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Abstract

Bacterial inclusion bodies (IBs) are refractile aggregates of protease-resistant misfolded protein that often occur in
recombinant bacteria upon gratuitous overexpression of cloned genes. In biotechnology, the formation of IBs
represents a main obstacle for protein production since even favouring high protein yields, the in vitro recovery of
functional protein from insoluble deposits depends on technically diverse and often complex re-folding procedures.
On the other hand, IBs represent an exciting model to approach the in vivo analysis of protein folding and to explore
aggregation dynamics. Recent findings on the molecular organisation of embodied polypeptides and on the kinetics
of inclusion body formation have revealed an unexpected dynamism of these protein aggregates, from which
polypeptides are steadily released in living cells to be further refolded or degraded. The close connection between in
vivo protein folding, aggregation, solubilisation and proteolytic digestion offers an integrated view of the bacterial
protein quality control system of which IBs might be an important component especially in recombinant bacteria.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The formation of amorphous proteinaceous
granules in Escherichia coli was first described in
cells growing in the presence of the amino acid
analogue canavanine (Prouty et al., 1975). These
granules were deposits of abnormal cell proteins

and they were not surrounded by any defined
superficial layer. This observation was initially
seen as a rather irrelevant cellular response in-
duced under non-physiological conditions. How-
ever, the implementation of DNA recombinant
technologies and the generation of recombinant
bacteria for protein production revealed protein
precipitation as a common feature during the
overexpression of a cloned gene (Marston, 1986).
On the other hand, the resulting aggregates,
named inclusion bodies (IBs), are a main obstacle
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for the production of recombinant proteins in a
soluble, functional form (Buchner and Rudolph,
1991).

Aggregation of recombinant proteins is proba-
bly due to a limiting amount of chaperones
when recombinant gene expression is directed at
high levels (Rinas and Bailey, 1993; Thomas and
Baneyx, 1996; Lorimer, 1996). Under these con-
ditions, in which non-physiological amounts of
proteins are produced, the intermolecular associ-
ation of exposed hydrophobic surfaces before the
protein folding can be completed can conduce to
the deposition of folding intermediates (King et
al., 1996), mainly when they are resistant to pro-
teolytic degradation (Corchero et al., 1996).
While bacteria are genetically prepared to re-
spond in front of adverse natural conditions
such as mild protein denaturation under high
temperatures (Schroder et al., 1993; Mogk et al.,
1999), no natural mechanisms favouring proper
folding have been identified among the abundant
stress responses triggered in recombinant cells
(Parsell and Sauer, 1989; Kosinski et al., 1992;
Wild et al., 1993; Arora and Pedersen, 1995;
Anderson et al., 1996; Arı́s et al., 1998; Harcum
and Bentley, 1999; Gill et al., 2000, 2001). How-
ever, the expression of some heat-shock genes
encoding chaperones and proteases has been
identified in response to protein overproduction
(Goff and Goldberg, 1985; Allen et al., 1992;
Rinas, 1996; Hoffmann and Rinas, 2000; Jurgen
et al., 2000), but these stress proteins are clearly
not sufficient to prevent IB formation.

Despite the obvious biological interest of bac-
terial models to monitor in vivo protein aggrega-
tion, the formation of IBs has been mainly
regarded as a parameter to be controlled in the
complex context of the bacterial cell factories
(Hockney, 1994). In this regard, IB formation
has not been associated to particular protein se-
quences, being this fact, an additional obstacle
to predict the yield of a given protein in a new
production process. However, successful protein
engineering by directed mutation or gene fusion
has resulted in enhanced solubility (Rinas et al.,
1992; Mitraki and King, 1992; Chrunyk et al.,
1993; LaVallie et al., 1993; Wetzel and Chrunyk,
1994; Forrer and Jaussi, 1998), especially when

affecting the extent of hydrophobic regions
(Murby et al., 1995). Also, naturally occurring
�-lactamase mutants shown higher solubility and
therefore enhanced biological activities (Sideraki
et al., 2001). Finally, protein engineering can
eventually enhance the yield of in vitro refolded
protein from purified IBs (Rattenholl et al.,
2001). However, the modification of the target
protein does not offer universal strategies to pre-
vent IB formation since any engineering ap-
proach must be adapted to particular
polypeptides.

This general unpredictability of solubility but
also of proteolytic stability for a given protein is
then defining the trial-and-error landscape of re-
combinant protein production in bacteria. From
a complete different approach to overcome ag-
gregation of recombinant proteins, the co-expres-
sion of chaperone-encoding genes can minimise
IB formation. Although in some cases the solu-
ble yield can be significantly enhanced, this ap-
proach renders irregular results when comparing
different polypeptides (Gilbert, 1994; Wall and
Plückthun, 1995; Georgiou and Valax, 1996;
Hoffmann and Rinas, in press). The important
number of co-operating, folding assistant cell
proteins (Schwarz et al., 1996; Thomas et al.,
1997; Wickner et al., 1999), can account for this
restricted success. Only a restricted number of
cell proteins can be easily co-produced along
with the recombinant protein, while probably, a
larger set of chaperones is actually limiting for
its folding. The simultaneous co-expression of
several chaperone-encoding genes renders in gen-
eral good results (Caspers et al., 1994; Nishihara
et al., 1998, 2000), but again the improvement of
solubility and the specific chaperone(s) critical to
prevent aggregation vary dramatically upon the
target recombinant protein (Nishihara et al.,
2000). On the other hand, several environmental
conditions such as high temperatures and media
acidification clearly stimulate IB formation
(Chalmers et al., 1990; Strandberg and Enfors,
1991). Then, the manipulation of media compo-
sition (Bowden and Georgiou, 1990; Moore et
al., 1993) and the global control of culture and
gene expression conditions (Schein, 1991; Weick-
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ert et al., 1996) can also offer possibilities to
minimise IB formation.

Interestingly, IBs have been also observed as a
convenient source of relatively pure polypeptide,
provided efficient protein refolding protocols can
be successfully applied to purified IBs (Clark,
1998). In this context, IB formation can be fa-
voured by culturing at high temperatures (Helle-
bust et al., 1989), by using protease-deficient
strains (Corchero et al., 1996) and through the
fusion of aggregation-prone domains (Meyer and
Chilkoti, 1999). Then, soluble protein can be ob-
tained in vitro through different strategies that are
under continuous methodological development
(Lilie et al., 1998), and have to be adapted to
particular polypeptides (Parkar et al., 2000; Ward
et al., 2001). This implies the consideration of all
the key parameters to be adjusted in the sequen-
tial steps of the refolding process (Clark, 2001).
After global optimisation, the yield of active
protein usually ranges between 10 and 50%
(Arora and Khanna, 1996; Jin et al., 1994; Batas
et al., 1999; Ejima et al., 1999; Babu et al., 2000;
Patra et al., 2000) of the initial IB protein, but
higher recoveries have also being achieved, reach-
ing in some cases about 85% (Vandenbroeck et
al., 1993; Hellman et al., 1995; Cardamone et al.,
1995; Khan et al., 1998; Sunitha et al., 2000;
Rehm et al., 2001).

More recently, new insights in protein folding,
refolding and aggregation in bacteria, transgenic
animals and cultured cell models have dramati-
cally shifted the concept of protein aggregation
regarding its biological relevance and reversibility
(Goloubinoff et al., 1999; Mogk et al., 1999;
Warrick et al., 1999; Krobistch and Lindquist,
2000; Kazemi-Esfarjani and Benzer, 2000; Mu-
chowski et al., 2000; Charmichael et al., 2000;
Diamant et al., 2000; Tomoyasu et al., 2001). In
the context of the arising conformational diseases
(Dobson, 1999) and the presumed adaptive role of
some prion-like proteins (True and Lindquist,
2000), a more detailed investigation of bacterial
IBs from both structural and kinetic points of
view can offer unexpected ways for a better com-
prehension of the mechanics of protein aggrega-
tion and de-aggregation and the role of
chaperones in both processes.

2. IB location, morphology and inner organisation

IBs are commonly found in the bacterial cyto-
plasm, but secreted proteins like �-lactamase can
also aggregate in the periplasmic space (Georgiou
et al., 1986; Bowden and Georgiou, 1990). The
microscopy analysis of IBs in their cellular loca-
tion but also after purification, have revealed a
porous structure and in general cylindrical and
ovoid shapes (Bowden et al., 1991; Carrió et al.,
1998, 2000). The topology of IB surface varies
from rough to smooth (Bowden et al., 1991), but
the limited number of morphological studies does
not allow to correlate shape and surface proper-
ties with features of the recombinant protein.
However, the porous structure is in agreement
with density analysis data (Taylor et al., 1986)
and a high level of hydration found in IB particles
(Debora Foguel, personal communication). By
combining scanning electron microscopy and the
kinetic analysis of IB tryptic digestion, a clus-
tered, sub-unit organisation of the IB packaged
protein has been revealed (Carrió et al., 2000).
This observation, the low number (one or eventu-
ally two) of IB particles inside the cells (Carrió et
al., 1998) and the compatibility of a first-order
kinetics to account for IB protein aggregation
(Hoffmann et al., 2001) could indicate that pre-
aggregates might join to a bigger seeding particle
that undergo further growth. The formation of
such aggregation nuclei might be then an exclu-
sive event, in a process that could be analogous to
that observed in eukaryotic cells (Kopito, 2000).

On the other hand, biological activity has been
detected associated to enzyme-based IBs (Worrall
and Goss, 1989; Tokatlidis et al., 1991; Carrió et
al., unpublished results). Although during IB
purification, contamination with minor amounts
of soluble polypeptides cannot be completely ex-
cluded (Georgiou and Valax, 1999), this coinci-
dent finding in IBs formed by different types of
enzymes indicates the presence of properly folded
molecules with full accessibility to the solvent.
This possibility is actually supported by the struc-
tural analysis of embodied protein proving a high
level of secondary structure but also a native-like
structure (Oberg et al., 1994). The indications of
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different protein conformational states within
IBs (Bowden et al., 1991; Carrió et al., 2000;
Cubarsı́ et al., 2001) suggest a conformational
flexibility of IB polypeptide chains and in the
architecture of the whole IB particle. Moreover,
the recent observation of IB protein refolding in
actively producing recombinant bacteria, occur-
ring simultaneously to protein aggregation (Car-
rió et al., 1999; Carrió and Villaverde, 2001),
indicated that IBs are under a permanent recon-
struction process involving both protein income
and outcome. In vivo, in the absence of de novo
protein synthesis, IBs are then disintegrated in a
few hours resulting in a detectable increase of
the soluble protein and the corresponding rise of
biological activity (Carrió and Villaverde, 2001).
This proves that at least an important fraction
of IB protein remains suitable for refolding at-
tempts and eventually for proteolytic attack.
Then, IB formation can be seen as the result of
an unbalanced equilibrium between aggregation
and solubilisation occurring in the recombinant
cells, that can also account for the release of
protein from IBs observed in stationary-phase E.
coli cultures (Carrió et al., 1998). IBs would
then represent reservoirs of protease-resistant
protein that steadily accumulates, until chaper-
ones and proteases are again available either
for successful protein folding or for proteolysis
(Fig. 1).

3. IB protein composition

In recombinant E. coli cells, the target protein
is the main IB component (Rinas and Bailey,
1992; Rinas et al., 1993; Valax and Georgiou,
1993; Carrió et al., 1998). However, minor
amounts of other cell proteins are also found in
variable concentrations. Apart from contami-
nants derived from incomplete purification pro-
cesses (Georgiou and Valax, 1999) and
unspecific co-precipitation of unrelated polypep-
tides (Rinas and Bailey, 1993), folding assistant
proteins could be also entrapped in IBs during
aggregation of the target polypeptide. Among
them, small heat shock proteins IbpA and IbpB,
that are involved in protein folding and cell sur-

vival under thermal stress (Laskowska et al.,
1996; Thomas and Baneyx, 1998; Kitagawa et
al., 2000), are abundant (Allen et al., 1992).
These chaperones, could be one among the first
cellular binders to misfolded proteins acting as
aggregation controllers (Veinger et al., 1998).
However, it is not clear if IbpA and IbpB (and
also other IB-contained chaperones), are just
trapped during the aggregation process or if in
addition, they might have a role in the in vivo
IB construction and de-construction processes.
Interestingly, IbpA and IbpB are found at dif-
ferent extents in IBs depending on the residual
solubility of the aggregating recombinant protein
(Hoffmann and Rinas, 2000), suggesting that
their presence in IBs might be linked to the cell-
mediated protein processing.

Fig. 1. Integrated model of protein folding, digestion and
aggregation in recombinant bacteria. After synthesis, recombi-
nant proteins are assisted in their folding process to reach the
native conformation. The cell quality control system delivers
folding-recalcitrant intermediates to proteases for destruction,
but more stable proteins aggregate as IBs before digestion.
Signals to discriminate proteins for these two processes are still
unknown. Also, elements from the quality control system
remove IB polypeptides for further folding attempts in an
iterative process. Cell proteins might be actively involved in
protein deposition and IB formation.



M.M. Carrió, A. Villa�erde / Journal of Biotechnology 96 (2002) 3–12 7

Fig. 2. Relative amounts of the recombinant protein VP1LAC, accumulated in IBs (panel A), as produced in the wild-type (wt) E.
coli MC4100 ((�−, F−) �(argF-lac)169 araD139 deoC1 flhD5301 fruA25 rbsB22 relA1 rpsL150 (strR)) and in the isogenic IbpAB−

mutant JGT17 (MC4100 �ibp1::kan) (Thomas and Baneyx, 1998). IBs were purified following previously described procedures
(Carrió et al., 1998), from 3 h heat-induced cultures. For protein quantification, pure IBs were denatured and submitted to
SDS-PAGE and further coomassie blue staining. IbpA and IbpB were determined in combination. Panel B shows the percentage of
recombinant protein released from the IBs 1 h after arresting the recombinant protein synthesis with chloramphenicol as described
(Carrió et al., 2001). DU are densitometric units. All the experiments were performed at least in duplicate.

4. Role of small heat shock proteins (IbpA and
IbpB) in IB formation

The formation of IBs in an E. coli IbpAB-

strain has been investigated during the production
of the misfolded-prone �-galactosidase fusion
protein VP1LAC (Corchero et al., 1996). Interest-
ingly, IBs were actually formed in this strain, but
a smaller amount of recombinant protein was
found in the insoluble cell fraction when com-
pared with the wild type cells (Fig. 2A). Since the
soluble VP1LAC fraction did not increase con-
comitantly (not shown) and it is has been re-
ported that proteolysis negatively influences IB
formation (Corchero et al., 1996), the absence of
small heat shock proteins might favour the prote-
olytic attack of VP1LAC before its aggregation.
On the other hand, IB disintegration also takes
place in the IbpAB− strain, although at a lower
rate than in the wild type strain (Fig. 2B). These
results, while showing that Ibp proteins are posi-
tively involved but dispensable for IB formation,
also prompt to suggest that they could be in-
volved in the in vivo protein release from IBs.
However, the refolding potential of IB proteins is
not exclusively dependent on these chaperones.

The presence of Ibp proteins in VP1LAC IBs
was then explored in the wild type strain as well

as on different mutants deficient in chaperones
and proteases belonging to the Clp family (namely
ClpA, ClpB and ClpP). These polypeptides are
closely involved in the quality control of recombi-
nant proteins (Wickner et al., 1999). In particular
ClpB, in co-operation with DnaK, might have a
key role in the dissolution of protein aggregates
(Ben-Zvi and Goloubinoff, 2001). The presence of
both VP1LAC and IbpAB proteins in IBs is
shown in Fig. 3. Note that despite the different
level of insoluble VP1LAC found in these strains,
IB Ibp proteins are detected in all the cases (with
the exception of the IbpAB− mutant). Interest-
ingly, the ratio IbpAB/VP1LAC is constant in
three of the tested strains (Fig. 3B).

However, the IbpAB/VP1LAC ratio is signifi-
cantly higher in the ClpA− strain (Fig. 3B). To
further explore if this increase in the IB trapping
ratio could be extended to other chaperones, the
effect of the clpA mutation on the co-precipitation
of DnaK and GroEL, that in vivo interact with
VP1LAC (Boels et al., 1999), was studied. As in
the case of Ibp proteins, the clpA mutation en-
hances the molar presence of both DnaK and
GroEL in VP1LAC IBs (Fig. 4).

ClpA is an ATPase involved in proteolytic
degradation (Hoskins et al., 1998; Singh et al.,
2000), and it can act independently as a chaper-
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Fig. 3. Amounts of VP1LAC (black bars) and small heat shock proteins IbpA and IbpB (grey bars) present in purified IBs from
3 h induced cultures, as produced in the E. coli chaperone mutant strains JGT3 (MC4100 �clpB::kan), JGT4 (MC4100 �clpA::kan),
JGT17 (MC4100 �ibp1::kan) and JGT19 (MC4100 clpP ::cat) (Thomas and Baneyx, 1998) (panel A). Protein amounts were
determined by PAGE and coomassie blue staining. Panel B represents the amount of IbpA and IbpB relative to the amount of the
recombinant protein VP1LAC present in IBs.

Fig. 4. Amounts of chaperones DnaK (panel A) and GroEL (panel B) related to the total recombinant protein VP1LAC present in
IBs. Purified IBs were loaded for SDS-PAGE and further electroblotted onto nitro-cellulose filters to immunodetect DnaK and
GroEL chaperones as described (Boels et al., 1999).

one or co-operating with the protease ClpP (We-
ber-Ban et al., 1999; Reid et al., 2001). Since, the
clpP mutation does not increase the presence of
main chaperones in IBs (Figs. 3 and 4), these
results suggest that the chaperone activity of
ClpA may be involved in the early steps of protein
folding and also that its absence could result in an
enhanced binding of Ibps, DnaK and GroEL to
VP1LAC, followed by their trapping onto IBs.
Additional experiments would be required to test
this hypothesis.

On the other hand, these results also prompt to
propose that the presence of co-precipitating
chaperones in bacterial IBs is importantly affected
by the checking points in the quality control
undergone by the recombinant protein prior to its
deposition. Again, this is in the context of the IB
formation as a process integrated in the whole
mechanics of the cell assisted protein folding and
degradation. Data presented here support that IB
formation is the result of an extremely complex
and dynamic process influenced by both the re-
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folding success and the extent of proteolysis, in
which multiple cell proteins are probably in-
volved. In addition, IBs can now be regarded as
extremely plastic structures, being transient
protein reservoirs rather than the dead ends of
unsuccessful folding pathways.
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