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T e  in vitro refolding of purified, denatured proteins is a 
spontaneous process. It is driven by a small, but significant, 
difference in Gibbs free energy under native conditions and 
generally requires neither the presence of additional factors 
nor the input of energy (Tanford, 1968, 1970; Kim & Baldwin, 
1982; Jaenicke, 1987; Tsou, 1988). In the past few years, 
however, an increasing number of proteins have been discov- 
ered, which were proposed to be involved in the maturation 
and folding of nascent protein chains in the cell (Pelham, 1986, 
1988; Rothman & Kornberg, 1986; Freedman, 1987). These 
proteins are found in the cytoplasm as well as in the endo- 
plasmic reticulum (ER),’ the mitochondria, or the chloroplasts. 
They are thought to be involved in functions such as catalyzing 
protein folding, keeping protein chains in a nonnative state, 
or “guiding” proteins to their cellular association partners. 
When recombinant proteins are overexpressed in foreign hosts, 
the polypeptide chains frequently do not fold correctly, but 
they are deposited in the cell in an insoluble, nonnative form 
(Marston, 1986), which could mean that the correct “folding 
helpers” are missing. We review here current concepts for the 
mechanism of in vitro protein folding and evaluate their sig- 
nificance for folding processes in vivo and the role that could 
be ascribed to cellular components in this process. 

PHYSICOCHEMICAL DATA ON THE IN VITRO FOLDING AND 
STABILITY OF PROTEINS 

(1) Thermodynamic Stability of Proteins. Folded proteins 
are usually stable in a thermodynamic sense at ambient tem- 
perature and at neutral pH; however, the difference in Gibbs 
free energy between the native and the unfolded state is 
generally small. Frequently, values in the range of -40 kJ/mol 
are found. Consequently, small shifts in the solvent conditions, 
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such as changes in pH, temperature, or composition, can lead 
to large changes in the net stability of folded proteins. Also, 
associations with ligands, other proteins, or subunits may lead 
to major alterations in the stability of a protein or even promote 
its unfolding. The thermal or denaturant-induced unfolding 
transitions of several small proteins are described well by a 
simple two-state model, which involves only native and un- 
folded protein at equilibrium (Privalov, 1979). In other words, 
folding of these proteins is a cooperative process, and molecules 
where only part of the stabilizing interactions are missing are 
not populated at equilibrium. Large proteins consist of folding 
domains, which can behave as independent structural entities 
with individual unfolding transitions (Privalov, 1982). A 
number of proteins unfold irreversibly in in vitro experiments. 
The reasons for the lack of reversibility are not always clear. 
In some cases posttranslational covalent modifications, such 
as proteolytic processing, can lead to a loss of reversibility. 
Generally, small changes of the covalent structure, such as the 
removal of a few residues from either end of the chain, often 
result in large changes in the overall stability of a protein 
(Wetlaufer & Ristow, 1973). 

( 2 )  The Unfolded State and Equilibrium Intermediates. 
Unfolding of proteins in the presence of high concentrations 
of “strong” denaturants, such as GdmCl or urea, leads to a 
state that shows a number of properties that are expected for 
a randomly coiled polypeptide. The titratable groups are 
normalized and the aromatic residues are exposed to solvent 
(Tanford, 1968, 1970). As judged by amide circular di- 
chroism, the secondary structure has disappeared and the 
NMR spectrum gives no indication for ordered structure. The 
thermally unfolded state is more difficult to assess. The 
thermodynamic properties of thermally and denaturant-un- 

Abbreviations: ER, endoplasmic reticulum; BiP, immunoglobulin 
heavy-chain binding protein; GdmCI, guanidinium chloride; PDI, protein 
disulfide isomerase; PPIase, peptidyl-prolyl cis-trans isomerase; hsp, heat 
shock protein. 
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folded proteins are very similar or identical; Le., in both cases 
cooperative unfolding transitions with a similar increase in heat 
capacity are observed for small proteins. However, some 
residual structure appears to be present in proteins denatured 
at  high temperature. Exposure to solvent of the aromatic 
residues is not complete, and residual secondary structure is 
found in some cases (Tanford, 1968). 

For a few proteins, such as a-lactalbumin, myoglobin, or 
carbonic anhydrase, folding intermediates have been found, 
which are stable in the presence of intermediate concentrations 
of denaturant and/or in the acid or alkaline pH region (Ku- 
wajima, 1977; Wong & Tanford, 1973; Dolgikh et al., 1984; 
Brems et al., 1985). Such intermediates are frequently ob- 
served for proteins with a low overall stability, Le., with weak 
long-range interactions that are abolished under “mildly 
denaturing” conditions. The addition of extra stabilizing in- 
teractions, such as binding of Ca2+ ions to a-lactalbumin, leads 
to an increase in the stability of the native protein and to the 
disappearance of the partially folded intermediate (Kuwajima 
et al., 1989). Such intermediates are sometimes called “molten 
globules”. They have some nativelike properties, such as a high 
amount of secondary structure and a compact shape. On the 
other hand, there appears to be only little or no well-defined 
tertiary structure and the aromatic residues are mostly 
unordered, suggesting that the flexibility of the polypeptide 
chain is very high in this state. In its enthalpy and heat 
capacity the molten globule still resembles the unfolded protein 
(Kuwajima, 1989). 

( 3 )  Short Peptides as Models for  Local Structure. Con- 
trary to earlier views that small peptides are essentially devoid 
of ordered structure in aqueous solution, it has become evident 
in the last few years that certain peptides as short as four or 
five residues can adopt significant nonrandom conformations 
under “native” aqueous conditions. Early evidence for such 
ordered structure came from circular dichroism measurements 
by Brown and Klee (1971) on the amino-terminal fragment 
of ribonuclease A, the S-peptide, which is 20 residues long. 
A significant amount of helical structure was detected in this 
peptide in the presence of salt near 0 “C. Extensive studies 
of the S-peptide and a large number of derivatives by Baldwin 
and his co-workers demonstrated that the helix in the S-peptide 
is similar to the helix found in the respective chain region of 
intact ribonuclease A (Kim & Baldwin, 1984). Furthermore, 
they showed that the helical content could be increased by 
amino acid substitutions, which favored salt bridge formation 
and stabilized the helix dipole (Shoemaker et al., 1987). Also, 
alanine residues were found to increase the helical content 
(Marquee et al., 1989). Dyson et al. (1988a,b) searched for 
nonrandom structure in a large number of short peptides by 
NMR. A remarkable finding was that the short pentapeptide 
YPGDV exists to about 50% in a P-turn conformation at  low 
temperature. Other short peptides contained significant 
amounts of p-turns in aqueous solution as well, albeit at a lower 
percentage. They found a correlation between the turn- 
forming potential of short peptides and the turn probabilities 
of the same sequences in proteins, as derived from an analysis 
of known crystal structures. This suggests that formation of 
some secondary structures can be specified by strictl, local 
sequences. Such chain segments might thus serve as initiation 
sites for folding (Wright et al., 1988) and lead to a very fast 
restriction of the conformational space early in the folding 
process. The results on the sequence variations of the ribo- 
nuclease S-peptide show that the naturally occurring sequence 
is not the one with the highest helical content. This indicates 
(i) that protein secondary structures have clearly not evolved 
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to maximal stability and (ii) that a high stability of local 
structures is not desirable for early stages of the folding 
process. Local ordered structures should indeed be fairly 
unstable, as required from theoretical considerations. To avoid 
formation of stable, but incorrect, structures, it is necessary 
to use the long-range interactions (which are formed late in 
folding) with their high resolving power to select and further 
stabilize those early local structures that are on the correct 
folding pathway. Incorrect local structures are not stabilized 
and consequently convert back into the ensemble of unfolded 
conformations (Go, 1983). Thus the finite, but very low, 
stability of local structures could be the kinetic “proofreading” 
mechanism of protein folding. In this context it is interesting 
to note that the stability of ordered structure in natural pep- 
tides is always small and that not all turns observed in peptides 
are also turns in the respective folded proteins, from whence 
the sequences were derived (Dyson et al., 1988a,b). Intro- 
duction of a defined long-range contact, such as a disulfide 
bond, strongly increases the stability of secondary structure 
(Oas & Kim, 1988). 

( 4 )  Structure and Stability of Protein Fragments. The 
question of how much polypeptide chain is necessary for the 
stability and the correct folding was investigated for a number 
of proteins. In the case of ribonuclease A, it was found that 
removal of either 20 residues from the amino terminus or four 
residues from the carboxy terminus both resulted in the ina- 
bility of the truncated protein chains to re-form all correct 
disulfide bonds after denaturation and reduction (Haber & 
Anfinsen, 1961; Taniuchi, 1970). This defect was “healed” 
by adding back the S-peptide (1-20) or the C-terminal 
1 1C-124 peptide, respectively, to the reoxidation mixture (Kato 
& Anfinsen, 1969; Andria & Taniuchi, 1978). Large frag- 
ments of staphylococcal nuclease were found to be devoid of 
specific structure; however, folding was possible when over- 
lapping peptides were incubated together (Andria et al., 1971). 
These examples suggest that for such small single domain 
proteins essentially the entire chain is necessary for stability 
and folding. On the other hand, chain extensions, such as a 
transit peptide, could easily inhibit the formation of correctly 
folded structures by contributing a few “bad” contacts. 

In the case of larger proteins, stable and autonomously 
folding domains have been detected. Examples include the 
domains of the immunoglobulin light chain (Tsunenaga et al., 
1987), of y-crystallin (Siebendritt, 1989), and of tryptophan 
synthase (Zetina & Goldberg, 1980; Matthews & Crisanti, 
1981). An interesting system is provided by the carboxy- 
terminal region of thermolysin. A number of proteolytic 
fragments of that region can be prepared which show auton- 
omous folding behavior. The smallest of these stable and 
cooperative fragments, comprising residues 255-3 16, is highly 
helical; it is equivalent to a three-helix motif in native ther- 
molysin (Dalzoppo et al., 1985). 

( 5 )  Kinetics of Protein Folding Reactions. The rates of 
protein folding reactions vary extensively. Folding can be 
complete within a few milliseconds or can require several hours. 
To a first approximation, small proteins tend to fold more 
rapidly than large ones; however, many exceptions from that 
rule exist. In addition, a single protein can refold on different 
fast- and slow-folding pathways (Garel & Baldwin, 1973). 
The occurrence of such fast- and slow-folding species in un- 
folded proteins is explained by the proline hypothesis (Brandts 
et al., 1975), which assumes that slow-folding molecules 
contain incorrect isomers of Xaa-Pro peptide bonds. The 
presence of such incorrect isomers does not block refolding, 
as assumed originally; however, it leads to a significant de- 
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stabilization of folding intermediates and hence to a strong 
decrease of folding rates. Fast-folding molecules have all 
important prolyl peptide bonds in the native conformation, and 
therefore they refold rapidly (in many cases in the millisecond 
time range). Presumably not all proline residues are important 
for folding; their role for folding may depend on the location 
within the polypeptide chain and also on the conditions em- 
ployed for refolding (Schmid & Blaschek, 1981). Additional 
slow, rate-determining folding steps exist. Examples are the 
formation of disulfide bonds (see below), the association of 
prefolded monomers in the case of oligomeric proteins 
(Jaenicke, 1987), or slow reshuffling reactions of almost na- 
tivelike intermediates (Vaucheret et al., 1987). In general, 
the slowest, rate-limiting step of unfolding and refolding ap- 
pears to be close to the native state in terms of ordered 
structure (Segawa & Sugihara, 1984; Goldenberg & 
Creighton, 1985). In other words, the activated state of folding 
with the highest energy is a distorted form of the native protein. 
The refolding of many proteins is not completely reversible 
in vitro, and reactivation yields of less than 100% are frequently 
observed. This holds in particular for experiments at high 
protein concentration. Competing aggregation of unfolded or 
partially refolded protein molecules may be the major reason 
for a lowered reversibility (Jaenicke, 1987). This could reflect 
simply the lack of success of finding the correct solvent con- 
ditions and protein concentrations for reversible refolding, but 
it could also be a genuine problem of in vitro folding. 

The slow rate-limiting steps of folding, such as proline 
isomerization or other processes, are generally preceded by 
the rapid formation of folding intermediates. These inter- 
mediates are frequently compact molecules and contain most 
of the secondary structure of the native protein (Kuwajima, 
1989). They are still flexible and show little defined tertiary 
structure. In some aspects they resemble the molten globule 
intermediates that were found in the equilibrium unfolding 
transitions of some proteins (see above). High-resolution 
NMR experiments showed that most of the chain is involved 
in the formation of these early intermediates and that extensive 
secondary structure has already formed and is fairly stable 
(Udgaonkar & Baldwin, 1988; Roder et al., 1988). For cy- 
tochrome c the interaction of two helices in the amino- and 
carboxy-terminal regions, respectively, is important for the 
stabilization of this intermediate. Similar results were obtained 
for a-lactalbumin, where a sizable part of the molecule is 
already organized in a nativelike manner in the early inter- 
mediate (Kuwajima et al., 1989). These findings demonstrate 
that information encoded in distant regions of the chain is 
required already for early steps in folding. These processes 
are much faster than the biosynthesis of protein chains. On 
the other hand, chain regions, such as cis-proline containing 
@-turns, can be tolerated in a nonnative state until a late stage 
in refolding (Lang & Schmid, 1990; Kiefhaber et al., 1990b). 

Kinetic intermediates of folding are sometimes sensitive to 
aggregation (Brems, 1988), because they still have an increased 
amount of exposed hydrophobic surface. This transient low 
solubility of incompletely folded chains may also be a problem 
for the de novo folding of nascent proteins. There is no unique 
folding mechanism for a particular protein, but the kinetic 
mechanism may depend strongly on the refolding conditions. 
The stability of folding intermediates is generally small; 
therefore, variations in the solvent conditions can strongly 
affect the formation of critical intermediates. For a review 
on early steps in protein folding, see Baldwin (1989). 

(6)  Formation of Disulfide Bonds during Refolding. Un- 
folded proteins with reduced disulfide bonds can spontaneously 
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regain the native set of disulfide bonds under suitable con- 
ditions. Re-formation of disulfides requires the presence of 
a redox partner, such as oxygen, glutathione, or dithiothreitol 
(Creighton, 1978). The redox partner has to be present in both 
the oxidized and the reduced forms to allow for the reshuffling 
of incorrect nonnative disulfides, which are generated rapidly 
at the beginning of reoxidation (Saxena & Wetlaufer, 1970). 
Incorrect disulfides are generally observed on the in vitro 
reactivation pathways of reduced proteins. Formation and 
stabilization of the correct disulfides depend on the local 
concentrations of the respective sulfhydryl groups, which in 
turn depend on the conformation of the protein chain 
(Creighton, 1983). For the complete re-formation of the 
disulfides, it is essential that the respective sulfhydryl groups 
remain accessible for the disulfide reagent. Hence partially 
refolded and reoxidized molecules may not have a compactly 
folded structure, which could block the access of the redox 
partner. In the case of pancreatic trypsin inhibitor, a fraction 
of the refolded molecules contained two buried sulfhydryl 
groups. They were able to form a disulfide bridge only after 
heating, which increased the mobility of the chain, thus al- 
lowing oxygen to approach and oxidize these two cysteine 
residues (States et al., 1984). 

FOLDING EVENTS 
(1) Protein Disulfide Isomerase. The first protein that was 

suggested to be involved in the de novo folding of nascent 
polypeptide chains is protein disulfide isomerase (PDI). An- 
finsen’s group showed that reduced and unfolded ribonuclease 
A can regain its native state with correct disulfide bonds in 
a spontaneous, but very slow, reoxidation reaction (Sela et al., 
1957). Soon after that, an enzyme activity was discovered in 
liver extracts that was capable of accelerating the reoxidation 
of reduced proteins, and it was immediately suggested that 
it might be involved in the formation of disulfide bonds in 
nascent proteins (Goldberger et al., 1963; Venetianer & 
Straub, 1963). Generally, only secreted proteins contain di- 
sulfide bonds; therefore, PDI should be localized in cell com- 
partments that form the secretory path. Indeed, it is found 
in the endoplasmic reticulum (ER) at a very high concen- 
tration. In rat liver microsomes, PDI amounts to about 2% 
of the entire protein content (Freedman, 1984, 1989). It 
carries a carboxy-terminal KDEL sequence, which is typical 
for proteins resident in the ER (Munro & Pelham, 1987). 

PDI catalyzes the in vitro reoxidation of many different 
proteins. Its activity may depend on the presence of a low 
molecular weight oxidant, such as molecular oxygen or a 
mixture of oxidized and reduced glutathione. It is a true 
catalyst; the product of its action depends on the redox po- 
tential of the solution. Accordingly, the formation, reduction, 
or isomerization of disulfide bonds can be catalyzed by PDI. 
The conformation of the final product depends on the stability 
of the target protein under the employed solvent and redox 
conditions (Freedman, 1984). 

Conclusive evidence for an important role of PDI for in vivo 
folding was provided by Bulleid and Freedman (1988). They 
depleted dog pancreas microsomes of soluble proteins, in- 
cluding PDI. These microsomal preparations were still able 
to translocate and process nascent protein chains, but they were 
defective in the formation of correct disulfide bonds. Addition 
of purified PDI to these microsomes restored the capacity to 
generate correctly disulfide-bonded protein. 

The role of PDI apears to be fairly clear now. It facilitates 
the formation of the correct set of disulfide bonds during de 
novo folding of secreted proteins. It does not determine the 

PROTEINS THAT ARE INVOLVED IN CELLULAR PROTEIN 
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1988). Apparently, catalysis of in vitro refolding depends on 
the sequence surrounding the respective proline residues and 
also on their steric accessibility in partially structured folding 
intermediates. The importance of accessibility was demon- 
strated for the folding of ribonuclease TI,  where the efficiency 
of catalysis depends on the structural environment of two 
proline peptide bonds (Kiefhaber et al., 1990a,b). The folding 
of collagen (types I11 and IV) is also accelerated in the 
presence of PPIases (Bachinger, 1987; Davis et al., 1989). At 
this point, however, it is important to keep in mind that proline 
isomerization is not the only slow process in protein folding. 
Other conformational steps, unrelated to proline isomerization, 
can be very slow as well. This may in particular hold for 
multidomain and oligomeric proteins, which frequently refold 
in the time range of minutes to hours. 

The influence of the flanking sequences around the target 
proline on the catalysis of protein folding by PPIase has not 
yet been investigated. Data on small peptides indicate that 
at least the four amino acids around the rotating bond are 
important for catalysis (Fischer et al., unpublished). 

Little is known at present about the enzymatic mechanism 
of PPIases. A single thiol group, which is near the active site, 
appears to be essential for the activity of the porcine 17-kDa 
PPIase (Fischer et al., 1989a). Inverse secondary kinetic 
isotope effects in substrates, in which the C,-H that precedes 
proline is substituted by deuterium, indicate that a covalent 
intermediate, possibly a hemi ortho thioamide, is formed 
transiently (Fischer et al., 1989b). 

The role of PPIases for in vivo protein folding or other 
transconformational reactions in the cell is not yet known, and 
the effect of the immunosuppressant cyclosporin A is not 
understood. As shown by immunohistochemical staining, 
actively growing cells show a higher content of 17-kDa PPIase 
(cyclophilin) than resting cells and an increased staining of 
vesicular structures (Harding & Handschumacher, 1988). In 
Neurospora crassa PPIase is found in the cytosol and in the 
mitochondria; the two respective proteins appear to be encoded 
by the same gene (Tropschug et al., 1988). The product of 
the ninaA gene of Drosophila is homologous with the 17-kDa 
PPIase. It carries an additional carboxy-terminal hydrophobic 
extension, which could serve as a membrane anchor. Mutant 
flies with a defect in the ninaA gene show a 10-fold reduction 
in rhodopsin level, although the opsin mRNA is produced 
normally. Possibly the NinaA protein is important for the 
maturation of rhodopsin (Shieh et al., 1989; Schneuwly et al., 
1989). A nucleotide binding motif was suggested to be present 
in 17-kDa PPIase (Gschwendt et al., 1988); however, several 
features typical for such proteins (Wierenga & Hol, 1983) are 
lacking in the sequence. Also there is no experimental evidence 
that the activity of PPIases is influenced by the presence of 
nucleotides. 

( 3 )  Proteins Involved in Polypeptide Transport across 
Membranes. A number of proteins are translocated during 
or after biosynthesis across the plasma membrane of procar- 
yotes or across organelle membranes in eukaryotes. It is clear 
now that these proteins are not transported in a compact 
globular state but that a more or less unfolded state is required 
for efficient transfer (Schleyer & Neupert, 1985; Randall & 
Hardy, 1986; Zimmermann & Meyer, 1986; Chen & Douglas, 
1987; Vestweber & Schatz, 1988; Wickner, 1988). Structure 
formation can be avoided easily by a tight coupling of transport 
to protein biosynthesis, Le., by the cotranslational transfer of 
the nascent chains across membranes, as is observed normally 
for the transport of proteins into the ER. However, post- 
translational transport into the ER (Watts et al., 1983), into 

folding pathway (Creighton et al., 1980), but catalyzes slow 
steps, presumably by rapid reshuffling of incorrect disulfide 
bonds in the presence of a low molecular weight thiol com- 
pound, which may be reduced and oxidized glutathione. The 
direction of folding and the end product are determined by 
the protein itself, Le., by the stable, native set of disulfide bonds 
and by the suitable solvent and redox conditions. The for- 
mation of the correct disulfides can be very rapid. In some 
cases, such as in the immunoglobulin chains, it is a cotrans- 
lational event: as soon as an entire domain is translocated into 
the lumen of the endoplasmic reticulum, the single intradomain 
disulfide is formed (Bergman & Kuehl, 1979). Whether PDI 
is responsible for this particular reaction and whether disulfide 
bond formation is a cotranslational event for other, more ex- 
tensively cross-linked proteins as well remain to be elucidated. 

PDI is identical with the &subunit of prolyl-Chydroxylase 
(Koivu et al., 1987) and very similar to a protein that is 
presumably involved in the oligosaccharide transferase system 
(Geetha-Habib et al., 1988). These recent findings are dis- 
cussed by Freedman (1989). 

( 2 )  Peptidyl-Prolyl Cis-Trans Isomerase. Some confor- 
mational steps in protein folding can be slow; therefore, en- 
zymatic catalysis of folding should be of advantage. An ac- 
celeration of crucial folding steps would decrease the risk of 
proteolytic degradation of partially folded chains, suppress 
competing unproductive pathways, such as aggregation, and 
hence “keep the protein on the correct, productive folding 
pathway”. The isomerization of incorrect Xaa-Pro peptide 
bonds is one of the slow, rate-determining steps in in vitro 
refolding (Brandts et al., 1975; Schmid & Baldwin, 1978; Lang 
et al., 1987). In 1984 an enzyme was found by Fischer et al. 
that accelerates efficiently the cis-trans isomerization of prolyl 
peptide bonds in short oligopeptides. Accordingly, this protein 
was named peptidyl-prolyl cis-trans isomerase (PPIase). The 
catalyzed reaction is a 180’ rotation about the C-N linkage 
of the peptide bond preceding proline, which involves neither 
net cleavage nor net formation of covalent bonds. Thus, 
PPIases are “conformases” with a very high efficiency. The 
porcine 17-kDa PPIase shows a k,/KM value that is estimated 
to be higher than lo6 M-I s-l for the isomerization of short 
oligopeptides. PPIase activities are widely distributed; they 
are found in virtually all tissues and organisms, ranging from 
mammals to bacteria. They apparently represent a new class 
of enzymes that are diverse in molecular weight, in cellular 
location, and in substrate specificity. Surprisingly, it was found 
that PPIase from porcine kidney is identical with bovine cy- 
clophilin, a protein that binds the immunosuppressant cyclo- 
sporin with high affinity (Takahashi et al., 1989; Fischer et 
al., 1989a). 

In addition to their activity on small proline-containing 
peptides, PPIases also catalyze the slow in vitro refolding of 
several small proteins for which from independent experiments 
proline isomerization was assumed to be a rate-limiting step 
(Lang et al., 1987; Lin et al., 1988). The efficiency of catalysis 
varies strongly, depending on the target protein. One particular 
slow step in the folding of ribonuclease TI is accelerated more 
than 100-fold by prolyl isomerase. Catalysis depends on both 
PPIase and ribonuclease T, concentrations (Fischer et al., 
1989a; Kiefhaber et al., 1990a,b), and it is abolished in the 
presence of low concentrations of cyclosporin A, which binds 
with high affinity to the active site. The folding of some 
proteins, such as bovine ribonuclease A, chymotrypsinogen, 
or thioredoxin, is not catalyzed significantly, although good 
evidence exists that proline isomerization is important for their 
refolding mechanism (Lang et al., 1987; Lin et al., 1988; Lang, 
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the mitochondria (Harmey et al., 1977), and across the pro- 
caryotic plasma membrane (Zimmermann & Wickner, 1983; 
Randall, 1983) is possible as well. 

A distinctive feature of proteins that are targeted to different 
cellular locations is the presence of an amino-terminal leader 
sequence, which, after transport, is usually removed from the 
mature protein. The simplest way to keep the preprotein in 
a “membrane-transport competent” form after the completion 
of biosynthesis would be to ensure the presence of the leader 
sequence, thus preventing the formation of stable three-di- 
mensional structure in the preprotein. A few unfavorable 
interactions of the leader sequence with the remaining poly- 
peptide chain should be sufficient to block or at least decelerate 
the formation of rigid, folded structure. Such a deceleration 
of refolding in the presence of the leader sequence was indeed 
observed for the precursors of maltose- and of ribose-binding 
protein from Escherichia coli (Park et al., 1988). Also, the 
interaction of the presequence with (negatively charged) 
membrane lipids may lead to partial unfolding of the precursor 
prior to transport (Endo & Schatz, 1988; Endo et al., 1989). 

Such ways of keeping precursor proteins competent for 
translocation may not be sufficient in all cases. Also, incom- 
pletely folded precursors are presumably sensitive to aggre- 
gation. Therefore, the posttranslational import of polypeptide 
chains to mitochondria or the export from E.  coli requires the 
presence of proteins, which, in an ATP-dependent manner, 
confer or retain transport competence to these polypeptides 
and keep them in solution (Pfanner et al., 1987; Crooke et al., 
1988). The requirement for this ATP-dependent step depends 
on the folded state of the “passenger” polypeptide. Import of 
unfolded precursor proteins required less or no ATP (Verner 
& Schatz, 1987; Pfanner et al., 1988; Crooke et al., 1988). 
An inverse correlation exists between the stability of the folded 
state of a precursor and the efficiency of its transport across 
the mitochondrial membrane. The transfer into the mito- 
chondria of mouse dihydrofolate reductase fused to the signal 
sequence of yeast cytochrome oxidase subunit IV is facilitated 
by urea denaturation and impaired by binding the inhibitor 
methotrexate, which strongly stabilizes the folded state of this 
protein (Eilers & Schatz, 1986). The implicated ATP-de- 
pendent unfolding proteins have not yet been isolated. How- 
ever, there are indications that members of the “heat shock” 
protein family such as hsc70 (in cooperation with additional 
proteins) can stimulate import into microsomes (Chirico et 
al., 1988; Deshaies et al., 1988; Zimmermann et al., 1988). 
The precursor of an outer membrane protein from E .  coli, 
proOmpA, is held in a membrane assembly competent form 
by a 63-kDa protein, the trigger factor (Crooke et al., 1988). 
The difference in Gibbs free energy between the native and 
the unfolded state of a protein is small, and therefore, the 
hydrolysis of ATP should be sufficient to drive such a transition 
to a less ordered conformation. 

( 4 )  Proteins That Recognize Unfolded or Incompletely 
Folded Polypeptide Chains. Other proteins that have been 
implicated in folding and unfolding processes in the cell ap- 
parently recognize misfolded or aggregated molecules or bind 
transiently to partially folded or nonassembled polypeptide 
chains, to prevent them from premature aggregation. Similar 
to the proteins that facilitate transport through membranes, 
these proteins belong to the family of the heat shock proteins 
[for reviews see Pelham (1986, 1988) and Ellis and Hem- 
mingsen (1 989)]. 

The immunoglobulin heavy-chain binding protein (BiP), 
which is identical with the glucose-regulated protein GRP78, 
is one of these proteins. BiP was suggested to be a “helper” 
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in the folding and assembly of oligomeric proteins in the ER, 
such as the immunoglobulins (Munro & Pelham, 1986; Bole 
et al., 1986; Gething et al., 1986), or alternatively to be a 
binding protein for misfolded, unassembled, or otherwise 
aberrant proteins in the endoplasmic reticulum (Kassenbrock 
et al., 1988; Hurtley et al., 1989). Most of the presently 
available evidence supports the assumption that the major 
function of BiP is the recognition of incorrectly folded or 
aggregated proteins and their ultimate removal from the ER 
(Kassenbrock et al., 1989; Hurtley et al., 1989). Also, 
treatments of cells that lead to the accumulation of incomplete 
or misfolded proteins in the ER induce an increase in BiP- 
mRNA (Normington et al., 1989; Rose et al., 1989). Whether 
BiP is also involved in “normal” protein folding and association 
in the ER is still not entirely clear. 

Protein molecules that are necessary for the correct folding 
of monomeric proteins and for the formation of oligomeric 
assemblies have been localized in E.  coli (the GroEL and 
GroES proteins), in chloroplasts of higher plants (the Rubisco 
subunit binding protein), and in mitochondria from Saccha- 
romyces cerevisiae and N .  crassa (hsp60). Since these mol- 
ecules “guide” other proteins to their final native functional 
state, they were named “molecular chaperones” (Hemmingsen 
et al., 1988). These chaperones are highly abundant, essential 
proteins, they show a M, of about 60000, and they are strongly 
homologous to each other in sequence (Hemmingsen et al., 
1988; Cheng et al., 1988). Related proteins exist in human 
leucocytes (Waldinger et al., 1988). All three chaperones 
occur as multimers of 12-16 identical or different subunits, 
associated probably with additional proteins such as GroES. 
Rubisco binding protein is necessary for the correct assembly 
of the eight large and eight small subunits to form the active 
complex in the chloroplasts (Roy et al., 1988; Hemmingsen 
et al., 1988). Rubisco assembly can also be promoted by the 
GroE proteins, after expression in E.  coli (Goloubinoff et al., 
1989). The mitochondrial hsp60 protein was found to be 
essential for the correct association of several oligomeric en- 
zymes in the mitochondria (Cheng et al., 1988), as well as for 
the correct folding of monomeric imported proteins. It is 
suggested that folding occurs at the surface of the oligomeric 
hsp60 in an ATP-dependent reaction. Unlike in the case of 
the BiP protein, it was shown unequivocally that association 
with hsp60 is transient and is on the pathway of folding. ATP 
depletion led to an arrest of folding in the hsp60-bound state. 
When ATP was added back, folding went to completion, and 
the product dissociated from hsp60 (Ostermann et al., 1989). 
Hsp60 and GroEL are constitutively expressed (GroEL ac- 
counts for about 1% of total cell protein), but the amounts of 
both proteins increase upon thermal stress. The molecular 
mechanism of folding assistance by chaperones is unknown. 
Also, it is not certain whether these proteins are real enzymes. 
It appears possible that the extended surfaces of the oligomeric 
chaperones offer sites for the reversible binding of partially 
folded target molecuels and thereby suppress aggregation. 
ATP hydrolysis is necessary for the assisted folding. The 
predominant energy requirement may be related to the dis- 
sociation of the folded or nearly folded protein from the 
chaperone. Whether this is the only energy-requiring step and 
whether ATP is needed by the chaperone itself or another 
protein are not yet known [cf. Ostermann et al. (1989)l. The 
GroEL protein can also interact transiently with newly syn- 
thesized unfolded proteins. This association is decreased in 
the presence of other unfolded proteins, such as heat-denatured 
apomyoglobin, and it is abolished by ATP hydrolysis (Boch- 
kareva et al., 1988). 
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CORRELATION OF IN VITRO AND IN VIVO RESULTS 
Several key results have emerged from in vitro folding ex- 

periments. (i) The structure of the folded state and the folding 
mechanism are both encoded in the amino acid sequence; hence 
folding is a spontaneous process under suitable conditions. (ii) 
The stabilization energy of a native protein is very small. (iii) 
Partially folded states can be populated rapidly, and the slow 
rate-determining steps occur late in folding. (iv) Aqueous 
medium is a poor solvent for unfolded protein chains in the 
absence of urea or GdmC1. (v) The yields of refolding are 
frequently smaller than 100% (particularly for large proteins), 
because aggregation can compete with proper folding. (vi) 
The structure of prefolded monomers is fairly unstable and 
different from the structure in the native oligomeric protein. 

From point i it is immediately evident that proteins can gain 
their native structure without any help and most of them (in 
particular monomeric single-domain proteins) can achieve this 
in a biologically reasonable time. Times estimated for the in 
vivo maturation of proteins lie in the range of a few minutes 
[Goldenberg & King, 1982; for a review, see Wetlaufer 
(1985)] around 30 OC. Many in vitro folding reactions are 
similar in rate, or even faster.2 Nevertheless, assistance from 
“folding helpers” is useful (i) to accelerate some slow rate- 
limiting steps, (ii) to suppress competing aggregation reactions, 
and (iii) if necessary, to reverse or suppress premature and 
incorrect folding. Examples for all three tasks have been 
described. Protein disulfide isomerase catalyzes the slow 
formation of the correct set of disulfide bonds; prolyl isomerase 
could accelerate the intrinsically slow isomerization of incorrect 
prolyl peptide bonds. This may be important for prolines that 
become cis in the native protein, because the product of protein 
biosynthesis is presumably an all-trans polypeptide chain. 
Whether catalysis of folding is indeed the in vivo function of 
the prolyl isomerases is still unknown. Proline isomerization 
during refolding can also be strongly accelerated by prefolding 
in the vicinity of the incorrect proline (Schmid & Blaschek, 
1981), so that enzymatic catalysis might not be necessary. An 
alternative in vivo function of prolyl isomerases could be the 
recognition and/or interconversion of certain surface-exposed 
turn regions of folded proteins that contain proline residues. 
Such interactions could be used to trigger and to time slow 
activation/deactivation processes. PPIases might thus “liquify” 
the polypeptide backbone in certain regions of folded or 
partially folded proteins. 

The solubility of “unfolded” or partially folded chains in 
aqueous solvents is poor; therefore, the premature aggregation 
of proteins prior to the final slow-folding or assembly steps 
is a major problem in in vitro folding experiments. It can be 
overcome in some cases by working at  high dilution or by 
following certain time-dependent assembly protocols. By such 
procedures it was possible to reassemble functional E .  coli 
ribosomes in vitro (Nierhaus & Dohme, 1974). In cells, the 
same problems are apparent, aggravated by the high con- 
centrations of folded and partially folded polypeptide chains. 
Under cellular conditions newly formed chains will never adopt 
an extended conformation, but presumably collapse into a 
nonspecific globule with still a high tendency to aggregate. 
This state is presumably characterized (i) by packing defects 
in the hydrophobic core and (ii) by a suboptimal hydrogen 
bonding of the main chain. Of course, some proteins can 
complete folding rapidly to the soluble native state. For others, 
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assistance from folding helpers or binding proteins is necessary 
to cope with the aggregation problem. 

The task of keeping polypeptide chains in an incompletely 
folded state or of converting folded proteins to such a state 
is managed by several proteins, which are involved in protein 
transport. These proteins need energy to prevent folding to 
the native state. The energy requirement is small, since native 
and unfolded states do not differ strongly in energy. ATP 
hydrolysis should be sufficient in this respect to convert the 
binding proteins from a high-affinity state (for incompletely 
folded proteins) to a state with a low affinity for folded pro- 
teins. Little is known about the folding assistance given to 
cytoplasmic proteins. It is conceivable that the major function 
of the hsc70-like proteins is the guidance of their folding or 
even the protection of folded molecules from aggregation. 
Evidence for such a role is provided by Nguyen et al. (1989). 

The marginal stability of folded proteins is the result of a 
delicate balance between opposing forces. This guarantees a 
high flexibility of the polypeptide chain, a prerequisite for the 
proper functioning of a protein, e.g., as a biocatalyst. In the 
present context it becomes evident that this marginal stability 
of folded structures is necessary for another vital property as 
well, i.e., the facile transient unfolding of a protein with a small 
input of energy to render or to keep it competent for transport 
or assembly. 

As first pointed out by Bychkova et al. (1988), the incom- 
pletely folded state that is involved in protein translocation 
may resemble the “molten globular” state. This state was 
detected in the folding of several proteins at equilibrium as 
well as during refolding under native conditions. States such 
as the molten globule can be regarded as the ”unfolded state” 
under native solvent conditions (as in cells). It is a globular 
state that is less compact than’the native protein with a large 
amount of secondary and some tertiary structure. However, 
a number of important long-range interactions are missing and 
the flexibility of the polypeptide chain is high (Kuwajima, 
1989). With respect to cellular protein folding and transport, 
two properties are important. (i) The difference in stability 
between the flexible intermediate and the native state is small. 
Therefore, a small perturbation, such as binding to the ribo- 
some, to the signal-recognition particle, or to a binding protein, 
will be sufficient either to arrest a folding protein in that state 
or to convert a folded protein back to a molten globular 
conformation. This may be particularly easy for precursor 
proteins, which are additionally destabilized by the presence 
of the signal peptide. (ii) In addition to this thermodynamic 
aspect, the kinetic properties of the molten globule are very 
important. Unfolding of this partially folded intermediate is 
rapid; further folding to the native state, however, is a slow 
reaction. These kinetic properties ensure that a passenger 
protein can rapidly be further destabilized as soon as it leaves 
the cytoplasm and enters the translocation machinery. In 
addition, unwanted refolding immediately after dissociation 
from the binding protein is blocked, since the reaction to the 
native state is slow. 

The last considerations can be described in more general 
terms. Unfolded molecules, molecules with local structures, 
and even intermediates with a fairly high amount of ordered 
structure can occur in very rapid pseudoequilibria at the be- 
ginning of folding. This ensemble of structures is separated 
from the completely folded state by a high activation barrier, 
which makes the final steps of folding slow (Segawa & Sug- 
ihara, 1984; Goldenberg & Creighton, 1985). So the ultimate 
function of binding proteins and chaperones would be 2-fold. 
First, they prevent the nascent or prefolded polypeptide chains 

The reader should keep in mind that the majority of in vitro folding 
experiments are carried out at low temperature, such as at 0-10 OC, 
where folding is slow, in order to resolve individual steps of the folding 
kinetics. 
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from crossing the barrier to the native state, e.g., by providing 
some of their binding energy to stabilize the partially folded 
state. Second, they protect these incompletely folded, flexible 
molecules from premature aggregation by binding at their 
surface. This binding could be to exposed hydrophobic patches. 
Alternatively, the chaperones might represent a class of 
“polypeptide binding proteins”, which (similar to single-strand 
DNA binding proteins) recognize sequence-independent 
properties of their target molecules, i.e., the peptide backbone. 
They will not bind to completely folded proteins, because the 
peptide bonds of their backbone are buried in the interior of 
the molecule. Binding of BiP and hsc7O to various peptides 
has indeed been observed by Flynn et al. (1989). In summary, 
these considerations suggest that many of the emerging mo- 
lecular features of protein folding and transport in the cell and 
the properties of the involved proteins can be rationalized in 
the light of the existing models and concepts that resulted from 
in vitro studies on the stability and folding of mature proteins. 
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