substrate to unfolding is determined 

not by its global stability but rather by the stability of structural elements near the degradation tag. 

Global unfolding occurs after this local structural element is peeled away. In essence, this mechanism 

parallels that proposed to explain the ability of DnaK to maintain bound substrates in an unfolded 

conformation, as discussed above. 

Translocation of substrates from their initial binding sites at the ends of the ATPase subunits or 

domains into the proteolytic core also involves ATP hydrolysis. In the ClpAP protease, substrates are 

translocated -150 A before entering ClpP by a process that does not involve any major structural 

rearrangement in the ATPase component, as judged by image reconstruction of electron micrographs 
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(70, 159). This latter fact imposes extreme topological constraints upon the mechanism of this process. 

In addition, it is also unclear whether translocation requires the entire protein to be unfolded, or can 

begin even as the protein is unfolding. Furthermore, it is not obvious how binding of the ATPase to the 

degradation tag promotes substrate insertion into the translocation channel. However, recent 

biochemical experiments have shed some light on the vectorial nature of this process. For multidomain 

proteins, Lee et al. have shown that degradation appears to be sequential, using multidomain fusion 

proteins tagged with a degradation signal (176). In the case of an N-terminal tag fused to a DHFR 

(dihydrofolate reductase) module followed by a barnase module, degradation by ClpAP could be 

prevented by methotrexate, a small molecule that binds and stabilizes DHFR. When the positions of 

DHFR and barnase modules were reversed, the barnase module was selectively degraded even when 

methotrexate was present. By contrast, the DHFR module in this construct was not degraded; instead it 

was released as a stable DHFR-containing fragment. The vectorial translocation of a bound substrate 

starting’from a degradation tag has also recently been demonstrated directly (69). In these experiments a 

fluorophore was covalently attached at either end of a substrate for the ClpAP protease. Translocation 

was monitored by FRET @luorescence Resonance Energy Transfer) from a donor fluorophore 

covalently attached in the catalytic chamber of ClpP to the acceptor fluorophore attached to the 

translocating substrate. Energy transfer occurs when the two fluorescent probes are brought in close 

proximity. In these experiments, energy transfer occurs 2-4 set sooner with the substrate labeled near 

the degradation tag compared with that labeled at the opposite end of the polypeptide sequence (69). As 

with the experiments examining protein unfolding, translocation experiments exploited native substrates 

targeted for degradation by specific sequence tags. For most of the damaged or misfolded protein 

targets of these ATP-dependent proteases, there are no specific sequence tags and their unfolding and 

initiation of translocation may proceed by subtly different pathways. 
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ClpX and ClpA in their role as molecular chaperones are likely to exploit similar, if not identical, 

mechanisms for recognizing, unfolding and translocating substrates (68, 7 1, 176, 177). Based upon the 

structure of HslU, and the constraints imposed on substrate entry into ClpP (147, 166), the substrates for 

the chaperone function of these proteins are likely to be ejected from the ATPase in an extended state. 

A major question remains: are the proposed chaperone functions an artifact due to the absence of ClpP 

in these in vitro studies? A partial answer can be reasoned in the following way. Under normal 

bacterial growth conditions, the cZpA, cZpP and clpX genes are all highly expressed. In a significant 

fraction of known bacterial species the genes for clpP and cZpXare stress inducible and adjacent to one 

another on the chromosome. In contrast, the cZpA gene is normally found in a distinct chromosomal 

locus and is not regulated by stress (178). This implies that the cellular concentrations of ClpA and 

ClpX are not coordinated and may exceed the total cellular ClpP concentration. Since both ClpA and 

ClpX bind to ClpP with similar affinities (152), both free ClpA and ClpX may be-available under certain 

cellular conditions to perform a chaperone role in vivo. 

Degradation of the translocated substrate occurs entirely within the central proteolytic chamber. 

Substrates enter this chamber in a largely extended conformation (147, 148) in which the peptide bonds 

to be cleaved are freely accessible and are degraded in a processive manner: once the substrate is 

committed to turnover by these systems, degradation proceeds to completion producing short 3-l 5 

residue peptide products (1443.. Due to the architecture of the proteolytic chamber, the active sites exist 

at very high concentrations (-500 mM), as are the peptide bonds in actively-translocated polypeptide 

substrates (147, 148). In fact, substrates as large as -30 kDa can be completely translocated into the 

proteolytic chamber of a catalytically-defective ClpP oligomer (70). This high concentration ensures the 

complete degradation of polypeptide substrates. The tightly-defined size distribution of products was 

initially thought to result from the concerted cleavage of peptide by adjacent active sites, a mechanism 
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terrned the “molecular ruler” model (179). More recently, it has become clear that the size distribution 

of products during protein degradation is actually defined by two competing factors: the overall rate of 

peptide bond hydrolysis that generates the peptide fragments, and the rate that these products can diffuse 

out of the access pores (147, 148, 180, 18 1). This mechanism has been termed the “molecular sieve” 

model since the access pores act like molecular sieves to control the sizes of peptides that can diffuse 

freely into or out of the proteolytic chamber (147, 148). 

Evidence of an in viva Role of ATP-Dependent Proteases in QC 

Over the past -15 years, a substantial body of evidence has accumulated implicating ATP- 

dependent proteases in protein QC in vivo (90, 114, 182, 183). Initial experiments with puromycin- 

treated E. coli cells indicated a role for the Lon and Clp proteases in degrading damaged proteins (105, 

184, 185). In addition, numerous studies have defined a role for these proteins in degrading misfolded 

proteins under normal and heat-shock growth conditions (10, 186). For example, in clpC and clpP 

mutant B. subtilis strains, large electron-dense protein aggregates accumulate under both stressed and 

non-stressed conditions, suggesting a direct role for the Clp protease in removing misfolded proteins 

(186). Moreover, in a wild-type strain subjected to heat-shock antibodies raised against ClpC, ClpP and 

ClpX were localized in these aggregates. These results show that in B. subtilis the Clp proteins play an 

important role in degrading misfolded proteins in vivo. However, this should not be taken to mean that 

the Clp proteins are the major ATP-dependent proteases for degrading misfolded proteins in all 

eubacteria, since in other bacteria Lon appears to play an important role in this process (111). More 

recently, the ClpXP protease has been implicated in a novel ribosome rescue pathway that frees stalled 

ribosomes on a damaged mRNA (187). mRNAs that lack stop codons interfere with the ribosomal 
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termination and reinitiation cycle, giving rise to truncated polypeptides. ClpXP participates with a novel 

tRNA-mRNA hybrid, known alternatively as SsrA, tmRNA or 1OSa RNA, that acts both as a tR.NA and 

an mRNA to direct the non-template encoded addition of an 11 -residue degradation tag (187- 190). 

Proteins synthesized in this way are subsequently degraded by the ClpXP protease. This QC mechanism 

ensures that ribosomes are not sequestered on terminator-less mRNAs and that prematurely truncated 

proteins do not accumulate. It may also contribute to recycling of ribosomes stalled for other reasons, 

Synergistic Action of Chaperones and Proteases in Degrading Damaged Polypeptides 

Several studies over the last few years have suggested a direct relationship between the 

chaperones DnaIUDnaJ and GroEL and ATP-dependent protein degradation (Figure 9) (10, 19 1 - 197). 

Among the first examples of the involvement of DnaJ/DnaK in the degradation ofspecific abnormal 

proteins was a variant of alkaline phosphatase (PhoA61), which is not secreted from the cytosol due to a 

missense mutation in its signal sequence (196, 198). Its rapid degradation under normal growth 

conditions is mediated in part by Lon and requires DnaK and DnaJ. In addition, the dnaK756 mutation, 

which slows the release of substrates bound to DnaK, enhanced PhoA61 degradation, whereas a &a/ 

mutant that reduces PhoA61 association with DnaK slowed its turnover. These results suggest that 

prolonged association with the DnaK/DnaJ chaperone system promotes degradation. More recently, 

studies have been conducted to characterize the role of DnaK depletion on global ATP-dependent 

protein turnover in bacteria (10, 17). The results of this study suggest that DnaK is not an essential 

factor for ATP-dependent degradation of misfolded proteins under normal growth conditions, but under 

heat-shock conditions DnaK and the ATP-dependent proteases act synergistically to remove damaged 

proteins. 
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HOMOLOGOUS SYSTEMS FOR PROTEIN QUALITY CONTROL IN EUKARYOTES 

The problem of protein QC is not unique to bacteria; in fact, eukaryotic cells are posed with the 

even more daunting task of managing protein folding in multiple compartments. For the most part, the 

protein QC systems in eukaryotic oells are analogous to the bacterial systems. For example, in the 

eukaryotic cytoplasm, there are multiple Hsp70 systems involved in de novo folding, recovery of 

misfolded aggregated proteins, and in the ATP-dependent degradation of misfolded proteins. Similarly, 

the Group II chaperonin TRiC plays an equivalent role to GroEL in the folding of some proteins (94), 

and the 26s proteasome plays the corresponding role of the bacterial ATP-dependent proteases in 

protein degradation (199). Moreover, protein QC in mitochondria is highly homologous to that in 

bacteria (200-207). The one major exception is the protein QC system found in the endoplasmic 

reticulum. This organelle is responsible for folding proteins in the secretory pathway. Protein QC in 

this organelle involves N-linked oligosaccharides, which are used by lectin-specific chaperones and 

modifying enzymes in de novo protein folding or in targeting misfolded proteins for degradation (208, 

209). 

CLOSING REMARKS j 

Presently, our understanding of the mechanisms regulating the expression, cellular content and 

intracellular distribution of protein refolding and degradation machinery is somewhat limited. The 

exquisite synergy between refolding and recycling is becoming clearer. However, the observations 

reviewed here indicate that although significant progress has been made recently in elucidating their 

mechanisms, many more questions still remain unanswered. The dramatic recent progress in elucidating ,. 
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the structures and functions of many QC machines should facilitate a deeper understanding of these 

regulatory mechanisms in the next decade. 
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Figure 1: Possible fates of misfolded proteins in the cell. 

Figure 2: The DnaK./DnaI;/GrpE chaperone system. (A) The substrate binding (1 DKZ) and ATPase 

domains (1 DKG) of DnaK. Arrows represent P-strands and coils represent a-helices. For this, and other 

figures, the four letter codes in parenthesis represent the PDB accession codes used to create the figure. 

(B) Current structural model of DnaJ. From top to bottom: the N-terminal, or J-homology domain 

(lBQO), the zinc finger domain (lEXK), the GF domain of unknown structure and C-terminal domain 

(lC3G). (C) The structure of GrpE (1DKG). (D) The basic details of the DnaIUDnaJ/GrpE reaction 

cycle. Figure 2a-c, 3a and 7 were generating using the program Molscript (2 10). 

Figure 3: The GroELGroES chaperone system. (A) GroEL undergoes a conformation change in the 

hinge region to change the position of the apical domain, so that GroES can bind. (1 AON, IDER) A cut 

away of the oligomer followed by the monomer fold is shown in each case, GroEL and 

GroEL/GroES/ATP. Pictures of the GroEL and GroEWGroES oligomers were rendered with the 

program GRASP (211). (B) Cartoon of the reaction cycle of GroEWGroES. 

Figure 4: Domain components of AAA-ATPases. This figure is modeled after Figure 1 in ref (165). 

Figure 5: Interplay between Trigger factor and the DnaK and GroEL chaperone 

systems in de nuvo protein folding. 

Figure 6: Interplay between the DnaK and ClpB chaperone systems. 
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Figure 7: Crystal structures and molecular model of the ClpXP and HslUV protease machines. The 

ATPase components, ClpX and HsIU, share a common fold, as shown in black. ClpX was obtained by 

homology modeling from the coordinates of HslU (1 G41). The proteolytic components, ClpP (1TYF) 

and HsIV (lG3I), are different, as shown in light gray. 

Figure 8: Basic features of ATP-dependent proteolysis. 

Figure 9: The recycling pathway gives rise to new protein synthesis. 
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