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function as periplasmic, though membrane-bound,
chaperones with a large periplasmic domain [49¢].

The influence of the sequence of heterologous proteins
on their translocation efhciency in E. coli has also
been repeatedly emphasized, with lysines and especially
arginines at the beginning of the mature protein resulting
in more difficult crossing of the membrane during
sec-dependent translocation ([50] and references therein).
The prlA suppressor mutations of the SecY protein have
been demonstrated to dramatically alleviate filamentous
phage growth detects associated with positively charged
residues close to the signal sequence cleavage site of the
mature plIl coat protein [51°]. Such E. coli suppressor
strains might prove even more useful in general by
overcoming secretion problems associated with the
production in E. coli of heterologous proteins that carry
positively charged residues near the amino terminus of
the mature protein (see also [52°°]).

Production of growth hormones in the periplasm of
E. coli has been found to lead to a 30-fold higher
amount of a human hormone than of a porcine homolog
under identical conditions. By making hybrid proteins,
two helices were found to be responsible for this
effect. Unfortunately, from the published data it 1is
difficult to distinguish between an effect on secretion and
periplasmic folding [53], and thus the cause of the effect
may be similar to that seen in [12¢].

The prl (protein localization) mutations—named dif-
ferently from the sec mutations by virtue of having
been found from different genetic selections— have
been discovered through their restoration of export
to proteins with secretion defects. Several Prl proteins
are now known to be identical to Sec proteins (PrlD,
PrlG and PrlA are identical to SecA, SecE and SecY,
respectively), though others are different. The effect
of overproduction of one of these Prl proteins, PrlE
which was originally isolated as a suppressor of secreted
fusion protein lethality in E. coli, on the production
of a Bacillus stearothermophilus O-amylase enzyme has
recently been demonstrated by Minas and Bailey [54°¢].
They found that although E. coli cell viability was
severely impaired upon overproduction of the d-amylase
enzyme, co-overexpression of the prlF gene led to
improved cell wviability, higher a-amylase yields, and
greater specific enzyme production [54°¢]. PrlF may
act by activating the Lon protease [55] to degrade
the otherwise lethal accumulation of the precursor,
even though higher total protease activity cannot be
measured, and the phenotypic effect is different from
increasing the Lon concentration by heat shock.

Another investigation with PrlA4, a mutant form of the
SecY protein, has shown that its co-overexpression with
SecE leads to an increased yield of recombinant human
interleukin (IL)-6 in the periplasm of E. coli [52°¢]. From
the presumed function of SecY and SecE in the actual
transport process, this appears to be a case where the
transport step itself is limiting.

The existence of a ‘non-classical’ or sec-independent
pathway of secretion in E. coli has been proposed on

the basis of the surprising homologies between several
components and eukaryotic transport factors ([56] and
references therein). To the best of our knowledge,
however, no positive effect on heterologous protein
production has been reported to date as a result of
overexpression of any of these pathway components.

These various results indicate that, at least for some
heterologous proteins for which translocation appears to
be the limiting step in E. coli expression, overexpression
of one or more secretory proteins or accessory factors,
which may clean up the debris causing stress on the cell,
might allow such problems to be partially overcome.
The amount and/or proportion of correctly processed
and folded gene products may thus be increased, or at
least the time of growth might be extended. The limiting
step in the production process frequently occurs not in
membrane passage itselt, however, but in the subsequent
folding in the periplasm (see next section).

Finally, these results of manipulation of the secretion
apparatus are by no means universal and the protein-
specificity of the eftects is demonstrated by those
examples where the level of the recombinant protein
could not be improved.

Folding in the periplasm

Following translocation of heterologous proteins through
the cytoplasmic membrane, folding takes place in the
periplasmic space. The periplasm is the compartment
of E. cli in which, because of its non-reducing
environment, disulfide-containing heterologous proteins
must generally be expressed (for an alternative strategy,
see [1,2]). To date, no general molecular chaperones
that prevent non-productive folding reactions have been
identified in the periplasm, though SecD and SecF, trans-
membrane proteins with extended periplasmic domains,
might help to prevent aggregation of newly translocated
proteins during the initial stages of folding [46°,49°].
Furthermore, ATP, which is so closely associated with
chaperone action in the cytoplasm (see Fig. 2), is not
thought to exist in the periplasmic space [49].

Although a wide variety of heterologous proteins have
now been produced in the periplasm of E. coli, studies
of their folding are limited. In the case of antibody
fragment [18] and T-cell receptor (TCR) fragment
|57°] production, the limiting step has been shown
to be folding of the fragments in the periplasm. In
the latter study, the authors attempted to achieve a
global activation of potential chaperones — including
previously unidentified ones -— by overexpression
at low temperature of the heat-shock factor G32
(encoded by rpoH), the sigma subunit of the RNA
polymerase. Co-overexpression of 032 and the E. coli
periplasmic disulfide isomerase DsbA was found to
result in an increased yield of one of the expressed

TCR fragments, concomitant with reduced proteolytic
degradation [57°,58].

A further, albeit related, problem in the expression
of heterologous proteins in the E. cli periplasm is
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that of degradation by host proteases. In a recent
paper, Meerman and Georgiou {59°¢] have described
a set of E. coli strains deficient in all (then) known
cell envelope proteases as well as 032 (rpoH), which
controls several heat-shock regulated proteases such as
Lon [59°]. They also report a dramatic increase in the
expression of various heterologous proteins in these
mutant strains of E. coli. Newly identified homologs of
the periplasmic protease DegP (SWISS-PROT accession
numbers: P31137, P39099 and P39436) may also be
worth investigating for similar effects on heterologous
protein production. When manipulating host cell pro-
teases, however, one must bear in mind that proteolytic

degradation may be a symptom, rather than a cause, of

folding problems, serving to remove mistolded material
(see also [54¢¢]) and already formed aggregates whose
accumulation in the absence of proteases might prove
to be toxic. Thus, the possibility exists that a primary
effect of protease depletion may be to actually increase
toxic effects of heterologous protein expression on the
cell.

Disulfide bond isomerization and proline
cis/trans isomerization

The molecular chaperones discussed thus far are involved
in increasing the vyield, rather than the rate of in
vivo folding of heterologous proteins, but E. coli also
possesses several proteins that catalyze reactions that
might otherwise limit the rate of the folding process.
One such protein is DsbA, a periplasmic protein
that is involved in disulfide bond formation in the
non-reducing environment of the E. coli periplasm
[60°,61]. DsbA, present in an oxidized, but strained
form, probably acts mainly as an oxidant. It is reoxidized
by DsbB, a membrane-spanning protein which might
act by coupling its own disulfide bond formation to
the electron transport chain [60°]. DsbC, a further
component of the disulfide bond formation machinery,
may function by complementing the action of DsbA,
and also by catalyzing isomerization, rather than net
formation, of disulfide bonds by virtue of both its
oxidized and its reduced forms being present at the
oxidizing redox potential of the periplasm [60°,62].
Another membrane-bound protein with a similar active
site has been discovered to be involved in periplasmic
cytochrome ¢ biogenesis [63°], where it may serve to
facilitate the coupling of heme to cysteines. It has also
turned up in the screening of Raina and colleagues
[62], however, who have named it DsbD. Indeed, it
has recently been shown to be required for human
placental alkaline phosphatase production in E. coli [64],

even though neither its overexpression nor that of DsbA
[65] had any eftect.

Several studies have investigated the eftects of overex-
pression of these folding catalysts on the expression of
heterologous proteins in E. coli. In the case of antibody
fragment production in the E. coli periplasm, DsbA
was found to be necessary for the correct formation

of disulfide bonds [18]. This requirement for DsbA
has also been demonstrated for TCR fragments [57°]
(albeit in synergy with an unknown factor which
was induced by 032), and bovine pancreatic trypsin

inhibitor (BPTI) [66°]. Nevertheless, overexpression of

DsbA increased the amount neither of correctly folded
antibody fragments [18] nor of human placental alkaline
phosphatase [64]. In contrast, its overproduction in
combination with a number of other factors was found

to result in increased yields of TCR fragments [57°] and
of a protease inhibitor [67].

In general, large proteins with few disulfides are
probably less likely to be limited by disulfide formation
than are small disulfide-rich proteins, for which rapid
rearrangement of disulfide bonds may be essential for
attaining the native structure.

Conversely, some proteins have been found to require
the absence of DsbA and DsbB for their production
in functional form; expression of a metallo-B-lactamase
from Bacteroides fragilis in wild-type E. coli, in the
presence of DsbA and DsbB, has been shown to
yield an enzyme with aberrant disulfide bonds that is
proteolytically unstable [68°]. In the absence of the
two Dsb proteins, however, the P-lactamase assumed
a conformation that contained no disulfide bonds and
was proteolytically stable.

The other commonly described catalyst of protein
folding is peptidyl prolyl cis/trans isomerase (PPlase),
which catalyzes the isomerization of X-Pro bonds
(three-letter amino acid code, where X is any residue),
a potentially rate-limiting step in the folding of many
proteins. An investigation in vitro of the role of three
PPlases in the folding of carbonic anhydrase 11, however,
found no increase in the folding yield [69]. This indicates
that the sole role of these isomerases in protein folding
must be to accelerate i1somerization and, currently, no
basts exists for their suggested role as chaperones (i.e.
preventing aggregation [69]). Indeed, no dramatic effect
was observed upon disruption of the periplasmic rotA
gene, which encodes the E. coli rotamase enzyme (M
Kleerebezem et al., unpublished data).

E. coli probably has at least eight PPlases (SWISS-
PROT accession numbers: P20752, P23869, P39159,
P21202, P22563, P39311, P30856 and P22257). This

is mostly deduced from sequence homology because

not all have been tested for activity yet, but more

enzymes may also be discovered. PPlases belong to
three different protein families, with two periplasmic
and six cytoplasmic proteins (reviewed in [70°]; G
Fischer, personal communication). We are not aware

of systematic studies on the overexpression of all of

these enzymes to test any hypothetical specificity on the
folding of recombinant proteins in vivo. Single enzymes
have been overexpressed, however (see below).

In a study with secreted recombinant antibody frag-
ments, results similar to those found with DsbA were
obtained [18]. Overexpression of the periplasmic E. coli
rotamase enzyme had no effect on the yield of active
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soluble Fab fragments and only a minor effect on
single-chain Fv fragments. A similar study also found
that overproduction of either PPlase or DsbA had no
effect on the yield in E. coli of periplasmic soluble human
placental alkaline phosphatase protein from which the
amino-terminal transmembrane helix was deleted [64].
This was undoubtedly a reasonable experiment to try in
the case of an enzyme containing four disulfide bonds
and 27 proline residues, but it shows that cellular protein
folding is highly complex and that non-chemical steps
are frequently limiting the folding yield.

Finally, if one considers the pathway of protein folding
as a series of essentially sequential, potentially limiting,
steps, it is obvious that manipulation of any stage of the
pathway, such as disulfide bond or proline isomerization,
can lead to improved folding only when other steps
do not lead to the accumulation of aggregation-prone
intermediates. Therefore, should other folding bottle-
necks be identified and/or overcome (by catalyzing the
relevant steps or plugging deleterious pathways), it is

possible that folding modulators, such as Dsb proteins or -

PPlases, whose overproduction had previously been
found to have no effect, might be beneficially reinves-
tigated.

Conclusions

The effects of folding catalyst overexpression reviewed
here quite clearly demonstrate the potential of this
approach in partially solving at least some of the
problems in the folding of several heterologous proteins
in E. coli. For each success story, however, there are many
more (often unpublished) failures at present, and it is
this unpredictability which dictates that, for now, the
generation of a better understanding of E. coli’s protein
folding mechanisms remains a priority. The hope 1is
obviously that a clearer picture of the in vivo process
will point the way to a more rational approach to
improving the folding of heterologous proteins in E. coli.
Furthermore, it will be interesting to note whether
overexpression of folding modulators might become an

- even more fruitful approach in the future when current

folding bottlenecks in some individual proteins have
been eliminated by rational engineering or evolutionary
approaches to changing the protein sequence. In the
meantime, sufficient success has been achieved to date
with individual proteins to encourage any researcher to
use a battery of folding modulators to attempt to solve
folding problems.
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