




Furthermore, the mature protein was misfolded, as shown 
by trypsin sensitivity, and precursor molecules accumu­
lated. SeeD was thus proposed to be involved in the 
release of translocated protein, although whether release 
precedes folding or vice versa is a crucial question for 
interpreting its function. Since alkaline phosphatase, 
which lacks the correctly formed disulphide bonds, cannot 
be released from the translocation apparatus (Kamitani 
eta/., 1992), it appears that at least part of the folding in the 
periplasm takes place while the protein is still connected to 
the translocation machinery. In this case, SeeD might func­
tion as a chaperone and prevent side-reactions. Since the 
final folding step of MBP, as judged by trypsin sensitivity, is 
dependent on the membrane potential, a study of the activ­
ity of SeeD as a function of the membrane potential might 
help clarify its exact role. While SecF may also have a 
substantial periplasmic domain, it is present in smaller 
amounts and its role in translocation remains to be eluci­
dated (Gardel eta/., 1990). 

Another protein that was suggested to be involved in a 
late translocation step across the plasma membrane is 
SKP (Thome and Muller, 1991 ). SKP is a highly positively 
charged 15 kDa protein, which, after cell rupture, has been 
found in association with ribosomes and DNA (Holck eta/., 
1987; Thome eta/., 1990). Thome and Muller (1991) have 
shown that SKP, despite forming these associations after 
cell rupture, is a periplasmic protein, and its only demon­
strated activity to date is that of substituting for the SecA 
function during in vitro protein translocation assays. 
Since SecA is suggested to be an inhibitor of reverse 
translocation (i.e. the return to the cytoplasm of partially 
translocated periplasmic proteins) (Schiebel eta/., 1991 ), 
Thome and Muller (1991) suggest that SKP might act 
in a similar manner in a late translocation step on the 
periplasmic side. Its exact function remains unknown, 
however. 

Putative folding catalysts 

We shall call proteins that catalyse a chemically defined 
step in protein folding, 'folding catalysts' as opposed to 
'molecular chaperones'. The latter presumably work by 
controlling protein-protein interactions, thereby prevent­
ing side-reactions, and usually without actually catalysing 
protein folding. 

The peri plasm of E. coli is presumed to be non-reducing, 
allowing the formation of disulphide bonds. Bardwell eta/. 
(1991) identified a protein involved in disulphide bond for­
mation of coli, which they called DsbA, and the same 
protein was discovered independently by Kamitani eta/. 
(1992). The DsbA protein has a possible high-energy disul­
phide bond, similar to disulphide isomerase (reviewed by 
Noiva and Lennarz, 1992; Bulleid, 1993). Its crystal struc­
ture has been solved recently (Martinet a/., 1993) and the 
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redox potential has been determined as - 0.089 V at 
pH 7.0 (Wunderlich and Glockshuber, 1993). It is thus a 
significantly stronger oxidant than the cytoplasmic thio­
redoxin and it more closely resembles the eukaryotic disul­
phide isomerases. The same concrusion was reached by 
Zapun eta/. (1993), who independently found that unfold­
ing DsbA stabilizes the reactive disulphide bond by about 
18.9 kJ mol- 1

. They interpret this result to indicate that 
the disulphide bond destabilizes the folded form of DsbA 
because of its high energy content. 

Furthermore, Bardwell eta/. ·(1993) and, independently, 
Missiakas et a/. ( 1993) cloned the gene of a second 
protein involved in disulphide bond formation, which they 
called dsbB. DsbB is an integral membrane protein 
spanning the inner membrane. It seems to be involved 
in the reoxidation of DsbA and thus may form part of 
a chain that links an electron transfer step to the forma­
tion of disulphide bonds in the periplasm (Bardwell 
et a/., 1993). This raises the interesting possibility that 
molecular oxygen may be involved in the disulphide 
bond formation only very indirectly or even not at all. 
A third gene for disulphide bond formation, dsbC, was 
recently identified by Missiakas, Georgopoulos and Raina 
(C. Georgopoulos, personal communication). It encodes 
a 26 kDa peri plasmic protein that can functionally substi­
tute for DsbA. 

Bardwell et a/. (1991; 1993), as well as Ito and co­
workers (Kamitani et a/., 1992; Akiyama et a/., 1992; 
Akiyama and Ito, 1993) have shown that DsbA is required 
for the correct formation of disulphide bonds of periplasmic 
E. coli proteins in vivo and in vitro. The same was found 
for the production of recombinant eukaryotic proteins in 
the periplasm of E. coli, e.g. different serine proteases 
(Bardwell et a/., 1993), antibody fragments (Knappik et 
a/., 1993) and fragments of a T .. cell receptor (C. WOlfing 
and A. PIOckthun, submitted). The fraction of the recombi­
nant molecules which becomes correctly folded can be 
smaller than in the case of natural periplasmic proteins, 
and is very sequence dependent (A. Knappik and A. 
PIOckthun, in preparation). Overproduction of DsbA did 
not help to increase the proportion of correctly folded 
periplasmic antibody fragments (Knappik eta/., 1993), indi .. 
eating that other steps limit their folding in the periplasm (A. 
Knappik and A. PIOckthun, in preparation). With other 
proteins as substrates, however, overproduction of DsbA 
was found to increase the yield of a protein multiple · 
disulphide bonds (C. WOlfing and A. PIOckthun, sub­
mitted; R. Glockshuber, personal communication). It 
appears that improved catalysis of disulphide formation 
is only effective for increasing expression yields under a 
narrow set of conditions. 

The formation of intermolecular disulphide bonds in E. 
coli is a rather complex matter. When the antibody hinge 
region, fused to (de Sutter eta/., 1992) or to 
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an antibody Fab fragment (Carter eta/., 1992), was used 
as a model, large proportions of neither ~ .. lactamase 
dimers nor (Fab )2 were observed. Rather, de Sutter et a/. 
observed some intramolecular disulphide bond formation 
and non-specific crosslinking to other periplasmic pro­
teins. It appears that the non-covalent interactions must 
guide protein domains to the right orientation and specific 
dimer formation, and that disulphide bonds form as a 
consequence of non-covalent association. 

A comparison of the process of periplasmic folding, 
including the formation of disulphide bonds, with that 
which takes place in the endoplasmic reticulum (ER) of 
eukaryotic cells reveals differences that might help 
explain why folding of disulphide-containing proteins in 
the periplasm of E. coli can be relatively inefficient. 
Braakman eta/. (1992) found that the correct formation 
of the disulphide bonds of the influenza-virus ~aemag­
glutinin (HAO) in the ER requires not only an oxidant, but 
also ATP. In sodium azide-treated and ATP-depleted 
cells, HAO was oxidized, but only formed aggregates. 
Part of the explanation is probably that the ER contains a 
chaperone of the hsp70 family, the so-called antibody 
heavy chain binding protein (BiP), which is probably 
involved in an ATP-requiring step, as it possesses 
ATPase activity (Munro and Pelham, 1986). BiP is clearly 
required for the secretion of antibodies from the cell, and 
perhaps of many other proteins. It is certainly possible 
that there are other, undiscovered, chaperones in the ER 
which also require ATP. The crucial difference between 
folding in the periplasm as compared with folding in the 
ER may be the participation of chaperones in energy­
requiring steps in the ER. 

Another well-studied step along the folding pathway of 
proteins that has a considerable activation energy and 
might conceivably need catalysis in vivo is the cis-trans 

isomerization of peptide bonds (Fischer eta/., 1984). Pro­
teins that catalyse peptidyl-prolyl cis-trans isomerization 
in vitro have been identified. Liu and Walsh (1990) cloned 
the gene for an E. coli peri plasmic cyclophilin homologue, 
rot (for rotamase), whose product has a second-order 
rate constant close to the diffusion limit for a tetrapeptide 
substrate. Furthermore, Compton et a/. (1992) showed 
that the E. coli periplasmic rotamase is able to catalyse 
the in vitro refolding of thermally denatured type Ill 
collagen. These data suggest that an involvement of rota­
mase in periplasmic protein folding is at least conceivable. 
Knappik eta/. (1993) overproduced the periplasmic rota­
mase in order to test for an increase of the expression 
yields of functional antibody fragments in the periplasm 
of E. coli. Only a very small effect was seen, and only for 
one of the fragments tested, suggesting that the isomeriz .. 
ation of peptide bonds does not limit antibody folding in 
the periplasm. It might be noted that the question of the 
physiological function of the rotamase is clearly still 

open. Assuming that the rotamases are involved in protein 
folding, it is a mystery how a presumably crucial function 
can be as dispensable as it seems, since all knock-out 
mutations of rotamases described so far are perfectly 
viable under most conditions tested (see, e.g., Davis eta/., 

1992; Mclaughlin eta/., 1992). In contrast, knock-out mutants 
in the cytoplasmic chaperone genes groEL and groES are 
lethal under all conditions tested (Fayet eta/., 1989). 

General periplasmic chaperones 

Throughout this review, we use the term 'general chaper-
. one' to describe chaperones with very broad substrate 
specificity. Cytoplasmic examples of this type would be 
GroE and DnaK. To· our knowledge, such chaperones 
have not yet been identified for the periplasm. 

One possible candidate for being a general periplasmic 
chaperone is ClpB (Squires eta/., 1991 ). ClpB is a member 
of a large family of homologous proteins which exist in all 
kingdoms, i.e. the Clp family. This family consists of 
three subgroups, ClpA, B and C, and the properties of 
the whole family have been reviewed recently (Squires 
and Squires, 1992). The best-studied member of the 
ClpB subfamily is the yeast heat-shock protein hsp1 04 
(Parsell et a/., 1991 ). Antibodies which recognize yeast 
hsp1 04 cross-react with human hsp11 0 and the two 
forms of E. coli ClpB, emphasizing the degree of con­
servation. The members of this subfamily have been 
suggested to be chaperones. Evidence for this idea 
comes from studies where the effect of the lack of yeast 
hsp1 04 could be partially overcome by overproduction of 
hsp70 (Pars_ell eta/., 1991 ). 

Like the yeast hsp1 04 gene, the E. coli clpB gene is also 
subject to heat-shock control. It is transcribed using the 
heat-shock sigma factor, cr32 (Kitagawa et a/., 1991 ). 
From the E. coli clpB gene two proteins are made, a full­
length hsp104 homologue and a truncated form, lacking 
the first 147 amino acids. The full-length protein is a tetra­
marie ATPase (Woo eta/., 1992). Since the E. coli member 
of the ClpA family is a (non-catalytic) subunit of the cyto­
plasmic Clp-protease (Squires and Squires, 1991 ), it 
might be speculated that ClpB fulfils a similar function. 
However, it was found that ClpB could not substitute for 
ClpA (Woo eta/., 1992) in activating the protease. It there­
fore seems plausible that ClpB might share the ability to 

• 

bind to non-native proteins, but, rather than leading them 
to degradation, it leads them to a folded state analogous 
to the yeast hsp 1 04. 

The first 14 7 amino acids of the full-length ClpB are 
homologous to the ClpC leader sequence, which includes 
a tandem repeat of 32 amino acids each, and has been 
suggested to have a potential signal-sequence function, 

. although the similarity to 'classical' signal sequences is 
only remote. Squires and Squires (1991) suggest, as yet 



without experimental evidence, that the two E. coli iso­
forms of ClpB that have been found to exist (one with 
and one without the putative signal sequence) might be 
located in different cell compartments. A periplasmic 
localization for full-length ClpB seems possible, but 
has yet to be proven. In conclusion, whereas the function 
of ClpB as a general chaperone seems to be a quite 
plausible hypothesis, a periplasmic localization can only 
be suggested. With regard to the question of folding in 
the periplasm, localization of the large isoform of ClpB is 
an important issue, especially when taking into account 
the ClpB A TPase activity. 

Indirect evidence for the existence of a general peri­
plasmic chaperone has recently been obtained in our 
laboratory. In order to produce functional fragments of a 
T-cell receptor (TCR) in the periplasm of E. coli, we used 
modest overproduction of DsbA and the E. coli heat­
shock proteins at low temperature. The latter was 
achieved by overexpression of rpoH, coding for the heat­
shock sigma factor cr32 (Grossmann et a/., 1984) .. This 
increased the folding yield of the TCR fragments in the 
periplasm by about two orders of magnitude (C. WOlfing .. . 

and A. Pluckthun, submitted). Since the folding yield of a 
recombinant protein has been increased, it seems reason­
able to assume that, rather than a specific sequence, 
general features of the folding intermediates are recog­
nized by the putative chaperone. Therefore, in our 
opinion, this effect argues for the existence of a general 
heat-shock inducible peri plasmic chaperone. 

A further hint of the existence of a general periplasmic 
chaperone comes from studies of protein secretion in 
Bacillus subtilis. Both Gram-positive 8. subtilis and 
Gram-negative E. coli possess a general secretion appar­
atus which makes use of signal sequences, i.e. the 
homologous sec systems. The SecA, and the SecY 
proteins of 8. subtilis have been shown to be able to sub­
stitute, at least partially, for their E. coli homologues 
(Nakumara et a/., 1990; Overhoff et a/., 1991 ). In 
addition, in 8. subtilis a gene for a further protein, PrsA, 
which has been shown to be involved in secretion, has 
been cloned (Kontinen and Sarvas, 1988) and shown to 
have a homologue in Lactococcus lactis, PrtM, that is 
involved in exoproteinase secretion (Haandrikman eta/., 
1989; Vos eta/., 1989). Recently, Kontinen and Sarvas 
(1993) have shown that PrsA is located on the extra­
cellular surface of the B. subtilis cytoplasmic membrane, 
probably anchored in the membrane only by an N-terminal 
lipid. PrsA is essential for B. subtilis viability, it is the most 
abundant protein on the extracellular side of the cyto­
plasmic membrane (Kontinen and Sarvas, 1993), and it 
has been shown to be involved in the correct folding of 
subtilisin, r.t-amylase and different subtilisin-alkaline phos­
phatase hybrids (Jacobs eta/., 1993). These data suggest . . 

that PrsA may be a general extracellular chaperone in a 

Protein folding in the periplasm of Escherichia coli 689 
• 

central step in protein secretion in B. subtilis. Taking into 
account the homology between the B. subtilis and the E. 
coli secretion apparatus, it would not be surprising to find 
a PrsA homologue in E. coli. 

Specific periplasmic chaperones 

Summarizing the above data, we must conclude that the E. 
coli periplasm does not exactly appear to teem with 
chaperones. Interestingly, several classes of multi-protein 
assemblies, adhesive pili or fimbriae, have their own spe­
cific chaperones. Since this field has recently been 
reviewed comprehensively (Hultgren et a/., 1993), it will 
be covered here only very briefly. The best-characterized 

. 
chaperone in pilus assembly is the PapD protein. Its 
crystal structure, with and without substrate peptides 
(Kuehn et a/., 1993; Holmgren and Branden, 1989), 

• 

revealed the presence of a deep substrate-binding cleft. 
Since no substrates other than the subunits of the 
P-pilus to be assembled are known to interact with PapD, it 
is thought to be a specific chaperone. Similar proteins have 
been described in the biosynthesis of other fimbriae and 
these constitute a large family of homologous proteins 
. (Bertin eta/., 1993). 

Further evidence for the need for specific chaperoning 
- perhaps because of the lack of a suitable general one 
- comes from a series of studies on the expression of 
the secreted proteases of Gram-positive bacteria in 
the periplasm of E. coli. Subtilisin (from B. subtilis) and 
ct-lytic protease (from Lysobacter enzymogenes) are made 
as pre-proenzymes, and the pro-piece, even when 
expressed in trans, acts in improving the folding efficiency 
of the mature enzyme (reviewed in Inouye, 1991 ). Since 
these proteins are secreted in Gram-positive bacteria, 
they cannot rely on secreted chaperones, as these would 
diffuse away far too rapidly. When expressing them in 
the periplasm· of E. coli, the failure to observe folding of 
the mature part in the absence of the pro-piece argues 
that there is no activity present in the periplasm of E. coli, 
at least under the conditions tested, which can efficiently 
substitute for this function. 

The fate of misfolded proteins 

The principal physiological situation in which· misfolded 
proteins accumulate to a large extent, even in the absence 
of overproduction, is during heat shock (Kucharczyk eta/., 

• 
1991 ). However, E. coli can remove these aggregates 
within only 10 min after the return to 37°C. This efficient 
clean-up is probably accomplished by heat-shock pro­
teins, since it is dependent on the expression of the gene 
for the heat shock regulating sigma-factor rpoH. Several 
heat-shock proteins have been shown to co-localize with 
the aggregates (Kucharczyk et a/., 1991 ), of which the 
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only periplasmic protein identified was the protease DegP 
or HtrA. Its gene has been cloned independently by 
Strauch eta/. (1989) and Lipinska eta/. (1990). DegP is 
an ATP .. independent periplasmic protease which is essen-. 

tial for survival at elevated temperatures (Lipinska eta/., 
1990), yet its transcription is controlled not by the heat­
shock .. specific sigma factor cr

82 (encoded by rpoH), but 
by the sigma factor crE, also called cr

24 (Erickson and 
Gross, 1989). The only other gene currently known to be 
transcribed by crE is rpoH (Wang and Kaguni, 1989). 

Examples of recombinant proteins in whose degradation 
DegP is involved include a slow-folding mutant of LamB 
(Misra et a/., 1. 991 ), truncated derivatives of diphthe-ria 
toxin (Zandovsky et a/., 1992), and E. coli proteins 
that are defective in some processing step, such as the 
acetylated precursor of the colicin A lysis protein which 
accumulates in the presence of globomycin (Cavard et 
a/., 1989). It is possible that use of degP- strains might 
help to increase the yields of inefficiently folding proteins, 
although it would remain to be shown whether any 
additional amount of protein obtained would fold correctly. 
Since DegP seems to be primarily involved in the degrad­
ation of misfolded, aggregated protein, the use of degP­
strains cannot solve the folding problem, which is 
probably the underlying reason for the protease suscepti­
bility. Georgopoulos and co .. workers adopted the strategy 
of looking for extragenic suppressors of degP. They 
discovered a cytoplasmic protein, probably involved in 
transport and encoded by a gene called sohA or pr/F 
(Baird and Geogopoulos, 1990; Kiino et a/., 1990) and 
another periplasmic protease, encoded by sohB (Baird et 
a/., 1991 ). Their approach promises to identify a general 
periplasmic chaperone, if it exists, since efficient folding 
would prevent the accumulation of misfolded protein and 
thus the need for degradation of the precipitated protein. 

. . 

Degradation of misfolded proteins in the periplasm is 
almost certainly mediated by a variety of proteases, 
many of which probably remain to be discovered. We 
ignore here the specialized proteases involved in cleaving 
signal sequences of 'normal' proteins (/ep) and lipoproteins 
(lsp) as well as protease IV (sppA), which is presumed to 
degrade the signal peptide, even though it cannot be 
rigorously excluded that some of these carry out side­
reactions on misfolded proteins in the periplasm, at least 
after cell rupture (Pacaud, 1982; Palmer and St John, 
1987). No specialized target has been suggested for pro­
tease I (apeA) (lchihara eta/., 1993) or protease Ill ( ptr) 
(Finch et a/., 1986; Claverie-Martin et a/., 1987), both of 
which may be involved in degrading misfolded proteins, 

. and very little is known about protease V (Pacaud, 
1982), a membrane-bound enzyme. Whether their 
physiological. role is to degrade abnormal proteins or 
external peptides for providing nutrients remains to be 
elucidated. Another protease of unknown function is 

• 

OmpT (Sugimura and Nishihara, 1988), which is known 
to cleave after basic residues. Strains that are deficient in 
OmpT and DegP, or triple mutants deficient in OmpT, 
DegP and Ptr were shown to yield increased amounts of 
recombinant material, , but only in minimal medium 
(Baneyx and Georgiou, 1990; 1991 ; for a short discussion 
of the usefulness of protease-deficient strair..s see the 
DegP paragraph above) .. OmpT is known to be located in 
the outer membrane, although it remains unclear as to 
which face of the membrane the active site is exposed. 
More recently, a new protease, OmpP, has been dis­
covered in E. coli K-12 (Kaufmann eta/., 1994), which is 
homologous to OmpT, and the bulk of the protein appears 
to be exposed to the outside of the cell. This would suggest 
that OmpP and, by analogy, OmpT start their degradative 
action only after cell rupture .. In conclusion, much work 
remains to be done before we can understand and control 
the degradation of misfolded proteins in the periplasm. 

Another possible fate of misfolded proteins, and perhaps 
also of overproduced, correctly folded proteins, is 
aggregation into periplasmic inclusion bodies. It is tech­
nically very difficult to rigorously differentiate between 
'membrane-associated' and 'periplasmically precipitated' 
forms by ceiJ .. fractionation experiments. While a 
differentiation, sucrose density-gradient centrifugation 
(Kucharczyk eta/., 1991) is available in principle, it has 
been applied only rarely to recombinant proteins. The 

·underlying causes and the implications for improvement 
would be rather different for membrane-bound or precipi­
tated recombinant proteins. In one case the problem 
would lie with the secretion process itself, and in the 
other in the folding reaction occurring after secretion. For 
some proteins, however, electron microscopy could be 
used to visualize periplasmic inclusion bodies directly, 
which is only consistent with the aggregation of inter­
mediates of periplasmic folding. Using E. coli's own p .. 
lactamase as an example, Bowden eta/. (1991) showed 
that cytoplasmic and periplasmic inclusion bodies of the 
same protein are morphologically different, can be solubil­
ized under different conditions and appear to have different 
contaminants (Valax and Georgiou, 1993). 

Summary 

The mechanism of protein folding in the periplasm is 
• 

essentially unsolved. Nevertheless, there are several 
potential routes to an understanding and further investi­
gation of this problem. On the basis of the specific physio­
logical environment in the periplasm, namely the reduced 
mobility of proteins and probably the different energetical 
situation, folding in the periplasm can be assumed to 
have its own specific properties. Folding is probably 

. associated with translocation into the periplasm and 
proteins such as SeeD or SKP, which are conceivably 

• 



involved in late translocation steps, might therefore have 
important functions in folding. Another route to defining 
proteins involved in periplasmic folding is the search for 
homologues of well-established folding modulators and 
chaperones. This approach has proved fruitful for the 
identification and characterization of the periplasmic rota­
mase and ClpB. Although proteins of the PapD family 
are undoubtedly chaperones, it is questionable whether, 
because of their very specific function, their further charac­
terization would help elucidate general periplasmic folding 
processes. Rather, searching for heat-shock-inducible peri­
plasmic proteins might be a promising way to identify a 
general periplasmic chaperone, as might be the search 
for extragenic suppressors of mutations affecting peri­
plasmic heat-shock proteases. The further investigation of 
proteolysis and aggregation in the periplasm will probably 
not contribute significantly to the understanding of folding, 
since these processes deal with already misfolded pro­
teins. However, because of their importance in the produc­
tion of recombinant proteins, they certainly deserve more 
attention. It remains to be shown whether the mere over-

• 

production of suspected chaperones will improve folding 
or whether serious engineering of the protein to be folded 

• 
in the periplasm may be required to funnel the protein to 
the often so elusive native state. 
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