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High-level synthesis of the periplasmic protein B-lactamase in Escherichia coli caused the formation of
insoluble protein precipitates called inclusion bodies. B-Lactamase inclusion bodies differed from those
reported previously in that they appeared to be localized in the periplasmic space, not in the cytoplasm. The
inclusion bodies contained mature B-lactamase and were solubilized more easily than has been reported for
cytoplasmic inclusion bodies. In contrast, overproduction of the periplasmic protein alkaline phosphatase
caused the formation of cytoplasmic inclusion bodies containing alkaline phosphatase precursor.

Proteins can be overproduced by introducing their struc-
tural genes downstream from a strong promoter in a high-
copy-number plasmid. A number of plasmids containing
strong promoters have been constructed and used to obtain
high-level expression of the protein product of genes cloned
into them by using Escherichia coli as a host strain. Levels
of synthesis as high as 50% of the total cellular protein have
been reported. Frequently, the protein product aggregates
inside the cell, forming cytoplasmic inclusion bodies (17).
These are formed by either covalent (15) or hydrophobic
interactions between protein molecules. The proteins pre-
sent in inclusion bodies are usually not biologically active.
Regeneration of their activity is sometimes possible by
solubilization of the protein aggregate under denaturing
conditions, followed by the slow removal of the denaturing
agent, allowing the protein to refold into its active confor-
mation.

Inclusion body formation is known to result from the
accumulation of cytoplasmic proteins. It has been generally
assumed that intracellular protein precipitation can be
avoided if the protein is secreted through the inner mem-
brane. In gram-negative cells, secreted proteins are translo-
cated into the periplasmic space, i.e., the aqueous compart-
ment which is formed between the inner and the outer
membranes (6, 18). Its composition, pH, and redox potential
are different from those of the cytoplasm, and these factors
all affect protein solubility. We show here that inclusion
bodies can also result from the overproduction of secreted
proteins. The inclusion bodies which are formed by the
periplasmic enzyme B-lactamase are distinctly different from
other inclusion bodies previously reported in E. coli in that
they are localized predominantly in the periplasmic space. In
contrast, overproduction of another periplasmic enzyme,
alkaline phosphatase, results in the accumulation of the
precursor (7) of this protein in cytoplasmic inclusion bodies.

MATERIALS AND METHODS

E. coli RB791 (lacl% g) (1) was used as a host. The plasmid
pTacll is a 4.6-kilobase derivative of pBR322 that carries
the tac promoter between the EcoRI and the HindlII restric-
tion sites (1). Plasmid pHI-7 (8), which carries the phoA gene
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coding for the periplasmic enzyme alkaline phosphatase,
was a gift from Jon Beckwith.

Growth conditions. Cells were grown in M9 medium sup-
plemented with 0.2% fructose, 0.2% casein amino acids, and
100 pg of ampicillin per ml. A low-phosphate medium (11)
supplemented as described above but containing 0.1% casein
amino acids was used to induce alkaline phosphatase. -
Lactamase was induced by growing cultures at 37°C to an
optical density at 600 nm of approximately 0.500, at which
point isopropyl-B-D-thiogalactopyranoside (IPTG) was
added to give a final concentration of 10~* M.
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FIG. 1. Analysis of B-lactamase distribution by SDS-polyacryl-
amide gel electrophoresis. Each fraction corresponds to 250 pl of
culture. Lanes: 1, extracellular fluid; 2, wash; 3, soluble lysate; 4 to
8, insoluble pellet treated with the following: 4, 3% chloroform; 5,
0.1% SDS; 6, 0.25% deoxycholate; 7, 6 N guanidine hydrochloride;
8, pellet from lane 7. Activities of B-lactamase in each fraction are
given in units per milliliter of culture.
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FIG. 2. Induced E. coli RB791(pKK) cells exhibiting typical locations of B-lactamase inclusion bodies. Bars = 100 nm. (A) Longitudinal
section near one end of the cell. Note location of inclusion bodies both laterally and apically in periplasmic space. cw, Cell wall; ib, inclusion
body. (B) Inclusion body in periplasmic space (*) between cell wall (cw) and plasma membrane (arrows). (C) Cross section of several cells.
Inclusion bodies (ib) can occupy more than half of the available cross-sectional area of the cell.

Cell fractionation and solubilization of inclusion bodies.
After 24 h of growth, 5 ml of culture was centrifuged at
10,000 X g for 8 min. The clarified supernatant was saved,
and the cell pellets were washed and suspended in an equal
volume of 50 mM phosphate buffer, pH 6.5. The cells were
lysed in a French press at 20,000 1b/in?. The lysates were
centrifuged at 13,300 X g for 10 min to separate the inclusion
bodies and other insoluble material from the soluble mate-
rial. A soluble-protein fraction was prepared by precipitating
with cold trichloroacetic acid (10% final concentration) a
mixture of 125 ul of culture supernatant and 125 ul of cell
extract. The protein pellet was washed once with ethanol
and once with ether, lyophilized, and suspended in 25 .l of
electrophoresis sample buffer. The insoluble cell material
was washed twice in 50 mM Tris hydrochloride buffer, pH
7.5. Inclusion bodies were solubilized by boiling for 3 min in
0.5 ml Tris buffer containing 1.0% sodium dodecyl sulfate
(SDS) and 100 mM dithiothreitol, and samples (25 ul) were
mixed with SX concentrated electrophoresis sample buffer.
Solubilization of the inclusion bodies was also attempted by
the following procedures. (i) Samples of resuspended insol-
uble material in Tris buffer were mixed with the following
solubilizing agents: 0.1% SDS, 0.25% deoxycholate, 3.0%
chloroform, or 2.0% Triton X-100. After 30 min of incuba-
tion at 37°C, the samples were centrifuged at 13,300 x g for

15 min. The pellets were solubilized by boiling for 5 min in
electrophoresis sample buffer. Proteins from the supernatant
fractions were precipitated with 10% trichloroacetic acid as
described above. (ii) The insoluble cell material was resus-
pended in 1.0 ml of buffer I (50 mM Tris hydrochloride [pH
7.91, 250 mM KCl, 1 mM dithiothreitol, and 0.1 mM EDTA)
containing 6 N guanidine hydrochloride. After 45 min of
incubation at 0°C, the mixture was diluted 10-fold by
dropwise addition of cold buffer I. The final solution was
dialyzed against 1 liter of the same buffer. The dialysate was
centrifuged at 13,300 X g for 25 min to separate solubilized
B-lactamase from cell debris.

Other methods. The activity of B-lactamase was measured
as described previously (4). Total soluble protein was deter-
mined by the method of Bradford (3).

SDS-polyacrylamide gel electrophoresis was performed in
a 12% gel (10). The composition of the sample buffer was as
follows: 2.0% SDS, 100 mM dithiothreitol, 50% glycerol,
0.4% Tris hydrochloride (pH 6.8). Before electrophoresis,
samples were heated for S min at 100°C.

Electron microscopy. Late-exponential-phase cells were
harvested by centrifugation and suspended in 0.1 M sodium
cacodylate, pH 6.9, containing 4% glutaraldehyde and 10
mM CaCl. After centrifugation, the pellet was washed with
buffer alone, postfixed in 1% OsO, in sodium cacodylate
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FIG. 3. Insoluble and soluble proteins in cultures induced with
different concentrations of IPTG. The total activity of B-lactamase
in units per milliliter of culture is given below in parentheses. Lanes:
1, 3, 5, and 7, insoluble fractions; 2, 4, 6, and 8, soluble fractions; 1
and 2, uninduced (9.6 U/ml); 3 and 4, 1 x 10~3> M IPTG (27.0 U/ml);
5and 6, 2 x 105 M IPTG (68.0 U/ml); 7 and 8, 5 x 10~* M IPTG
(137.0 U/ml). Numbers at left indicate molecular weight markers.

buffer (pH 6.9), rinsed in buffer and in distilled water,
dehydrated through an ascending series of ethanol and two
changes of propylene oxide, and embedded in Epon 812 (5).
The embedded cells were sectioned with a diamond knife.
The sections, supported on bare, 300-mesh Athene-type
copper grids, were poststained with uranyl acetate and lead
citrate.

RESULTS

We reported previously (4) that RB791(pTacll) cells in-
duced with 107* M IPTG excrete up to 95% of the soluble
B-lactamase into the culture supernatant. The active B-
lactamase constitutes approximately 15% of the total soluble
protein of overnight cultures. However, we did not look for
insoluble B-lactamase. The pellet from centrifugation of
extracts of induced cells gave an intense protein band
migrating in the position of B-lactamase after SDS-
polyacrylamide gel electrophoresis (Fig. 1). This band reacts
with anti-B-lactamase serum when tested by an immunoblot
procedure (16). When the pellet was extracted with 6 N
guanidine hydrochloride, the band was solubilized (Fig. 1,
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lanes 7 and 8). Finally, when the guanidine hydrochloride
was removed slowly, B-lactamase activity was restared,
giving a preparation of B-lactamase that was 90% pure as
determined by SDS-polyacrylamide gel electrophoresis and
with a specific activity about 90% of that of homogeneous
B-lactamase. The presence of inclusion bodies was con-
firmed by electron micrographs of B-lactamase-overpro-
ducing cells. Irregular, densely staining areas were readily
discerned in induced RB791(pTacll) cells. These areas were
predominantly localized adjacent to the surface, although
some spanned the cross section of the cell (Fig. 2B and C).
There were a few B-lactamase inclusion bodies that appeared
to be surrounded by the cytoplasm (Fig. 2A) and may be
artifacts that arose during the fixation and sectioning steps,
or it is possible that some cytoplasmic inclusion bodies were
present.

Once the presence of inclusion bodies was confirmed, the
culture conditions which result in protein precipitation were
characterized further. Neither growth in LB media, nor the
presence of divalent ions, nor the optical density at which
the cultures were induced affected the formation of inclusion
bodies. The effect of varying the level of B-lactamase syn-
thesis was studied by inducing the tac promoter of the
pTacll plasmid with different concentrations of IPTG. The
results from these experiments are shown in Fig. 3. Induc-
tion of the tac promoter with a 2 X 10~° M final concentra-
tion of IPTG gave a sevenfold increase in the total (i.e.,
intracellular plus extracellular) B-lactamase activity over the
basal level but did not cause the formation of inclusion
bodies (Fig. 3, lanes 5 and 6), even though B-lactamas¢ was
estimated to be about 8% of the total soluble protein.
Induction with 5 x 10~5 M IPTG resulted in the formation of
inclusion bodies, and under these conditions the precipitated
B-lactamase typically represents about 35% of the insoluble
cellular protein. This percentage can be even higher in fully
induced cultures (IPTG, >10"* M) because the synthesis of
a number of insoluble membrane proteins is repressed
(Georgiou et al., manuscript in preparation).

The B-lactamase in the insoluble fraction had a higher
electrophoretic mobility than the soluble enzyme (Fig. 3)
when our standard electrophoresis sample buffer was used,
presumably because the B-lactamase is present in an oxi-
dized form (12). Consistent with this conclusion, when a
higher final concentration of dithiothreitol (0.25 M) was used
in the electrophoresis sample buffer, the correct mobility
was restored.

The ability of different compounds to solubilize the pre-
cipitated B-lactamase was examined. The ionic detergent
SDS at a concentration of 0.1% gave complete solubiliza-

FIG. 4. Induced E. coli RB791(pHI-7) exhibiting typical alkaline phosphatase inclusion bodies (ib). Bar = 100 nm. nr, Nuclear region; cw,

cell wall.
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tion. Deoxycholate (0.25%) and Triton X-100 (2.0%) gave
partial solubilization (approximately 65% as estimated by
scanning the gels with a densitometer). Chloroform, a mem-
brane-permeating agent, had no effect on the inclusion
bodies (Fig. 1). In general, solubilization of the B-lactamase
inclusion bodies was achieved under relatively mild condi-
tions, compared with those used by Kawaguchi et al. (9) for
the dissolution of cytoplasmic inclusion bodies.

Overproduction of the other secreted protein tested was
also found to cause the formation of inclusion bodies. In
RB791(pHI-7) cells grown in a low-phosphate medium, more
than 85% of the alkaline phosphatase was present in insolu-
ble form, as estimated by densitometry scanning of SDS-
polyacrylamide gels stained with Coomassie blue. Attempts
to obtain alkaline phosphatase activity by solubilizing the
inclusion bodies in 6 N guanidine hydrochloride in the
presence of 1 mM ZnCl, followed by dilution and dialysis
were unsuccessful. Furthermore, electron micrographs of
alkaline phosphatase-overproducing cells (Fig. 4) show clear
evidence of cytoplasmic inclusion bodies. To determine
whether the inclusion bodies result from the accumulation of
mature alkaline phosphatase or of its precursor form, the
inclusion body protein was purified and the amino acid
sequence of the amino terminus was analyzed. The sequence
of the first seven amino acids of the precipitated protein was
determined and found to be identical to that reported for
alkaline phosphatase precursor (7).

DISCUSSION

The cells which contained inclusion bodies appeared elon-
gated compared with normal E. coli cells. This phenomenon
has been frequently observed in protein-overproducing cul-
tures (14, 15). Inclusions resulting from the overproduction
of cytoplasmic proteins tend to have discrete boundaries
with the rest of the cytoplasm but are not surrounded by
membranes, and this was seen with the alkaline phosphatase
inclusion bodies (Fig. 4). In contrast, the B-lactamase inclu-
sion bodies were usually distinctly separated from the cyto-
plasm by a lightly staining boundary. The membranous
nature of the light staining material was evident in partially
lysed cells where the inclusion bodies were retained between
the cell wall and what appears to be the inner membrane
(Fig. 2B).

Secreted proteins are synthesized in the cytoplasm in a
precursor form which consists of a signal sequence, an
extension of about 15 to 20 amino acids, attached to the
structural protein (2). The signal sequence contains the
information necessary for secretion. This amino acid se-
quence is cleaved from the precursor once the protein is
secreted into the periplasmic space. In the case of B-
lactamase, the mature product is enzymatically active,
whereas the precursor form is not (13). We have found that
the B-lactamase which is present in the insoluble fraction has
enzymatic activity after it is renatured. This indicates that
the inclusion bodies resulted from the precipitation of se-
creted B-lactamase. Furthermore, the electron micrographs
clearly demonstrate that most B-lactamase inclusion bodies
are located in the periplasmic space. In contrast, the alkaline
phosphatase inclusion bodies resulted from the accumula-
tion of the precursor form. This result is consistent with the
formation of intracellular inclusion bodies. The fact that
alkaline phosphatase precursor accumulates at such a high
rate indicates that its synthesis can be uncoupled from
secretion.

The yield of enzymatically active recombinant proteins
can be dramatically affected by the intracellular precipitation
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of the product. The formation of inclusion bodies has been
previously demonstrated only for cytoplasmic recombinant
products. For this reason, there have been a number of
efforts to genetically engineer the recombinant product so
that it is secreted into the periplasmic space. In this study,
however, we showed that the overproduction of at least two
periplasmic enzymes also results in the formation of inclu-
sion bodies. The cellular location of these inclusion bodies
depends on the protein which is being overproduced. The
proteins we examined are both native E. coli proteins which
are adapted to the conditions that typically exist inside the
periplasmic space. Foreign proteins may well have a greater
tendency to form inclusion bodies.
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